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Ecological stoichiometry concerns the way that the elemental composition of organ-
isms shapes their ecology. It deals with the balance or imbalance of elemental 
ratios and how that affects organism growth, nutrient cycling, and the interactions 
with the biotic and abiotic worlds. The elemental composition of organisms is a 
set of constraints through which all the Earth’s biogeochemical cycles must pass. 
All organisms consume nutrients and acquire compounds from the environment 
proportional to their needs. Organismal elemental needs are determined in turn by 
the energy required to live and grow, the physical and chemical constraints of their 
environment, and their requirements for relatively large polymeric biomolecules such 
as RNA, DNA, lipids, and proteins, as well as for structural needs including stems, 
bones, shells, etc. These materials together constitute most of the biomass of living 
organisms. Although there may be little variability in elemental ratios of many of 
these biomolecules, changing the proportions of different biomolecules can have 
important effects on organismal elemental composition. Consequently, the variation 
in elemental composition both within and across organisms can be tremendous, 
which has important implications for Earth’s biogeochemical cycles.
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It has been over a decade since the publication of Sterner and Elser’s book, Ecological 
Stoichiometry (2002). In the intervening years, hundreds of papers on stoichiomet-
ric topics ranging from evolution and regulation of nutrient content in organisms, 
to the role of stoichiometry in populations, communities, ecosystems and global 
biogeochemical dynamics have been published. Here, we present a collection of 
contributions from the broad scientific community to highlight recent insights in 
the field of Ecological Stoichiometry.
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Editorial on the Research Topic

Progress in Ecological Stoichiometry

INTRODUCTION

Ecological Stoichiometry is the study of the balance of energy and multiple chemical elements in
ecological interactions (Sterner and Elser, 2002). With a deep ancestry extending to J. Liebig and
A. J. Lotka, during the twentieth century stoichiometric foundations were laid by A. C. Redfield,
M. Droop, D. Tilman, W. Reiners, V. Smith, J. Urabe, and D. O. Hessen, among others. In their
book, Sterner and Elser sought to assemble and articulate some of the core concepts of Ecological
Stoichiometry. These include a formalized approach to variation in the strength of stoichiometric
homeostasis among biota (weak in photoautotrophs, tight in consumers), extension of Urabe’s
Threshold Elemental Ratio (TER) approach, elucidation of the rules governing differential nutrient
recycling by consumers, and organization of materials that lay the basis for the Growth Rate
Hypothesis (GRH), linking the C:N:P stoichiometry of an organism to its growth rate due to the
P-rich signature of the ribosomal growth machinery. Since the appearance of Sterner and Elser
(2002), these core concepts of the stoichiometric framework have been extended widely. This is
manifested in citation statistics. For example, as of 10 July 2018, Sterner and Elser (2002) has been
cited a total of 3,728 times, including 566 citations since 2017 (Google Scholar). In Google Scholar,
a search on Ecological Stoichiometry returns more than 40,000 records, with citations increasing at
a∼8% rate annually during recent years.

Indeed, much has happened in the field of Ecological Stoichiometry in the past 15 or so years and
an update is needed. The collection of papers in this Frontiers Research Topic is a cross-section of
the diversity of applications of stoichiometric theory that have emerged. From this compilation we
see how stoichiometric perspectives have been further applied in some areas (microbial processes
and consumer-resource interactions), and extended in several novel directions to other areas,
such as studies of host-pathogen interactions, of the role of pollen in trophic webs, and of fungi.
While most stoichiometric work has focused on the core macroelements (C, N, and P), increasing
attention is now being paid to other essential elements that play a role in organismal biology
and ecosystem functioning. This broader view of the Periodic Table is seen in several papers
in this collection. Importantly, in nearly all papers we see signs of the integrative thinking that
stoichiometric theory catalyzes: the fact that chemical elements both make up the fundamental
molecules of life and constitute one of the core foci of ecosystem ecology. This integration

7
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provides a means to create a seamless fabric across almost all
of biology. We encourage readers to find their own common
threads that connect these papers to their own research. Since
pretty much everything that is a thing is, at its core, elemental,
novel applications of the stoichiometric framework await.

MICROBES

A diverse set of papers are included in this Research Topic
on microbial stoichiometry, spanning terrestrial to aquatic
systems and including the human microbiome. Manzoni used
a theoretical approach to follow C and N dynamics during
litter degradation. Carbon use efficiency is flexible and increased
under N depletion while decreased when N was replete. These
findings suggest that decomposer community traits depend on
litter stoichiometry and shift from N to C-limited conditions
during decomposition. Zhang and Elser used a meta-analysis to
examine the stoichiometry of fungi, a little-studied but incredibly
diverse group. An important observation was that C content
varied widely while N:P ratios were similar to the Redfield
ratio. However, latitude and temperature affected N:P ratios
while temperature also affected C:P ratios. In a study looking
at microbial diversity in Cuatro Cienegas (Mexico), Lee et al.
found that adding nutrients to this ultra-oligotrophic system
disrupted community structure and promoted the growth of
rare phototrophic species, while enriching at different N:P ratios
had an impact above and beyond fertilization per se. In a paper
examining temperature and nutrient effects on heterotrophic
bacteria stoichiometry, Phillips et al. found that nutrients had a
strong effect on stoichiometry and, perhaps more importantly,
that temperature effects on stoichiometry were greatest when
nutrient levels were lowest. At the ecosystem scale, They et al.
observed that microbial biomass and the stoichiometry of
dissolved pools diverged from each other in lakes with the longest
residence times, suggesting thatmicrobial influence on ecosystem
stoichiometry is maximized at long residence times. In another
ecosystem, humans, Vecchio-Pagan et al. used protein sequences
to infer differences in microbial stoichiometry in the human
microbiome. They observed that the skin and nares had higher
N and O content while the gut microbiome was high in S. In a
similar vein, Dittberner et al. found that open ocean microbial
communities optimized the protein N use as an adaptation to low
nutrient availability. Lastly, Linzner et al. examined the evolution
of stoichiometry in Escherichia coli. They found that adaptation
to increased temperature influenced the cellular stoichiometry
but was mediated by the specific evolutionary pathway.

Although this collection of studies of microbes is diverse in
approaches and habitats, these studies emphasize the important
roles of temperature and nutrients in influencing microbial
stoichiometry at different scales. The use of “omics” information
to infer stoichiometry of communities will be an important tool
going forward.

PRIMARY PRODUCERS

The elemental composition of phytoplankton and other primary
producers has been an area of intense research. Traditionally,

the elemental stoichiometry of especially marine phytoplankton
had been viewed as having limited variability (Redfield, 1958).
Nonetheless, numerous physiological experiments have revealed
strong stoichiometric responses to variations in light and nutrient
availability (Geider and La Roche, 2002). However, several
key questions are currently unanswered including the impact
of producer diversity, the role of temperature as well as the
interaction between temperature and nutrient limitation, and
how changes in biochemistry is ultimately linked to overall
cellular elemental composition (Moreno and Martiny, 2018).
Several studies in this Research Topic aimed at addressing these
three major unknowns.

Garcia et al. showed high variation in the elemental
composition of marine eukaryotic phytoplankton, particularly
within the group of Bacillariophyceae where variation was
comparable to that among seven investigated classes. The
authors tested different variables and showed that temperature
accounted for a significant yet small portion of the variation.
Yvon-Durocher et al. found that experimental as well as seasonal
warming of freshwater ponds led to species sorting, nutrient
drawdown, and increased C:P and N:P ratios of the community.
Moreover, isolates of the green alga Chlamydomonas from the
warm treatments exhibited higher C:P and N:P ratios, indicating
that the direction and magnitude of stoichiometric shifts by
local adaptation in response to warming were comparable to the
overall shifts in seston stoichiometry. Velthuis et al. examined
aquatic plants and showed, in support of theory, that nutrient
addition consistently resulted in decreased carbon:nutrient
ratios. However, elevated temperature did not change the
elemental stoichiometry in a consistent manner. Villar-Argaiz
et al. placed nutrient impacts within a broad context of multiple
stressors including UV radiation, temperature, CO2, and others.
Their main conclusion was that cellular compositional responses
to these various stressors was most often non-additive, stressing
the importance of context in exploring how ecological systems
change over time. Using an elegant microplate factorial design,
Hessen et al. also found that nutrient limitation had a
relatively stronger impact than temperature on the elemental
stoichiometry. However, the experiment also demonstrated how
the macromolecular composition changed in response to both
environmental factors. Changes in biochemical composition
were similarly examined in Grosse et al. Here, it was shown
that the cellular concentrations of amino acids, fatty acids and
carbohydrates were sensitive to light and types of nutrient
limitation. Fernandes et al. show how to use phytoplankton to
effectively remove N and P fromwastewater and found that P was
assimilated faster than N. Thus, the stoichiometric requirement
and nutrient uptake mechanisms are important to consider
when using phytoplankton for wastewater treatment. The above-
described studies demonstrate how diversity, temperature, and
the biochemical regulation of macromolecules are important for
understanding the elemental stoichiometry of producers.

HERBIVORES

Studies on the plant-animal interface were central to the
development of Ecological Stoichiometry and new insights
continue to emerge. The plant-herbivore interaction is notable
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for its varying degree of stoichiometric mismatch. Sometimes
primary producers offer a nutritious, elementally balanced forage
for the next trophic level, and sometimes they are far from
doing so. Studies specifically looking at controls and dynamics
of element content and potential mismatches include Moody
et al., who examined body composition and growth rate of two
neotropical stream grazers (a mayfly and a tadpole) with an
eye toward looking for indications consistent with the Growth
Rate Hypothesis. Focusing on the temperature differences
among streams at different elevations, the authors observed
that among the mayflies, highest body P as well as highest
growth occurred in the warmest, lowland stream, but overall
the study emphasized that the GRH likely does not apply for
temperature-based differences in growth. Most considerations
of stoichiometric dimensions of food quality take a temporal
perspective appropriate to assessing generation-long effects of
plant element content on animal growth. However, studies are
beginning to consider how to incorporate changing food within
an animal’s lifetime.Wagner et al. shiftedDaphnia magna grazers
from high to low P-content food and vice versa, and then looked
at how body composition (P, RNA, ATP), and organism mass
changed over several days following the shift. Daphnia did not
react instantly, but they responded measurably to changing food
conditions after 12–36 h. Changes in body P were first observed,
then changes in RNA followed by changes in mass. These results
help us understand how organisms integrate over variable food
conditions.

Work continues to address the fundamental question of
how much the biochemical forms of elements affect ecological
dynamics. At its purest level, Ecological Stoichiometry is
concerned only with elements, not with the forms they are
found in. We all recognize that not all carbon or phosphorus
atoms are equal, that in biological material some molecules
are reactive while others are recalcitrant, etc., but the question
for stoichiometrists is how much this biochemical variation,
layered on top of elemental variation, matters. Zhou et al. report
the interesting findings that P recently (<90min) incorporated
by algae does not support growth as well as P that has been
part of the algal cell for longer periods. Living beings are not
bags of elements but we continue to ask how much we can
understand with that simplified view. Two other contributions
seek to understand how stoichiometric relationships revealed in
one system carry over to other systems. Bracken reports on a
geographic study with results that point to an importance of
stoichiometric mismatch in rocky intertidal suspension feeders,
and Sitters et al. point out that the vast literature on terrestrial
herbivores has remarkably little to offer in terms of simultaneous
analysis of N and P. There clearly is much yet to do to assemble
relevant data sets to test stoichiometric theory in a wide diversity
of habitats.

PATHOGENS

Pathogens such as viruses and fungal parasites require nutrients
from their hosts, and alterations in host stoichiometry may thus
affect disease dynamics. Lacroix et al. studied the impact of

plant stoichiometry on the infection dynamics of two viruses,
by exposing the plant to a range of N:P supply ratios. Although
nutrient supply and plant stoichiometry did not alter the titer
of one of the viruses, infection by the other virus reduced the
total titer, indicating within host nutrient competition. Moreover,
higher nutrient supply rates affected host traits and caused an
increase in infection and coinfection rates. Also the infection
dynamics of a cyanobacterial fungal parasite were shown to
depend on N:P supply ratios, as shown by Frenken et al. Their
findings demonstrate how parasite N:P ratios follow that of their
host, and increased with N:P supply. Moreover, production of
parasite zoospores were shown to increase with host N:P ratios.
It thus seems that these fungal parasites have relatively high
N, but low P requirements. Together, these studies demonstrate
how shifts in primary producer stoichiometry may alter infection
dynamics of their pathogens, with possible consequences for
higher trophic levels.

CROSSING SCALES

Ecological Stoichiometry spans a range of organizational
scales. Cherif et al. describe an operational framework where
they identify the processes connecting stoichiometry across a
wide range of biological levels in order to characterize the
consequences of stoichiometric imbalances at one level for all
other levels. The review specifically highlights advances, potential
for further development, and integration of theories from the
genome to the biosphere level, including processes from gene
expression to atmospheric and oceanic circulation of elements,
thereby connecting all biological levels. At the organism level,
the balance of carbon (energy) and nutrients is affected by
traits. Meunier et al. cluster these traits in four main groups
including acquisition, body stoichiometry, storage, and excretion.
Their review provides a general description on the stoichiometry
of traits, both in autotrophs and heterotrophs. Moreover, they
highlight the role of trade-offs in determining the dominance of
distinct traits in response to shifts in resource supply loads and
ratios. Traits define the interactions between one organism and
another, and between organisms and their environment. In turn,
the environment determines the ecological niche of organisms.
González et al. provide a multidimensional elemental view on
this ecological niche, thus focusing on elemental niches rather
than trait based niches. They propose an approach visualizing
the stoichiometry of individuals in multivariate space in order to
quantify niche dimensions within and between organisms. Their
analysis integrates stoichiometric niches occupied by terrestrial
and freshwater food webs, trophic groups, individual species,
and individuals with species. With complementarity tests, this
method allows the assessment of unoccupied stoichiometric
niche space.

Ecological Stoichiometry can also be applied for connecting
ecology with biogeochemistry and ecosystem metabolism, which
is highlighted by Welti et al. They describe how trophic
interactions (and nutrient requirements) link biogeochemistry to
food webs, how carbon: nutrient ratios (and nutrient limitation)
link food webs to ecosystem metabolism, and how elemental
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fluxes and transformation rates link ecosystem metabolism to
biogeochemistry. Global fluxes of N and P have been perturbed
over the last century, and Guignard et al. explore the impacts
of these changes on the stoichiometry and genomic traits of
organisms. Responses of organisms to changes in N and P loads
and ratios may depend on their genome size, as larger genomes
have higher N and P demands, yet genome size is an often
overlooked trait. Importantly, the authors highlight that we are
close to the planetary boundary of a safe operating space for
P flowing into the ocean (Rockström et al., 2009), which calls
for a more sustainable use of fertilizers. To this end, applying
Ecological Stoichiometry to agricultural practices may enable
the maintenance of agricultural productivity, while conserving
biodiversity and thereby supporting the wide range of services
that ecosystems provide across the world.

Organisms can transport elements between different
environments. Luhring et al. developed a framework to describe
the stoichiometry of elemental fluxes among ecosystems.
Specifically, they describe how life histories of amphibians
and salmon determine the relative fluxes of elements between
freshwater-terrestrial and freshwater-marine ecosystems,
respectively. Their work shows how fluxes may differ between
elements and depend on life-history, leading to simultaneous
imports and exports of different elements depending on
ontogeny and the movement of organisms between systems.
Cross-system transfer of elements not only occurs via animals,
but also by plants. Indeed, Filipiak describes how temporal
nutrient limitation by detritivores may be alleviated by
pine pollen, in both terrestrial but also aquatic ecosystems.
Compared to litter, pollen is relatively balanced in nitrogen
and phosphorus and contains a range of additional valuable
elements. Consequently, pollen rains may substantially add
nutrients to ecosystems, particularly aquatic ones. Thus, pollen
may play an important role in nutrient cycling both within and
across ecosystems. The stoichiometry of decomposition may
differ from that of primary production. Indeed, Evans-White and
Halvorson describe how detritus based “brown” aquatic food
webs differ from autotroph-based “green” food webs with respect
to C quality and nutrient contents. In a meta-analysis, they
show how N and P availabilities largely limit both detritivores
and herbivores following general stoichiometric principles, but
also show distinct differences in the mechanisms of limitation
due to distinct consumer regulatory processes in both types of
food webs. Together, these studies demonstrate how Ecological
Stoichiometry can be used to connect a wide range of scales,
from subcellular processes to ecosystem dynamics and services.

BEYOND C:N:P

Since the days of Redfield (1958), stoichiometric approaches
have had a predominant focus on three elements: C, N, and
P. This makes sense, as C is the architectural linchpin of
biomass and a very useful proxy for tracking energy, while
N and P are key constituents of vital biomolecules (protein
and nucleic acids) and often limiting to biota of all kinds.
However, more than 2–3 dozen elements are essential for living

things and a number of these can also be limiting to different
biota at various times and under various conditions. So, it
would make sense to extend stoichiometric thinking to other
essential elements in the Periodic Table. Such efforts are reflected
here. Karl and Grabowski bring attention to a much-neglected
element, hydrogen (H), perhaps the “plain brownwrapper” of the
elements: ubiquitous in biota, an essential regulator of organic
matter redox state, and, while frequently measured in CHN
analyzers, generally ignored. Karl and Grabowski call for more
accurate determinations of the H content of organic matter and
argue that such data will yield better estimates of the energy state
of organic matter and thus its impacts in ecosystems. Jeyasingh
et al. move to broad swaths of the Periodic Table, arguing for
an “ionomic” perspective, highlighting key tradeoffs that exist
because of the coupling of elements in biological processes.
Evidence is presented for characteristic and coupled shifts in
sets of chemical elements. For example, Mg, Na, and K were
seen to be associated with each other in experimental studies
of numerous strains of freshwater bacterial heterotrophs grown
under different conditions of P supply. Much work remains to
illuminate these complex interactions and Jeyasingh et al. sketch
out some promising paths forward.

Of course, elements are used to make molecules and the
relative balance of major molecules (e.g., proteins, carbohydrates,
lipids) and essential biochemical components (e.g., essential
fatty acids) can also play an important role in determining
the nutritional quality of food. Often similar analytical and
conceptual frameworks can be used for analyzing such
biochemical dimensions as are used in elemental stoichiometry
studies. Anderson et al. take such an approach to detritus-
based food webs in the ocean, analyzing “trophic upgrading”
of C:PUFA (polyunsaturated fatty acids) ratios by bacteria and
their protist consumers, pointing to a complex interplay between
the abundance of food and its quality in supporting mesopelagic
copepods.

OUTLOOK

The field of Ecological Stoichiometry has matured considerably
in the 15 years or so since the publication of Sterner and Elser
(2002), which is evident from the studies presented in this
Research Topic. This collection of papers covers the application
of Ecological Stoichiometry in a wide range of topics, from
microbes, to primary producers, herbivores, pathogens and entire
ecosystems, that are tied together by Ecological Stoichiometry
alone, or coupled to existing ecological frameworks, including
C, N, and P, as well as the remaining Periodic Table. Ecological
Stoichiometry was even shown to have societal relevance by
application in agriculture, wastewater treatment and assessing
ecosystem services. Clearly, there is still a lot more work that
needs to be done! The presented papers not only provide a
tremendous infilling of facts and details, but also extend in new
exciting areas.

Novel areas where we see that Ecological Stoichiometry can
and most likely will contribute substantially in the future include,
for instance, human health via food nutrition (Myers et al.,
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2014), and the understanding of disease virulence or suppression
in the human microbiome (Bäumler and Sperandio, 2016). In
agriculture, better understanding of the coupling of nutrient
cycles is and will be increasingly important for sustainable
food production, with simultaneous benefits toward ecosystem
services. Relatedly, it is worth mentioning that humans are
conducting a huge stoichiometric experiment through our
manipulation of the carbon cycle, with important implications
to all living things (Loladze, 2002). Moreover, with an eye
toward balancing production and recovery of elements in waste
streams, we may more effectively close multiple elemental
cycles. There are clearly many more areas where Ecological
Stoichiometry will provide useful contributions, both in our
basic understanding of ecosystems, as well as applications to

societal issues. As the papers assembled in this collection
demonstrate, Ecological Stoichiometry continues to provide a
useful lens with which to study the world with nature’s infinite
complexity. Sterner and Elser’s tome presented a huge scaffolding
for understandingmacromolecules, organisms, communities and
ecosystems in light of Ecological Stoichiometry. The details of
what lies within that framework are incredibly fascinating and
will continue to be important, interesting and relevant for a long
time.
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Mathematical models involving explicit representations of microbial processes have

been developed to infer microbial community properties from laboratory and field

measurements. While this approach has been used to estimate the kinetic constants

related to microbial activity, it has not been fully exploited for inference of stoichiometric

traits, such as carbon-use efficiency (CUE). Here, a hierarchy of analytically-solvable

mass-balance models of litter carbon (C) and nitrogen (N) dynamics is developed, to

infer decomposer CUE from measured C and N contents during litter decomposition.

The models are solved in the phase space—expressing litter remaining N as a function

of remaining C—rather than in time, thus focusing on the stoichiometric relations during

decomposition rather than the kinetics of degradation. This approach leads to explicit

formulas that depend on CUE and other microbial properties, which can then be treated

as model parameters and retrieved via nonlinear regression. CUE is either assumed

time-invariant or as a function of the fraction of remaining litter C as a substitute for

time. In all models, CUE tends to increase with increasing litter N availability across a

range of litter types. When temporal trends in CUE are considered, CUE increases during

decomposition of N-poor litter cohorts, in which decomposers are initially N-limited,

but decreases in N-rich litter possibly due to C-limitation. These patterns of flexible

CUE that partly compensate stoichiometric imbalances are robust to moderate shifts

in decomposer C:N ratio and hold across wide climatic gradients.

Keywords: carbon-use efficiency, C:N ratio, nitrogenmineralization, nitrogen immobilization, stoichiometricmodel

INTRODUCTION

Microbial decomposers play a key role in global carbon (C) and nutrient cycles by driving the
degradation and mineralization of organic matter. C from decomposing compounds is partly
used for growth of new cells and partly respired for energy production. The partitioning of C
between these anabolic and catabolic processes has consequences on the rates of C accumulation
in soils and sediments, because C allocated to microbial growth may remain in the system, whereas
respired C is lost (Six et al., 2006; Sinsabaugh et al., 2013). The decomposer C-use efficiency
(CUE), defined as the ratio of decomposer growth rate over the rate of organic matter uptake,
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integrates these processes into a single parameter (Manzoni et al.,
2012b; Geyer et al., 2016). High values of CUE characterize
systems where C is effectively retained in new biomass, whereas
low values are suggestive of a leaky system. Patterns in CUE thus
become useful indicators of trends in potential C storage along
environmental and stoichiometric gradients.

Empirically estimating CUE, however, is challenging because
this parameter integrates processes occurring at different time
scales and carried out by different fractions of the microbial
community (Geyer et al., 2016). As a consequence, estimated
CUE values are sensitive to the chosen experimental approach
(e.g., length of the measurement procedure, addition of labile C),
possibly masking its “true” variability caused by ecological and
biogeochemical factors (e.g., abiotic factors such as temperature
and moisture, community status and composition, nutrient
availability). These empirical approaches are mainly based on the
definition of CUE as ratio of biomass production over substrate
consumption. Rates of microbial production can be measured
either directly as change in microbial biomass or indirectly
as difference between consumption and respiration. Similarly,
consumption rates can be measured directly or indirectly as
sum of production and respiration. In any case, the type
and amount of C amendment, length of the experiment, and
measurement uncertainties affect the estimated CUE values,
potentially complicating the comparison and interpretation of
results across experiments.

As an alternative and complement to these empirical
approaches, CUE could be estimated by fitting analytical models
where CUE appears as an explicit parameter to biogeochemical
data (pools or fluxes). This approach is conceptually equivalent
to inferring microbial traits with kinetic models (Panikov, 1995;
Pansu et al., 2004; Manzoni et al., 2012a). Using this rationale,
CUE has been estimated along gradients in temperature
(Wetterstedt and Ågren, 2011), inorganic nutrient availability
(Ågren et al., 2001), and litter elemental composition (Nicolardot
et al., 2001; Manzoni et al., 2008a, 2010). Compared to the
empirical approaches, these methods exploit coarser data that
might be less prone to uncertainties, such as total soil or litter
C and nutrient content. The most obvious disadvantage is that
they all rely on the simplified mathematical representation of
our conceptual understanding of microbial functioning. The
main purpose of this contribution is to further develop these
analytical methods to reduce their level of simplification and
thus offer more realistic estimates of CUE and its trends during
decomposition.

These biogeochemical models are based on mass balance
equations (as described in Section Theory), which are solved
analytically to predict C or nutrient changes through time during
decomposition of a cohort of litter. To allow comparison across
incubation environmental conditions, the analytical solutions
can be expressed in terms of nutrient content as a function of
C content instead of time (Ågren and Bosatta, 1987; Manzoni
et al., 2008a). This representation removes environmental effects
(e.g., temperature and moisture) and compartment size effects
(decomposition is faster when there is more C available) that alter
the kinetics of decomposition, and focuses on the stoichiometric
relations among elements using C content as a proxy of time.

Even after removing temporal effects, these models should
still account for changes in decomposer community traits as
decomposition progresses, but as of now, they all assume time-
invariant traits. For example, CUE is expected to vary during
decomposition because it is sensitive to changes in nutrient
availability and C quality (Cotrufo et al., 2013; Frey et al.,
2013; Sinsabaugh et al., 2013). Other traits such as microbial
biomass elemental composition might also shift, partly tracking
trends in substrate nutrient concentration, thereby reducing
stoichiometric imbalances. The microbial P:C ratio is particularly
flexible in aquatic bacterial communities grown along wide
gradients of P availability (Cotner et al., 2010; Godwin and
Cotner, 2015). Also the microbial N:C ratio can increase with
widening organic matter N:C in both aquatic and terrestrial
systems (Tezuka, 1990; Wagener and Schimel, 1998), but in
general decomposer communities can be regarded as nearly
homeostatic with respect to N (Cotner et al., 2010; Fanin et al.,
2013; Xu et al., 2013).

In this contribution, trends in CUE and other decomposer
traits are taken into account in a new set of analytical
stoichiometric models. Different from previous approaches
that assumed time-invariant CUE (Manzoni et al., 2010;
Wetterstedt and Ågren, 2011; Ågren et al., 2013), the aim here is
to quantify trends in CUE during decomposition of litter cohorts,
and identify the stoichiometric and environmental drivers of
such trends. Moreover, results assuming weakly homeostatic
decomposer communities are compared to those assuming strict
homeostasis, thus providing a complete picture of trait variability
effects on decomposition patterns. The analytical models are
employed to estimate decomposer traits via nonlinear fitting to
litterbag C and N content data. Finally, results are compared
to observations and previous CUE estimates using the simpler
model with time-invariant traits, and litter quality and climatic
conditions are considered as potential drivers of the observed
trends.

METHODS

Estimating CUE from decomposition data requires a
mathematical model that explicitly includes CUE as a fitting
parameter. In Section Theory, a minimal process-model of C and
N dynamics during decomposition is presented, and analytical
equations suitable for CUE estimation are derived considering:
(i) time-invariant decomposer traits (model I, Section Time-
Invariant Decomposer Traits—Model I), (ii) flexible CUE and
time-invariant decomposer elemental composition (model
II, Section Variable Decomposer Traits—Models II and III),
and (iii) flexible CUE and decomposer elemental composition
(model III, Section Variable Decomposer Traits—Models II and
III). The fitting procedure and the datasets used are described in
Section Data Analysis and Model Parameterization. Symbols are
defined in Table 1.

Theory
A cohort of organic matter constitutes the modeled system
and is followed during decomposition between an initial state
(indicated by subscripts “0”) to a generic time t. The system is
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TABLE 1 | Definition of symbols and units.

Symbol Description Units

a, b Fitting parameters (Table 3) Multiple

C, C0 Litter C content, initial litter C content gC
(

C : N
)

0 Initial litter C:N ratio gC gN−1

(

C : N
)

B Decomposer biomass C:N ratio gC gN−1

D Decomposition rate gC y−1

e C-use efficiency (growth rate over uptake rate) –

e0 Initial C-use efficiency (at x = 1; Equation 9) –

N, N0 Litter N content, initial litter N content gN

p, q Auxiliary functions (Equation 5) –

r0 Initial litter N:C ratio (r0 =

(

C : N
)

−1
0 ) gN gC−1

rB Decomposer biomass N:C ratio (rB =

(

C : N
)

−1
B ) gN gC−1

rB,0 Initial decomposer N:C ratio (at x = 1; Equation 10) gN gC−1

t Time y

u Dummy variable of integration (Equation 5) –

x Fraction of remaining C, x = C/C0 –

y Fraction of remaining N, y = N/N0 –

α Coefficient for preferential N uptake –

β Slope of rB (x) relation (Equation 10) gN gC−1

ε Slope of e (x) relation (Equation 9) –

ν Parameter group, ν = α/
(

1− e0 + ε
)

(Equations 11, 12) –

ξ Parameter group, ξ = ε/
(

1− e0 + ε
)

(Equations 11, 12) –

assumed to be open to exchanges of mineralized products, but
closed to new inputs of organic matter. As described in Section
Data Analysis and Model Parameterization, the first phase of
decomposition, dominated by leaching of soluble organic C and
nutrients is removed from the data sets, so that leaching can be
neglected in the model as well. Even though this mathematical
approach can be applied with some modifications to any nutrient
associated to organic matter, here the focus is on nitrogen. Mass
balance equations can then be written to describe the temporal
evolution of total organic carbon [C (t)] and nitrogen [N (t)] in
the organic matter cohort, for a given set of initial conditions and
decomposer traits (Manzoni et al., 2010),

dC (t)

dt
= −D

[

1− e

(

C

C0

)]

, (1)

dN (t)

dt
= −D

[

α
N

C
− e

(

C

C0

)

rB

(

C

C0

)]

, (2)

whereD is the decomposition rate in C units, e is the decomposer
community carbon-use efficiency, rB is the N:C ratio of the
decomposer biomass, and α is a coefficient taking into account
the chemical heterogeneity of the substrate (α > 1 indicates
preferential assimilation of compounds richer in N than the
bulk organic matter). The two parameters representing microbial
traits (e and rB) are written as generic functions of the degree of
decomposition, expressed in terms of the fraction of remaining
C instead of time (C/C0, where subscript “0” indicates the initial
mass of C). It is important to emphasize that as time progresses,
C/C0 decreases from 1 to 0; that is, time and C/C0 change in
opposite directions during decomposition. Linking traits to C/C0

allows comparing litter decomposition across climatic gradients

that affect the degradation rates, but not the underlying relations
between microbial community and litter amounts and quality.

With the above assumptions, the only loss in the C balance
(Equation 1) is due to decomposer respiration, modeled as the
product of the decomposition rate and the fraction of assimilated
C not used for growth (i.e., 1 − e). The N balance (Equation
2) accounts for the net exchanges of N between decomposers
and the inorganic N pool, given by the difference between N
supply from organic matter (i.e., Dα N

C ) and the decomposer
stoichiometric demand (DerB); the minus sign indicates that N
in excess of demand is released (so that dN(t)

dt
< 0), whereas

in case of N shortage, inorganic N is immobilized ( dN(t)
dt

> 0).
Similar stoichiometric arguments have already been presented
in the context of decomposition in both terrestrial and aquatic
systems (Bosatta and Berendse, 1984; Goldman et al., 1987).
These equations have the same form as in previous contributions
(Manzoni et al., 2010), except for the explicit dependence of
decomposer traits (e and rB) on remaining C (which introduces
nonlinearities in the system of equations) and a slight notation
simplification (N:C ratios are used instead of C:N ratios, allowing
more compact equations).

It is important to emphasize that Equation (2) is exact only
when rB is time-invariant, but it is an accurate approximation

of the exact mass balance as long as
∣

∣

∣

drB
dt
CB

∣

∣

∣
≪ |rBD|. Here, a

dependence of rB on the decomposition state (and thus time) will
also be considered. However, at the annual time scale at which
the model is interpreted, these changes in rB are small compared
to the decomposition rate D, supporting the use of Equation (2)
in the following derivations. Moreover, possible climatic effects
on rB are neglected, assuming that inter-annual variations in
temperature and water availability have small effect on the mean
annual rB values.

Dividing Equation (2) by Equation (1), a single equation
linking organic matter N to organic matter C (instead of t) is
readily found,

dN

dC
=

α N
C − e

(

C
C0

)

rB

(

C
C0

)

1− e
(

C
C0

) . (3)

Defining for convenience the fraction of remaining carbon, x =

C/C0, the fraction of remaining nitrogen, y = N/N0, and the
initial litter N:C ratio, r0 = N0/C0, Equation (3) becomes,

dy

dx
=

αyr0 − xe (x) rB (x)

xr0 [1− e (x)]
. (4)

Equation (4) is a linear in y, non-autonomous ordinary
differential equation that can be solved for the initial condition
y (x = 1) = 1 using the integrating factor method (Boyce and
DiPrima, 2009),

y (x) = e−p(x)

∫

ep(x)q (u) du,

p (x) = −

∫

α

x [1− e (x)]
dx, (5)

q (x) = −

e (x) rB (x)

r0 [1− e (x)]
,
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TABLE 2 | Relations between C-use efficiency and fraction of remaining C,

e (x), for different assumptions on microbial biomass N:C ratio, rB (x), and

references to the corresponding N release curves, y (x) .

Model e (x) rB (x) y (x) % with

highest

R2

% with

lowest

AIC

I e = constant rB = constant Equation 6 0 56.1

II e0 − ε (1− x) rB = constant Equation 12 70.7 24.4

III e0 − ε (1− x) rB,0 − β (1− x) Equation 11 29.3 19.5

The right columns indicate the percentages of datasets in which each model had the

highest fraction of explained variance, R2, or the lowest Akaike information criterion score

(AIC).

where u is a dummy variable of integration. The analytical
solution of Equation (5) requires specific assumptions
on the form of e (x) and rB (x). In the following, the
simplest case of time-invariant decomposer traits is
considered first, as it allows for an illustrative derivation
(Section Time-Invariant Decomposer Traits—Model I).
Other cases are discussed in Section Variable Decomposer
Traits—Models II and III, and all models are summarized
in Table 2. The effects of different choices of e (x) on
the temporal trajectories of litter C are illustrated in
Figure S1.

Time-Invariant Decomposer Traits—Model I

In the simplest case, CUE and decomposer N:C ratio are assumed
to be time-invariant (i.e., e (x) = e and rB (x) = rB; referred
to as model I), although both traits could vary across litter
types. This assumption has been the basis of previous derivations
of analytical nutrient release curves (Bosatta and Staaf, 1982;

y (x) = xν

(

1− e0

1− e0 + ε (1− x)

)ν

{

1+ εν−2

2r0(1−e0)
ν

[(

(1− e0 + ε) (α − 2) β +

(

2
(

rB,0 − β
)

+ αβ
)

ε
)

Bξ (1− ν, ν)

−

(

(1− e0 + ε) (α − 2) β +

(

2
(

rB,0 − β
)

+ αβx
)

ε
)

Bxξ (1− ν, ν)

− (1− e0 + ε)
(

((α − 2) β +

(

2
(

rB,0 − β
)

+ β
)

ε
)

Bξ (1− ν, 1+ ν)

−

(

(α − 2) β +

(

2
(

rB,0 − β
)

+ βx
)

ε
)

Bxξ (1− ν, 1+ ν)
)]}

,

(11)

Bosatta and Ågren, 1985; Manzoni et al., 2008a, 2010; Ågren
et al., 2013). With these assumptions, p (x) = −αln (x) / (1− e),
and after accounting for the initial condition y (x = 1) = 1, the
fraction of remaining nitrogen is found as (model I),

y (x) = x
e

α − 1+ e

rB

r0
+

(

1−
e

α − 1+ e

rB

r0

)

x
α

1−e , (6)

recovering the equation derived by Manzoni et al. (2010). When
α = 1 (bulk litter N:C is representative of the N:C of microbial
substrates), the earlier results cited above are also recovered,

y (x) = x
rB

r0
+

(

1−
rB

r0

)

x
1

1−e . (7)

Because 0 < e < 1, the exponent of the second term in Equations
(6, 7) is larger than one, so that the whole second term vanishes
faster than the first toward the end of the decomposition process

(i.e., in the limit for x → 0). As a result, the asymptotic litter N:C
ratio is given by,

N

C
→

x→0

e

α − 1+ e
rB ≈ rB, (8)

where the last approximation holds as long as α ≈ 1. Equation
(8) implies that litter N:C ratio converges toward the microbial
biomass N:C ratio as microbial turnover products become an
increasingly larger litter fraction. When N is preferentially used,
however, α > 1 and hence litter N:C remains lower than the
microbial biomass N:C.

Variable Decomposer Traits—Models II and III

For generic e (x) and rB (x) relations, the analytical integration
of Equation (5) becomes unfeasible. However, solutions can be
found for various functional relations between microbial traits
and the fraction of remaining C. For simplicity, linear functions
are assumed here,

e (x) = e0 − ε (1− x) , (9)

rB (x) = rB,0 − β (1− x) , (10)

where e0 and rB,0 are the initial CUE and microbial biomass N:C
ratio (at x = 1), and ε and β are the slopes of the linear relations.
The signs of the slopes are not imposed a priori, so ε and β could
be either positive (e and rB decrease during decomposition, as x
decreases) or negative (e and rB increase) depending on the data.
The parameterization assuming β = 0 (i.e., time-invariant rB but
flexible e) is referred to as model II, while that accounting also for
changes in rB is referred to as model III (Table 2).

With these linear relations and using Equation (5), the fraction
of remaining nitrogen is obtained as (model III),

where ν =
α

1−e0+ε
, ξ =

ε
1−e0+ε

, and Bz
(

a, b
)

is the incomplete
Beta function of the variable z, with parameters a and b
(Weisstein, 2016).

When the microbial biomass N:C ratio is set to a time-
invariant value (i.e., β = 0), Equation (11) simplifies to
(model II),

y (x) = xν

(

1− e0

1− e0 + ε (1− x)

)ν

{

1+
rB,0

r0

εν−1

(1− e0)
ν

[

Bξ (1− ν, ν)

−Bxξ (1− ν, ν) − (1− e0 + ε)

(

Bξ (1− ν, 1+ ν) − Bxξ (1− ν, 1+ ν)
)]

}

. (12)

Finally, when also the microbial CUE is time-invariant (i.e., ε =

0), Equation (6) is recovered. Equations (6, 7, 11, and 12) thus
represent a hierarchy of models of increasing complexity. In the
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following, only the latter three equations will be considered, as α

is in general higher than one.

Data Analysis and Model Parameterization
Litterbag decomposition datasets reporting C and N mass
decay over time were collected from the literature and online
databases. For each litter type and field incubation site, data
were further screened to select datasets representative of the
whole decomposition process, and ensure a meaningful fitting
of the theoretical y (x) curves. To this aim, datasets in which
the fractions of remaining C and N reached values lower than
0.2 and 0.4, respectively, were selected. Moreover, to avoid
the risk of overfitting, only datasets with more than eight
measurement points were retained. These criteria are more
restrictive compared to those adopted in previous studies—
a choice justified by the higher flexibility of the y (x) curves
derived here. This selection resulted in 41 datasets including litter
from angiosperm grasses, angiosperm trees, and conifer trees,
with initial C:N ratios ranging from 15 to 125; i.e., r0 ranging
from 0.008 to 0.067 (Table S1). Litter samples were incubated
in field conditions in a range of ecosystems, with mean annual
temperature (MAT) ranging from 6 to 28◦C, and mean annual
precipitation from 300 to 4,000 mm/year (top right panel of
Figure S2).

Because the model presented in Section Theory focuses on
biological processes and neglects leaching of organic C and N,
the initial leaching phase was removed from each dataset (as
in Manzoni et al., 2010). Measurement points during the initial
leaching phase were identified as those with larger N losses than
C losses and simply removed. The initial C and N amounts
were updated accordingly. Based on this criterion, significant
initial leaching was detected in three out of 41 datasets. It should
be emphasized that the stoichiometric model presented here is
meant to assess decomposer traits, not predict the rates of litter
mass loss, for which a detailed accounting of leaching would be
necessary. A single data point characterized by an unrealistically
high N concentration (N:C > 0.2) was also excluded, as deemed
contaminated.

Litter C and N amounts were normalized by their initial
condition, to obtain fractions of remaining C andN to be used for
fitting the y (x) curves. The same normalization was conducted
for datasets in which the initial leaching phase had been removed,
by recalculating the fractions of remaining C and N based on
the litter C and N contents after the end of the leaching phase.
The nonlinear least square fitting was conducted in Mathematica
environment, using the function NonlinearModelFit (Wolfram
Mathematica version 10.0.0.0). Only parameter e was obtained
by fitting y (x) curves for model I (Equation 6), whereas both e0
and ε were obtained by fitting y (x) curves for models II and III
(Equations 11, 12). Values of e0 and ε were further constrained
so that 0 < e < 1. Goodness of fit was evaluated by the
coefficient of determination and by the finite sample-corrected
Akaike information criterion (AIC) scores, which account for
both the goodness of fit and the number of fitting parameters
(Burnham and Anderson, 2002). The best fitting model has
the highest coefficient of determination, while the model that

best balances performance and simplicity has the lowest AIC
score.

Three parameters were not obtained via nonlinear fitting:
the coefficient representing preferential N uptake, α, and the
parameters of the rB (x) relation, β and rB,0. The former
parameter was set to α = 1.25, based on the observation that the
long-term litter N:C ratio is smaller than the microbial biomass
N:C, thus requiring α > 1 [Section Time-Invariant Decomposer
Traits—Model I; see details in Manzoni et al. (2010)]. The
parameters of the rB (x) relation were estimated from measured
microbial biomass N:C ratios in decomposing litter. In models I
and II, β = 0 and rB was assumed equal to the long-term average
litter microbial N:C ratio of 0.1 [i.e., (C : N)B

∼
= 10]. In model

III, rB was assumed to change linearly from the minimum value
rB,0 = 0.083 at x = 1 (i.e., (C : N)B = 12 at the beginning of
decomposition) to the maximum value rB = 0.125 at x = 0 (i.e.,
(C : N)B = 8 at the end of decomposition). With these values at
the beginning and at the end of the decomposition process, the
slope is found as β = −0.04. This trend implies an increasing
microbial biomass N:C as decomposition progresses and litter
N:C ratio increases, as suggested by data (Wagener and Schimel,
1998; van Meeteren et al., 2008; Brandstäetter et al., 2013;
Toberman et al., 2014). Moreover, with this parameterization
of model III, the value of rB at x = 0.5 is consistent
with the long-term average rB = 0.1 assumed for models
I and II.

To assess if the obtained C-use efficiency values are reasonable
(although without a rigorous validation), literature data were
collected on fungal decomposer C-use efficiency estimates from
field and laboratory studies. Four studies specifically investigating
litter decomposition in either terrestrial or aquatic systems were
found (Frankland et al., 1978; Kominkova et al., 2000; Boberg
et al., 2014; Lashermes et al., 2016); the data retrieved from these
studies are reported in Table S2.

RESULTS

The role of decomposer traits and initial litter N availability
on the N release curves is illustrated first (Section Effects
of Decomposer Traits on the N Release Curves). Second, C-
use efficiency and related parameters are estimated for the
selected litter decomposition datasets (Section C-Use Efficiency
Estimates fromNRelease Data). Finally, patterns in the estimated
traits as a function of stoichiometric and climatic factors are
assessed and results from the different C-use efficiency models
are compared (Sections Relation between C-Use Efficiency and
Litter Stoichiometry and Relation between C-Use Efficiency and
Climate). In most analyses, N:C ratios are reported, except when
linking C-use efficiency estimates and initial litter stoichiometry,
where C:N ratios are used to facilitate comparison with earlier
works.

Effects of Decomposer Traits on the N
Release Curves
The sensitivity of N release curves to various assumptions on
C-use efficiency and microbial biomass C:N ratios is illustrated
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in Figure 1, starting with the assumption that microbial traits
are time-invariant in Figures 1A,B, and then allowing for C-
use efficiency and microbial N:C flexibility in Figures 1C,D.
In general, lower initial litter N:C ratios require larger N
immobilization rates to sustain a homeostatic microbial biomass,
resulting in a net increment of N amounts in the litter bags
(fraction of remaining N, y > 1; Figure 1A). For a given initial
litter N:C ratio, microbial stoichiometric traits also affect the
shape of the N release curves (Figures 1B–D). Increasing C-use
efficiency allows growing more biomass per unit C taken up,
but for a given microbial biomass N:C ratio, this translates into
higher N requirements andmore intense N immobilization (solid
vs. dashed curves in Figure 1B). A lower microbial biomass
N:C ratio allows growth with lower N supply, because less N is
required per unit of C taken up. Hence, N release curves resulting
from decomposition bymicrobial communities with low biomass
N:C ratios exhibit a shorter N immobilization phase compared to
those resulting from communities with high N:C (gray vs. black
curves in Figure 1B).

When the assumptions of time-invariant C-use efficiency and
microbial N:C ratio are relaxed, the N release curves do not
change their general qualitative behavior, but some quantitative
changes emerge (Figures 1C,D). When C-use efficiency increases
during decomposition (ε < 0), the N demand in the early
decomposition phase is reduced due to relatively low CUE,
compared to the case of time-invariant CUE (dotted vs. solid

curve in Figure 1D). In contrast, when C-use efficiency decreases
during decomposition (ε > 0), the pattern is reversed, and
initial N demand is enhanced, resulting in high initial N
immobilization (dashed vs. solid curve in Figure 1D). Trends in
microbial biomass N:C ratios are compounded with trends in
CUE, resulting in less intense N immobilization when microbial
N:C is lower in the early decomposition phase (gray vs. black
curves in Figure 1D).

C-Use Efficiency Estimates from N Release
Data
As suggested by Figure 1, the N release curves based on variable
CUE can exhibit a wider range of shapes compared to curves
based on time-invariant CUE. This flexibility is required to
capture subtle or hidden patterns in the data, as shown in
Figure 2. When time-invariant traits are assumed, the best fit
y (x) curve, despite capturing the main trend, overestimates the
fraction of remaining N in the early phase of decomposition,
while underestimating it in the later phase (black dashed curve).
When considering variable CUE (with time-invariant or variable
microbial biomass N:C), the model fitting yields ε < 0
(Figure 2B), suggesting that CUE was lower in the early phase
than predicted bymodel I. In turn, lower CUE results in relatively
lower N requirements and thus flatter y (x) (in Figure 2A,
compare the solid black and dot-dashed gray curves based on

FIGURE 1 | Effect of contrasting C-use efficiency parameterizations on modeled nitrogen release from decomposing litter, expressed by the fraction

of remaining nitrogen (y = N/N0) as a function of the fraction of remaining carbon (x = C/C0). Left panels show the predicted y (x) curves for time-invariant

decomposer traits (model I, Equation 6) when varying (A) litter N:C ratio (r0), or (B) C-use efficiency (e) and decomposer biomass N:C ratio (rB). (C) Assumed e (c)

relations (Equation 9) and (D) corresponding y (x) curves when rB is either time-invariant [β = 0 in Equation (10); y (x) from Equation (12); model II] or decreasing

during decomposition [β = −0.04 in Equation (12); y (x) from Equation (11); model III]. The same dashing styles are applied in (C,D) for the same C-use efficiency

model. Unless otherwise specified in the legends of each panel, e = 0.45, rB = 0.1 [
(

C : N
)

B = 10], and r0 = 0.025 [
(

C : N
)

0 = 40]; in all panels, α = 1.25. Note that

the temporal development in these graphs is from right (C/C0 = 1) to left (C/C0 = 0).
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FIGURE 2 | (A) Example of nitrogen release trajectory during litter

decomposition, expressed as fraction of remaining nitrogen (y = N/N0) vs.

fraction of remaining carbon (x = C/C0). Light gray symbols represent

observations (Macaranga kingii data from Hirobe et al., 2004), and curves refer

to analytical y (x) relations based on different assumptions on the decomposer

traits (see legend). (B) Predicted relations between C-use efficiency (e) and x

for the different y (x) relations. C-use efficiency parameters are obtained via

nonlinear least square fitting of the data in A [e in Equation (6), and e0 and ε in

Equations (11, 12)]; other parameters: α = 1.25, rB,0 = 0.083 [
(

C : N
)

B = 12],

and β = −0.04. As in Figure 1, the temporal development is from right

(C/C0 = 1) to left (C/C0 = 0).

models II and III to the dashed curve of model I). Comparing
models II and III, it is evident that trends in microbial N:C ratio
partly compensate for trends in CUE, resulting in less negative
ε (Figure 2B). In other cases—primarily with N-rich litter—
CUE is found to decrease during decomposition (ε > 0), also
indicating that the slope parameter ε can be important. Thus, the
y (x) curves based on flexible traits can be more accurate, at the
expense of an additional fitting parameter.

When fitting the three N release curves to all datasets, some
general patterns begin to emerge (Figure 3; all regression results
are reported in Table S1). First, all models perform well, with
coefficients of determination higher than 0.98 for 75% or more
of the datasets (left panels in Figure 3). As expected by the higher
number of parameters, models II and III performed marginally
better than model I (Table 2). Model II performs better than
model III in 70% of the datasets, but differences between the

N release curves obtained from the two models are small (as
exemplified by Figure 2A). When evaluating model performance
by means of AIC scores, model I emerges as the best model
in 56% of the cases, followed by model II and III (Table 2).
Second, the predicted slopes ε vary between −0.5 and 0.5 when
using model II, and between −0.3 and 0.8 when using model
III (consistent with the compensation effect of flexible microbial
N:C), resulting in a range of e (x) curves (Figures 3D,F). In
general, the slopes ε tend to be negative in most litter types,
except for N-rich litter (light-colored lines).

Relation between C-Use Efficiency and
Litter Stoichiometry
Patterns in time-invariant e (model I) and e (x) parameters
(models II and III) as a function of litter stoichiometry are
illustrated in Figure 4. To ease comparisons with previous
results, litter C:N ratios are used to characterize litter
stoichiometry, instead of N:C ratios. In model I, the estimated e
strongly decreases with initial litter C:N, (C : N)0 (Figure 4A),
consistent with observations (open square symbols). When using
models II and III, both the initial CUE (e0; Figures 4C,F) and
the slopes (ε; Figures 4D,G) decrease with increasing (C : N)0
(regression parameters and statistics are reported in Table 3).
The initial C-use efficiency for models II and III follows the
same pattern as the time-invariant C-use efficiency estimated
from model I, as also confirmed by high correlation coefficients
between the values of e0 and those of the time-invariant e
(Figure 5; correlation coefficients = 0.84 and 0.90, respectively).
The three observed initial C-use efficiency values (open square
symbols in Figures 4C,F) follow the decreasing trend of the
estimated e0, but tend to be higher in N-poor litter.

The slopes of the e (x) relations are predominantly positive
in N-rich litter and negative in N-poor litter (Figures 4D,G),
suggesting that in N-rich litter CUE decreases as decomposition
progresses, whereas CUE increases in N-poor litter types.
These increasing trends of ε with increasing initial litter N
concentration are statistically significant for both models, as
indicated by a < 0 in the ε

[

(C : N)0
]

regression models reported
in Table 3. The C:N ratio at the transition between positive
and negative slopes is given by parameter b in the ε

[

(C : N)0
]

relations. The C:N ratios at the transition are estimated as 42
and 66 for models II and III, respectively, and both values
are significantly higher than zero, confirming that there is a
statistically significant shift from increasing to decreasing CUE
along a gradient of litter N availability.

Finally, Figures 4B,E,H show the trajectories of CUE and
litter C:N as emerging from the modeled y (x) curves. To draw
these curves, C:N ratios are calculated as x (C : N)0/y (x)
(these are the actual variable C:N ratios, not the constant initial
value), and CUE trends as e (x). Thus, each curve describes
trajectories of CUE and C:N as the fraction of remaining C
decreases from 1 to 0. While in Figure 4B CUE remains stable
due to the underlying assumption of model I, in Figures 4E,H

trajectories are more complex. The dark and orange curves
referring to litter with initial C:N ratio above ∼50, exhibit
increasing CUE as litter C:N decreases (N:C increases) during
decomposition. In contrast, light colored, “C-shaped” curves
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FIGURE 3 | Fitting results for the different C-use efficiency (e) parameterizations. Left panels: fitting performance by comparing measured and modeled

fractions of remaining N (Table 2, Table S1). Right panels: inferred e as a function of the fraction of remaining C (x). (A,B) model I (time-invariant e and microbial N:C);

(C,D) model II [variable e (x) and time-invariant microbial N:C]; (E,F) model III [variable e (x) and microbial N:C]. Symbols and lines are color coded as a function of the

litter initial C:N ratio (color-bars); the dot-dashed lines have unitary slope. Fixed parameters: α = 1.25, rB,0 = 0.083 [
(

C : N
)

B = 12], and β = −0.04. As in Figure 1,

the temporal development in the right panels is from right (C/C0 = 1) to left (C/C0 = 0).
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FIGURE 4 | Effect of litter C:N ratio on C-use efficiency (e). Left and central panels: relations between initial litter C:N ratio,
(

C : N
)

0 = 1/r0, and the parameters

of the different CUE models. Right panels: modeled e as a function of litter C:N during decomposition (initial points are identified by filled circles). (A,B) model I

(time-invariant e and microbial N:C); (C–E) model II [variable e (x) and time-invariant microbial N:C]; (F–H) model III [variable e (x) and microbial N:C]. Symbols and lines

are color coded as a function of
(

C : N
)

0 (color-bars). Closed symbols refer to estimates from model fitting; open symbols refer to observations (Table S2). Regression

statistics for the curves in (A,C,D,F,G) are reported in Table 3 (all slopes are significantly different from zero). Thin dashed lines in (D) and (G) indicate ε = 0.

corresponding to N-rich litter exhibit decreasing CUE as the
C:N ratio initially decreases, but then mildly increases toward
the final phase of decomposition (N:C first increases and then
decreases). Observed C-use efficiency values broadly overlap with
the estimated e (C : N) trajectories (compare open symbols and
solid curves in Figures 4B,E,H).

Relation between C-Use Efficiency and
Climate
In contrast to the clear patterns of CUE and related parameters
in relation to litter stoichiometry, mean annual temperature
(MAT) and precipitation (MAP) do not appear to have an effect
on CUE. The slopes of linear relations between e (model I)
or e0 and ε (models II and III), and MAT or MAP are not
significantly different from zero, suggesting lack of significant

TABLE 3 | Relations between C-use efficiency parameters and initial litter

C:N ratio, (C : N)0 .

Model Fitting function a b R2

I e = a
(

C : N
)b
0 4.4 [0.22, 8.5] −0.70 [−0.96, −0.43] 0.89

II ε = aln
[

(C:N)0
b

]

−0.30 [−0.50, −0.094] 42 [28, 56] 0.19

e0 = a
(

C : N
)b
0 35 [−13, 83] −1.3 [−1.7, −0.89] 0.81

III ε = aln
[

(C:N)0
b

]

−0.43 [−0.62, −0.24] 66 [49, 83] 0.44

e0 = a
(

C : N
)b
0 37 [−6.9, 81] −1.3 [−1.6, −0.90] 0.85

Fitting parameters are reported with 95% confidence intervals in square brackets, and

fitting performance is quantified by the coefficient of determination, R2.

climatic effects (Figure S3). Climatic effects are also weak or
inconsistent when considering specific litter types incubated at
different sites (results not shown).
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DISCUSSION

A Stoichiometric Approach for
Decomposer Trait Estimation
The analysis of microbial growth kinetics is based on the
idea that microbial traits can be mapped into parameters
of process models. These parameters can then be obtained
by fitting the model results (either analytical equations or
numerical solutions) to observations (Panikov, 1995). While
mapping traits into model parameters can be relatively simple
in idealized laboratory conditions with minimal microbial and
substrate diversity, it can be challenging in complex soil systems,
where both traits and model parameters must be interpreted
as “macroscopic” properties that integrate the underlying
heterogeneities (Manzoni et al., 2008b). Nevertheless, microbial
community traits have also been obtained by fitting models to
soil incubation studies (Nicolardot et al., 2001; Pansu et al., 2004)
and litter decomposition datasets (Wetterstedt and Ågren, 2011;
Manzoni et al., 2012a). Here the same conceptual approach is
applied, but instead of fitting model results as a function of
time, analytical relations between two elements are obtained
(Manzoni et al., 2008a; Ågren et al., 2013). This method focuses
on stoichiometry rather than kinetics and reduces the degrees
of freedom of the problem, thereby allowing more robust trait
estimation.

The microbial community C-use efficiency is particularly
challenging to measure and interpret (Geyer et al., 2016),
motivating the use of the proposed stoichiometric approach as an
alternative tool for CUE estimation. CUE has been hypothesized
to vary in response to nutrient availability (Sterner and Elser,
2002; Manzoni et al., 2008a), but also microbial elemental
composition could change as cells try to compensate nutrient
imbalances. Unfortunately, the roles played by decomposer
elemental composition and CUE in the nutrient release curves
employed here to estimate microbial traits are difficult to
disentangle. In fact, either decreasing microbial biomass N:C
or decreasing e reduces the nutrient demand per unit C
consumed (as demonstrated analytically by Ågren et al., 2013,
and as illustrated in Figure 1). In two studies where both
parameters were fitted via nonlinear regression (Ågren et al.,
2001; Nicolardot et al., 2001), contrasting results were found. In
one case, microbial N:C increased significantly with amendment
N:C ratio, while e tended to reach the upper bound set as a
constraint for parameter optimization (Nicolardot et al., 2001). In
the other case, microbial N:C remained stable, while e increased
with increasing inorganic nutrient availability and litter N:C
ratio (Ågren et al., 2001). These opposite results confirm the
covariation of e and rB and suggest strong sensitivity to the fitting
procedure, unless some additional constraints are imposed. This
issue has been dealt with in different ways: by imposing a time-
invariant rB and letting e vary (Manzoni et al., 2008a, 2010), or
by estimating the product erB (corresponding to the N:C ratio
at incipient N immobilization) without distinguishing between
the two parameters (Ågren et al., 2013). Because rB values
are relatively more constrained than CUE values, here a time-
invariant rB (models I and II) or a pre-defined relation between
rB and the fraction of remaining C (model III) is assumed.

Comparing models II and III suggests little impact of rB trends
on CUE, as also discussed in Section Stoichiometric Drivers of
Decomposer Trait Flexibility.

Two other confounding factors could complicate the
interpretation of the results: leaching and variations in the
coefficient α. The former could contribute to losses of organic
C and N from the litter system independently of microbial
traits, thereby affecting the estimated CUE. Because the
proposed modeling framework focuses on microbial-driven
decomposition and cannot capture decomposition trajectories
when physical processes dominate, the initial leaching phase
was removed when evident in the data. This procedure only
affected three out of 41 datasets, suggesting that in the selected
decomposition trajectories initial leaching was not as important
as microbial processes. Besides the initial leaching, it is possible
that residual leaching losses occurred in wet sites throughout the
decomposition process. This residual leaching (referred to simply
as “leaching” in the following) had been included in a previous
work employing a comparable model (Manzoni et al., 2010), but
was neglected here for simplicity. An increase in leaching rate
would increase the estimated CUE, because losses of organic
C via leaching occur “in parallel” with respiration. Thus, for
a given (measured) C loss, assuming larger leaching implies
lowering the contribution of respiration, which translates into
higher CUE estimates. Therefore, if leaching was higher in the
early decomposition phase, the initial CUE was overestimated.
As a consequence, the actual CUE trends should be weaker
when the slope ε > 0, but stronger when ε < 0, because initial
CUE was overestimated. However, mean annual precipitation,
which could be expected to be correlated to leaching rates, has
no significant effect on any of the CUE parameters (Figure S3),
suggesting that CUE estimates are not significantly biased by
neglecting leaching.

Increasing decomposer preference for N (higher α), by
improving organic N availability, reduces N immobilization
(Figure S2). Hence, for a given (measured) N release curve,
higher α results in higher estimated CUE. However, it is not
clear how α could change during decomposition. Leachate
elemental ratios, which could be hypothesized to be more
representative of microbial substrate than the bulk litter ratios,
are variable (Magill and Aber, 2000; Michalzik et al., 2001;
Lashermes et al., 2016) and in some cases leachate N:C ratios
are even lower than in the bulk litter (Fanin et al., 2013).
Without more specific information on temporal trends in α,
the constant value α = 1.25 appears to be a reasonable
choice. As an alternative, more complex models including
a dissolved organic matter pool could be useful. However,
increased model complexity would also introduce further
uncertainties.

Despite difficulties in isolating the effects of CUE from those
of other traits, the proposed method (i) provides a highly
accurate description of N release trajectories (Table 2), and
(ii) identifies trait patterns that are consistent with current
conceptual understanding of decomposition (as discussed in
Section Stoichiometric Drivers of Decomposer Trait Flexibility).
Empirical quantification of microbial community CUE and
elemental composition in long-term litter incubations could help
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FIGURE 5 | Correlations between the initial C-use efficiency (e0) estimated using (A) model II and (B) model III, and the time-invariant C-use efficiency

estimated from model I (simply denoted as e); the dot-dashed lines have unitary slope. Symbols are color coded as a function of
(

C : N
)

0 (color-bars).

validate this approach and disentangle the effects of possible
confounding factors.

Stoichiometric Drivers of Decomposer
Trait Flexibility
Microbial traits associated with metabolic processes often vary
along gradients of nutrient availability in both microbial isolates
and communities. This trait flexibility at the community level
is required to reduce imbalances in nutrient supply (e.g., by
tuning extracellular enzyme expression; Sinsabaugh et al., 2014),
and to compensate stoichiometric imbalances by changing body
composition (Tezuka, 1990; Godwin and Cotner, 2015), altering
metabolism (Sterner and Elser, 2002; Manzoni et al., 2008a), or
shifting community composition (Cotner et al., 2010; Godwin
and Cotner, 2014). While trait variations have been mainly
studied across nutrient availability treatments, temporal trends
in traits along nutrient availability trajectories are less clear.
In this context, litter decomposition represents a useful model
system thanks to the wide range of nutrient conditions during
degradation of a single cohort and the abundance of data tracking
the temporal changes of litter C and nutrient pools.

Even though N:C ratios of individual microbial strains
can vary significantly (Mouginot et al., 2014), decomposer
communities appear homeostatic with respect to N across wide
ranges of organic matter elemental composition (Fanin et al.,
2013; Xu et al., 2013). However, in decomposing litter undergoing
strong nutrient enrichment, some trends in microbial biomass
N:C have been found. In some studies, microbial N:C increases
with increasing litter N:C as decomposition progresses (Wagener
and Schimel, 1998; van Meeteren et al., 2008; Brandstäetter
et al., 2013; Toberman et al., 2014), but in others no trends
are apparent (Mooshammer et al., 2014a). Along the extreme
stoichiometric gradient between a decaying log and the nearby
soil (assuming that the latter is representative of the final phases
of wood decomposition), only small differences in microbial
biomass elemental composition were found, despite the four-fold
increase in N:C ratio (Hart, 1999). Overall, this evidence suggests
that N availability during decomposition of a litter cohort might

not always be a good predictor of microbial biomass elemental
composition. Here, rB flexibility is accounted for in model III, but
does not affect the main patterns predicted for CUE (Figures 3,
4), suggesting that stoichiometric flexibility of litter microbial
communities may not be sufficient to compensate strong nutrient
imbalances.

The assumed increase from rB = 0.083 to 0.125 (i.e., (C : N)B
decreases from 12 to 8) is consistent with observed changes, even
though lower N:C ratios have also been found. Had a steeper
decrease in rB with decreasing fraction of remaining C been
considered, stronger differences between results from model II
and III would have emerged. However, the lower N:C ratios
observed in some litter microbial communities might not be
representative of the actively growing (and relatively nutrient-
rich) fraction of the microbial community that the stoichiometric
model is meant to describe.

If the cellular composition is too stable to compensate
stoichiometric imbalances, it can be surmised that metabolic
processes might provide the required flexibility (Manzoni et al.,
2008a; Mooshammer et al., 2014b). Observed C-use efficiency
values support this view by strongly decreasing as the initial
litter C:N ratio (Figures 4A,C,F) as well as the instantaneous
litter C:N (Figures 4B,E,H) increase across litter types. Evidence
from an experiment designed to test this hypothesis is supportive
(Lashermes et al., 2016), although the measured CUE values are
higher than expected from model results in N-poor litter. In
this dataset, however, fungal biomass—and consequently CUE—
might have been overestimated (Lashermes et al., 2016), thus
explaining the mismatch. The expected decline in CUE at high
substrate C:N ratio is not always observed in culture studies,
suggesting that some organisms may exhibit sufficient flexibility
in their cellular composition to compensate nutrient imbalances
and that the effects of compound C- and nutrient-limitation are
not easy to predict (Keiblinger et al., 2010).

The temporal trends in C-use efficiency are potentially more
complex to interpret than the trends in decomposer biomass
elemental composition. If CUE is reduced in response to nutrient
limitation, it can be hypothesized that CUE increases during
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decomposition, as the nutrient availability increases (in this
framework, this trend would be characterized by ε < 0).
However, such an effect would be apparent only in litter types
with high initial C:N ratio. In contrast, as recalcitrant material
and microbial by-products accumulate in the late decomposition
phases (Berg andMcClaugherty, 2003), acquiring C could require
larger investments in extracellular enzymes (Ågren and Bosatta,
1987), and microbial populations would spend more time in
relatively inactive states associated with higher respiration per
unit C taken up and thus lower CUE. Experimental evidence
indeed showed that decomposers degrading lignin exhibit lower
CUE than communities feeding on higher quality substrates
(Bahri et al., 2008). Moreover, increased N concentration in
this late phase is often associated with reduced decomposition
rates, due to inhibition of extracellular enzymes (Berg and
McClaugherty, 2003; Hobbie et al., 2012). As a result, in such
conditions CUE could decrease with progressing decomposition
(ε > 0). This effect would be apparent only in N-rich litter
where C would become limiting. A similar pattern of higher
initial CUE in N-rich litter than in N-poor litter, followed
by a reversed pattern in the late decay phase had also been
hypothesized by Cotrufo et al. (2013). As shown in Figure 4,
the patterns in ε estimated with models II and III are in line
with these expectations, with positive ε values in N-rich litter
types, transitioning to negative ε values at high initial litter C:N
ratios.

The initial CUE values of models II and III follow the same
decreasing pattern with increasing initial litter C:N as the time-
invariant CUE of model I (Figure 5). It can thus be concluded
that regardless of the specific time trajectory of CUE, the initial
CUE compensates litter stoichiometric imbalances by reducing
the decomposer growth rate and nutrient demand in N-poor
litter. Moreover, the initial CUE values are representative of the
first and most active phase of decomposition, so that the same
pattern remains evident when considering the long-term average
CUE, as in model I. Hence, this result lends some support to
the use of time-invariant CUE to detect stoichiometric effects on
CUE across broad litter quality gradients (Manzoni et al., 2008a),
although temporal trends are key to understanding the interplay
between N- and C-limitation during degradation of a single litter
cohort.

Climatic Drivers of Decomposer Trait
Flexibility
Mean annual temperature and precipitation explain a large
fraction of the observed variability in litter decay constants
(Aerts, 1997; Adair et al., 2008). For a given litter type, incubation
under conditions ranging from cold or dry to warm and moist
causes a more than 10-fold variation in the decay constants
(Adair et al., 2008). Such a large climatic effect could be expected
to also appear when investigating broad-scale trends in C-use
efficiency and related parameters. However, climatic factors do
not play any significant role (Figure S3), at least at the scale
of this analysis, as previously noted by Manzoni et al. (2008a).
Thus, two complementary effects of climate on decomposition
are occurring. While warm and moist conditions are favorable

for decomposers and thus promote rapid litter decomposition,
the way C is partitioned between growth and respiration does not
seem to be affected, suggesting a separation between the drivers of
microbial metabolic rates (climate) and those affecting metabolic
efficiency (litter stoichiometry). Hence, climate is expected to
affect C sequestration by altering the balance of inputs to the
soil and respiration rates, while litter elemental composition
largely affects the patterns of nutrient release and the metabolic
efficiency of the decomposers.

Had an increase in leaching rate with mean annual
precipitation been accounted for, the CUE estimates would have
been higher for the wetter sites, potentially introducing a positive
correlation between CUE and precipitation. Dissolved organic C
production from litterbags incubated in a lake amounted to about
20% of mass loss (Kominkova et al., 2000). Even assuming that
this value is representative for leaching in the wettest terrestrial
ecosystems (10% is a more reasonable figure, Michalzik et al.,
2001), variability in our CUE estimates would still be driven by
litter stoichiometry rather than precipitation.

Both short-term fluctuations in soil moisture (e.g., Tiemann
and Billings, 2011) and incubation at different temperatures (e.g.,
Frey et al., 2013) have been shown to affect CUE of soil microbial
communities in laboratory conditions. In particular, CUE tends
to decline with increasing temperature, although its temperature
sensitivity is still a matter of debate, and when discounting
the effect of mortality, stable CUE values have been found
(Hagerty et al., 2014). In contrast, positive temperature effects
on CUE were found in a global-scale study, in which CUE was
estimated using a model driven by the stoichiometric ratios of
substrates and ecoenzymatic activities (Sinsabaugh et al., 2016). It
is conceivable that when integrating responses to environmental
fluctuations and microbial community dynamics at the annual
time scale considered here, more stable CUE values than under
laboratory conditions are achieved. Furthermore, physiological
factors such as temperature acclimation, or shifts in microbial
community composition, can contribute to reducing temperature
sensitivity in the long-term (Frey et al., 2013; Allison, 2014;
Sinsabaugh et al., 2016). These processes could explain why the
CUE values of decomposer communities degrading the same
litter type along a climatic gradient (datasets from the LIDET
study) are weakly or inconsistently dependent on climate, but
strongly dependent on litter quality.

On the Interpretation of Community-Scale
C-Use Efficiency
The estimated CUE values are to be interpreted at the microbial
community scale (sensu Geyer et al., 2016) and should be
regarded as “effective,” lumped parameters that capture the
average behavior of a biologically and chemically heterogeneous
system (Manzoni et al., 2008b). In fact, the proposed model
integrates the contributions of all decomposer to the bulk
community metabolism. However, the CUE estimates presented
here are not confounded by microbial turnover, which is
implicitly accounted for as a recycling flux into the litter pool.
Community dynamics can generate patterns in CUE that differ
from those of the individual constituents or a homogeneous
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community (Kaiser et al., 2014). Results from an individual-
based model show that CUE can remain high regardless of
litter C:N ratio, because turnover of N-rich microbial products
allows at least part of the community to feed on substrates
with substantially higher N:C than the bulk litter (Kaiser et al.,
2014). This effect could be captured by higher values of α in this
framework, but such an adjustment would not be supported by
independent information. While considering lumped processes
aids in extracting information from relatively coarse data (such
as C and N mass in litter samples), it also represents a limitation
of this approach, as it precludes the possibility of further
disentangling the mechanistic drivers of flexible community-
level traits. It would be fruitful to combine litter decay
data with detailed community composition and physiological
measurements that can assist in interpreting patterns in the
estimated community-level traits.

CONCLUSIONS

A stoichiometric model is presented as a tool for quantifying
variations in decomposer traits. Specifically, changes in microbial
community C-use efficiency across litter types and through
time during decomposition of individual litter cohorts are
estimated by fitting analytical N release curves to litter C
and N mass data. This method offers insights on decomposer
traits that would be difficult to measure, and allows generating
specific hypotheses that could be targets of more detailed
empirical studies. C-use efficiency is found to be flexible,
showing a continuum of responses during decomposition.
In general, C-use efficiency increases along a gradient of
litter types with increasing N availability. Temporal patterns
in a single litter cohort are more complex. N-poor litter
types tend to exhibit increasing CUE possibly due to large
stoichiometric imbalances and N-limitation in the early phase of
decomposition, followed by improved N status and consequently
more efficient biomass production. In contrast, N-rich litter
types exhibit lowering CUE, possibly driven by C-limitation,
increased chemical complexity and inhibiting effects of high N
availability in the late phase of decomposition. Hence, these

data-driven analysis suggests that trajectories of decomposer
community traits depend in a strongly nonlinearly way on litter
stoichiometry, as the decomposers transition from N- to C-
limited conditions.
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Surveys of carbon:nitrogen:phosphorus ratios are available now for major groups of
biota and for various aquatic and terrestrial biomes. However, while fungi play an
important role in nutrient cycling in ecosystems, relatively little is known about their
C:N:P stoichiometry and how it varies across taxonomic groups, functional guilds, and
environmental conditions. Here we present the first systematic compilation of C:N:P
data for fungi including four phyla (Ascomycota, Basidiomycota, Glomeromycota, and
Zygomycota). The C, N, and P contents (percent of dry mass) of fungal biomass
varied from 38 to 57%, 0.23 to 15%, and 0.040 to 5.5%, respectively. Median
C:N:P stoichiometry for fungi was 250:16:1 (molar), remarkably similar to the canonical
Redfield values. However, we found extremely broad variation in fungal C:N:P ratios
around the central tendencies in C:N:P ratios. Lower C:P and N:P ratios were found
in Ascomycota fungi than in Basidiomycota fungi while significantly lower C:N ratios
(p < 0.05) and higher N:P ratios (p < 0.01) were found in ectomycorrhizal fungi than in
saprotrophs. Furthermore, several fungal stoichiometric ratios were strongly correlated
with geographic and abiotic environmental factors, especially latitude, precipitation, and
temperature. The results have implications for understanding the roles that fungi play in
function in symbioses and in soil nutrient cycling. Further work is needed on the effects
of actual in situ growth conditions of fungal growth on stoichiometry in the mycelium.

Keywords: elemental composition, fungus, guild, homeostasis, Redfield ratios, stoichiometry

INTRODUCTION

Ecological stoichiometry is the study of the balance of multiple chemical elements in ecological
interactions and processes (Sterner and Elser, 2002). By using the perspective of ecological
stoichiometry, we can better understand the coupling of energy and material flows at key interfaces
in Earth’s diverse habitats (Elser et al., 2000a). For example, the features of the stoichiometry
of algae–zooplankton interactions have been shown to affect trophic transfer efficiencies and
consumer-driven nutrient recycling at the ecosystem scale (Frost et al., 2002; Andersen et al.,
2004). Moreover, the extension of ecological stoichiometry to biological phenomena, referred to
as biological stoichiometry (Elser et al., 2000c), provides a mechanistic theory linking cellular and
biochemical features of co-evolving biota with constraints imposed by, and impacts on, ecosystem
energy and nutrient flows (Elser et al., 2003).
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To date, studies involving ecological stoichiometry and
biological stoichiometry have mostly been done in aquatic
systems (McGroddy et al., 2004), but recent work has extended
it to new research areas beyond the aquatic realm (Hessen
et al., 2013) such as study of terrestrial vegetation (Kerkhoff
et al., 2006), insects (Woods et al., 2004), and soils (Cleveland
and Liptzin, 2007). As nutrient cycling in natural ecosystems
is largely driven by microorganisms (Spohn, 2016), the
carbon:nitrogen:phosphorus ratios of soil microbial biomass and
ecoenzymatic activity ratios related to resource acquisition have
begun to be surveyed (Cleveland and Liptzin, 2007; Sinsabaugh
et al., 2009), with a primary emphasis on bacteria. Differences in
fungal and bacterial physiology may have important influences
on large scale C and N cycling (Waring et al., 2013). However,
relatively little is known about fungal stoichiometry despite the
important role they play in biogeochemical cycling in ecosystems
(Gadd, 2004, 2007). It is still not clear that how these processes
might be influenced by the C:N:P stoichiometric requirements
of the fungi themselves. In one of the first studies of fungal
C:N:P stoichiometry, Danger et al. (2016) assessed the ecological
stoichiometry of aquatic fungi and several species of terrestrial
fungi, finding that the variation of C:N:P ratios of fungal
biomass exceeded variations found for bacteria. However, fungal
biodiversity is considerably higher in terrestrial than in aquatic
ecosystems (Bärlocher and Boddy, 2016) but our knowledge of
their stoichiometry remain lacking.

The role of fungi in symbiosis, e.g., ectomycorrhizae, is of
particular interest. Most plant species form symbioses with soil
fungi, and up to 80% of plant N and P is provided by mycorrhizal
fungi (Behie and Bidochka, 2014; van der Heijden et al., 2015).
Mycorrhizal fungi can use organic nitrogen and phosphorus
forms, which would otherwise remain largely unavailable to plant
roots (Landeweert et al., 2001). Intriguingly, the reciprocity of
benefits to host plant and fungus are highly dependent upon the
C:P stoichiometry of the transaction (Schwartz and Hoeksema,
1998). Since mycorrhizal fungi explore the soil volume for
nutrients as part of this symbiotic transaction, it is important to
better understand the resource requirements of fungi symbiosis.
In particular, what are N and P requirements of the fungal
partner? Answering such simple questions is difficult because
our understanding of fungal C, N, and P stoichiometry and
how it varies across taxonomic groups, functional guilds, and
environmental conditions is poorly developed.

To address these gaps in our knowledge, here we present
the first systematic compilation of C:N:P data for fungi. Our
questions are as follows. What range and average values of C:N:P
ratios are exhibited by fungi? Does fungal stoichiometry differ
among phyla or functional guilds? Do environmental factors
affect fungal stoichiometry? Answering these questions will allow
stoichiometric theory to be brought to bear on key ecological
processes driven by fungi.

MATERIALS AND METHODS

We performed a systematic literature search in ISI Web of
Science and Google Scholar using combinations of key words

including stoichiometry, element, carbon, nitrogen, phosphorus,
chemical composition, mineral, nutrient, fungi, mushroom,
yeast, Saccharomyces, fruit body, sporocarp, mycorrhizal,
mycelium, and hyphae. We also followed cited references in the
identified literature to find additional relevant studies.

Contents (percent of dry mass) or ratios of C, N, and P were
extracted from published studies, either from tables or from
figures by WebPlotDigitizer1. Studies that directly reported either
absolute protein and RNA (or rRNA) content or protein:RNA
ratio were also selected. In this case, studies that measured
macromolecular content only under severe limitation and far
from optimal growth conditions were excluded (Loladze and
Elser, 2011). The protein:RNA ratio was converted to N:P ratio
(28 entries for 18 species) according to a model developed
by Loladze and Elser (2011). For studies that did not report
%C, we used the average of C content (%C) data from the
literature (44.0) in order to calculate C:N or C:P ratios from
N content and P content values. Records without detailed
taxonomic information (e.g., unidentified fungi) were excluded.
See Supplementary Materials for the full dataset and references
(Appendix S1, S2).

Fungal nomenclature followed the Index Fungorum2.
Information for 377 fungi species (101 genera from 82 families)
was assembled across a broad range of diversity including
four phyla (Ascomycota, Basidiomycota, Glomeromycota, and
Zygomycota). We used Funguild, a new open annotation tool,
to assign the fungal species to the functional guilds (Nguyen
et al., 2016). Ectomycorrhizal fungi, pathotrophs (receiving
nutrients by harming host cells), and saprotrophs were selected
for comparison of C:N:P stoichiometry among functional guilds
(Appendix S3).

To assess possible correlations of fungal C:N:P ratios with
climatic conditions, mean annual temperature, and mean annual
precipitation data from 1950 to 2000 for the sampling sites
of Agaricomycetes species were obtained from the WorldClim
database3 at a spatial resolution of 30 arc-seconds (ca.1 km) using
Diva-GIS 7.5 software4 (Hijmans et al., 2005). Agaricomycetes
were the taxonomic group for which we had the most
data, providing sufficient basis for assessment of climatic and
geographic factors. Most of the element data for the correlation
analysis are from fruiting bodies due to the lack of data for
mycelia.

Elemental concentration and stoichiometric ratio data (%C,
%N, %P, C:N, C:P, and, N:P) were log10-transformed before
analyses to improve the normality of residuals. Student’s t-test
was used to compare the concentration and ratios in fungus
species for two phyla, Ascomycota and Basidiomycota, for which
we had a large number of observations. ANOVA followed by
Tukey’s post hoc test were used to assess the statistical significance
of differences in the variables among different functional guilds.
Pearson’s correlation analysis was performed to check for
correlations between fungal C:N:P ratios and various geographic

1http://arohatgi.info/WebPlotDigitizer/
2http://www.indexfungorum.org
3http://worldclim.org/current
4http://www.diva-gis.org

Frontiers in Microbiology | www.frontiersin.org July 2017 | Volume 8 | Article 128128

http://arohatgi.info/WebPlotDigitizer/
http://www.indexfungorum.org
http://worldclim.org/current
http://www.diva-gis.org
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01281 July 12, 2017 Time: 16:43 # 3

Zhang and Elser Stoichiometry in Fungi

FIGURE 1 | Distribution of C:N:P molar ratios from 377 fungus species. The mean C:N:P ratios for major biota and ecosystems from previous studies are marked
with arrows. F, freshwater autotrophs (Elser et al., 2000a); M, soil microbial biomass (Cleveland and Liptzin, 2007); R, Redfield (Redfield, 1958); T, terrestrial
autotrophs (Elser et al., 2000a); S, soil (Cleveland and Liptzin, 2007).

and abiotic environmental factors. All analyses were performed
using R 3.1.3 program (R Core Team, 2015).

RESULTS

The elemental concentrations of fungal biomass varied
considerably: from 38 to 57% for %C, 0.23 to 15% for %N,

and 0.040 to 5.5% for %P (Appendix S2). The median C:N:P
ratio was 250:16:1 (molar, Figure 1 and Table 1), a value with
N:P ratio remarkably close to the canonical Redfield ratio of 16:1
(Redfield, 1958).

At the family level, significant differences (p < 0.05)
between Ascomycota and Basidiomycota fungi in C content
and C:P and N:P ratios were found (Figure 2). Among the
three fungal guilds considered, significantly lower C:N ratio
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TABLE 1 | Contents and ratios of C, N, and P in fungi at different taxonomic levels.

Taxonomic level %C %N %P C:N C:P N:P

Species Mean 43.75 3.95 0.61 17.23 322.44 19.64

Median 43.40 3.70 0.53 13.65 222.88 15.06

Minimum 38.19 0.25 0.05 3.98 47.56 2.80

Maximum 57.10 12.90 2.39 203.95 2085.63 141.71

Number 128 238 232 252 246 105

SD 2.32 1.74 0.39 16.75 303.97 18.48

Genus Mean 44.08 3.96 0.59 18.71 327.13 19.74

Median 43.88 3.73 0.52 14.13 242.41 15.83

Minimum 38.80 0.52 0.06 4.50 76.70 2.80

Maximum 57.10 11.40 1.76 126.19 1854.72 141.71

Number 62 97 116 110 128 70

SD 2.88 2.00 0.34 15.96 265.55 17.98

Family Mean 44.04 3.66 0.57 18.47 344.68 21.21

Median 44.09 3.57 0.52 15.16 249.74 16.05

Minimum 39.73 0.97 0.10 4.55 76.70 4.39

Maximum 50.80 8.18 1.55 52.92 1284.01 141.71

Number 37 48 54 56 60 41

SD 2.32 1.56 0.31 11.31 271.69 22.24

FIGURE 2 | Contents and ratios of fungi C, N, and P between different phyla. Significant differences (p < 0.05) between Ascomycota (23 families) and
Basidiomycota (49 families) fungi were found in C content and C:P and N:P ratios.
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FIGURE 3 | Contents and ratios of fungi C, N, and P among different functional guilds. Significant lower C:N ratio (p < 0.05) and higher N:P ratio (p < 0.01) were
found in the ectomycorrhizal fungi rather than in saprotrophs.

(p < 0.05) and higher N:P ratio (p < 0.01) were observed
in ectomycorrhizal species compared to saprotrophic species
(Figure 3 and Table 2).

N:P ratios of Agaricomycete fungi increased toward the
equator, coincident with increases in average temperature
and precipitation (Table 3). However, elemental contents and
stoichiometric ratios in this group showed little direct correlation
with elevation (Table 3).

DISCUSSION

Large-Scale Patterns of Fungal N:P
Our data reveal that elemental ratios of fungal biomass
vary from 3.3 to 220 (C:N), 21 to 2800 (C:P), and 1.5 to
140 (N:P) (Appendix S2). The variation of these ratios is
considerable and exceeds that reported for fungi, bacteria or
whole microbial communities in previous studies (Cleveland
and Liptzin, 2007; Mouginot et al., 2014; Danger et al., 2016),
although the highest N:P ratio we report is less than the
extremely high N:P ratio (400) of microbes from hot springs
of Yellowstone National Park (Neveu et al., 2016). Overall,
however, our data for fungi bear remarkable resemblance to
stoichiometric properties of other taxa. Most notable is that
the median N:P ratio of fungal biomass was 16:1, identical to
the canonical Redfield ratio for marine phytoplankton (Redfield,
1958).

This remarkable outcome highlights the influence of a strong
central tendency in N:P ratio due to the core biochemical
investments associated with N-rich proteins and P-rich protein
synthesis machinery (e.g., ribosomal RNA) that holds across all
biota (Loladze and Elser, 2011). However, there was extremely
broad variation in C:N:P ratios around this central value,
variation that likely reflects both local biochemical variation
due to physiological adjustment to environmental conditions
(Klausmeier et al., 2004) but also broader phylogenetic influences
of different fungal taxa exhibiting different life history strategies
in particular environments.

The poleward decline of N:P in our data (Table 3) also bears a
striking similarity to patterns seen for other biota and ecosystems.
For example, leaf N:P ratios decline with latitude (McGroddy
et al., 2004; Reich and Oleksyn, 2004; Kerkhoff et al., 2005) as
do N:P ratios in multicellular and unicellular photoautotrophs in
freshwater and marine ecosystems (Borer et al., 2013; Martiny
et al., 2013). Elser et al. (2000b) reported a similar poleward
increase in P demands in the crustacean Daphnia, invoking
selection for rapid growth (and thus P-rich RNA) due to the short
growing season as an explanation. Decreases in soil microbial
N:P ratios on the Tibetan Plateau as a function of latitude were
reported by (Chen et al., 2016) and were associated with changes
in soil microbial community structures. However, Cleveland and
Liptzin (2007) found that microbial N:P ratios in soil microbial
biomass were constrained at the global scale and did not show a
latitudinal pattern.
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TABLE 2 | Contents and ratios of fungal C, N, and P among different functional guilds.

Functional guild %C %N %P C:N C:P N:P

Ectomycorrhizal fungi Mean 43.67 3.89 0.58 14.44 348.30 24.61

Median 43.45 3.70 0.48 13.65 270.13 19.75

Minimum 41.30 0.97 0.07 4.50 10.63 4.58

Maximum 46.80 11.40 4.60 54.33 1633.14 99.64

Number 84 135 90 135 91 37

SD 1.41 1.10 0.64 6.08 271.92 18.28

Pathotroph Mean 42.60 4.41 6.90 13.04 317.77 11.92

Median 42.60 4.33 0.87 13.09 195.46 7.38

Minimum 42.60 2.70 0.11 7.13 58.37 6.39

Maximum 42.60 6.30 43.85 19.01 1033.33 24.06

Number 1 4 7 6 7 5

SD 1.88 16.30 5.63 341.38 7.55

Saprotroph Mean 43.86 5.66 1.28 21.19 312.04 55.69

Median 43.30 3.29 0.65 14.16 192.27 13.12

Minimum 38.19 0.25 0.055 0.30 1.17 3.24

Maximum 57.10 47.40 42.30 203.95 2085.63 473.33

Number 28 71 102 86 112 62

SD 3.83 9.01 4.22 27.02 360.57 106.69

TABLE 3 | Pearson’s correlation coefficients for the Agaricomycete fungi C, N, and P contents and ratios and four abiotic environmental variables.

Trait Absolute latitude Elevation Mean annual precipitation Mean annual temperature

C −0.174∗∗
−0.089 −0.125∗ 0.147∗∗

N −0.075 −0.025 −0.133∗ 0.144∗∗

P −0.062 −0.006∗
−0.244∗∗

−0.075

C:N −0.099 −0.020 −0.244∗∗ 0.025

C:P −0.071 −0.143∗
−0.101 0.229∗∗

N:P −0.246∗∗
−0.108 −0.191∗ 0.341∗∗

∗p < 0.05, ∗∗p < 0.01.

Foliar nutrient contents tend to increase with altitude (Körner,
1989). In contrast to studies of foliar N:P ratios in plants along
mountain slopes (Morecroft and Woodward, 1996; van de Weg
et al., 2009), we found no correlation of fungal N:P ratios with
elevation. This may have been the result of a confounding effect
driven by the negative relationship between absolute latitude and
elevation of the sampling sites in our dataset (Appendix S2).

In general, foliar N:P ratios increase with temperature across
large geographic gradients (Reich and Oleksyn, 2004). We found
a similar trend in fungal N:P ratio (Table 3). However, while
temperature explained a substantial proportion of the total
variability in leaf P (Reich and Oleksyn, 2004), variation in fungal
P showed no detectable association with temperature. This may
be due, in part, to the smaller temperature range from 1.5◦C to
26.6◦C in our data set compared with the −12.8◦C to 28.0◦C
range considered by Reich and Oleksyn (2004). As most of the
element data for the correlation analysis in our study are from
fruiting bodies, further work is needed on the effects of actual
in situ growth conditions (temperature and humidity) of fungal
growth on stoichiometry in the mycelium.

While fungal N:P ratios changed with environmental
conditions, it is unclear if the patterns we observe reflect shifts
in the species present (with each species stoichiometrically

homeostatic around a particular value) or if the ratios might
vary if a given species was grown across the full range of
environmental (soil, temperature, N, P, etc) conditions. This
issue requires further investigation. How resource stoichiometry
affects fungi is of particular interest (Danger et al., 2016) but
data on nutrient availability are found in only a few studies.
For instance, in terrestrial fungi, phylogenetically related strains
can have distinct stoichiometric ratios despite the same growth
conditions (Mouginot et al., 2014). In aquatic fungi, Leach and
Gulis (2010) reported that fungal biomass is homeostatic with
respect to C:N and N:P but is weakly homeostatic with respect to
C:P. However, Danger and Chauvet (2013) found highly plastic
C:P and N:P ratios in aquatic hyphomycetes as a function of
external nutrient supply.

Stoichiometry in Mycorrhizal Symbioses
While the central similarity of average fungal C:N:P
stoichiometry to previous observations is notable, the differences
of N:P among fungal phyla that we observed needs further
investigation. At least some of this variation may be associated
with different functional guilds within fungal groups (Talbot
et al., 2015). For example, in this study, ectomycorrhizal fungi
had lower C:N ratio and higher N:P ratio compared with
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saprotrophs, supporting a role for trophic guild in influencing
fungal C:N:P stoichiometry. The ectomycorrhizal fungal lifestyle
has evolved multiple times from saprotrophic lineages of
wood and litter decomposers through convergent evolution
(van der Heijden et al., 2015). Contrasting effects of nitrogen
availability on plant carbon supply to mycorrhizal fungi and
saprotrophs may exist (Högberg et al., 2003). A considerable
amount of research has been aimed at assessing the ability
of ectomycorrhizal fungi to use organic nitrogen sources
(Chalot and Brun, 1998). Ectomycorrhizal fungi benefit from
organic matter decomposition primarily through increased
nitrogen mobilization (Lindahl and Tunlid, 2015). Compared to
saprotrophs, mycorrhizal fungi have a stable supply of C from
their hosts, so they may exploit organic substrates selectively
for N and other nutrients (Bödeker et al., 2016). A recent
study has shown that ectomycorrhizal species have lower N
content than saprotrophic fungal species (Trocha et al., 2016).
However, we found that the N content of saprotrophic fungal
species had a wider range than ectomycorrhizal species but
the average N content did not differ significantly between the
two guilds. We suggest that additional information about the
C:N:P stoichiometry of functional groups of fungi may shed
considerable light on the nature of various symbioses as well as on
the functioning of various fungi as a reflection of their functional
group.

Implications for Soil Nutrient Cycling
Soil microbial communities strongly affect element cycling at
the ecosystem scale by adjusting the rates of various element
acquisition processes (organic matter decomposition, N2 fixation,
and P solubilization) to acquire limiting resources or by adjusting
partitioning and turnover times in the microbial biomass
(Spohn, 2016). For instance, global nitrogen-release patterns
can be explained by fundamental stoichiometric relationships
of decomposer activity (Manzoni et al., 2008). Heterotrophic
microbial communities, which drive much of the nutrient
cycling in soils, have received increasing interest in recent years
(Zechmeister-Boltenstern et al., 2015). Indeed, Cleveland and
Liptzin (2007) suggested that an average soil microbial N:P
ratio might be a more appropriate index of ecosystem nutrient
limitation than plant N:P ratios. A recent study showed that
the biogeochemical consequences of N deposition in temperate
forests may be driven by the stoichiometry of the dominant trees

and their associated microbes (Midgley and Phillips, 2016) while
van Diepen et al. (2017) found that fungi exposed to chronic
nitrogen enrichment are less able to decay leaf litter. All of these
studies point to the importance of multi-resource interactions in
nutrient cycling in soils. To advance our understanding of how
fungi contribute to these processes, further studies are needed of
the relationship between fungal and soil C:N:P ratios as a function
of nutrient supply, temperature, and precipitation in order to
establish the strength of C:N:P stoichiometric homeostasis in soil
fungi. This information will help in many areas of terrestrial
ecosystem ecology, including in improving our models of the
impacts of fungi on N and P immobilization vs. mineralization.

Our analysis indicates extremely broad variation in fungal
C:N:P ratios around a core central tendency in N:P ratio that
is notably similar to observations for other biota. Our analyses
suggest that variation in fungal C:N:P stoichiometry likely reflects
both local biochemical variation due to physiological adjustment
to environmental conditions but also broader phylogenetic
influences of different fungal guilds in particular environments.
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Nutrient availability and ratios can play an important role in shaping microbial
communities of freshwater ecosystems. The Cuatro Ciénegas Basin (CCB) in Mexico
is a desert oasis where, perhaps paradoxically, high microbial diversity coincides
with extreme oligotrophy. To better understand the effects of nutrients on microbial
communities in CCB, a mesocosm experiment was implemented in a stoichiometrically
imbalanced pond, Lagunita, which has an average TN:TP ratio of 122 (atomic). The
experiment had four treatments, each with five spatial replicates – unamended controls
and three fertilization treatments with different nitrogen:phosphorus (N:P) regimes (P
only, N:P = 16 and N:P = 75 by atoms). In the water column, quantitative PCR of
the 16S rRNA gene indicated that P enrichment alone favored proliferation of bacterial
taxa with high rRNA gene copy number, consistent with a previously hypothesized but
untested connection between rRNA gene copy number and P requirement. Bacterial
and microbial eukaryotic community structure was investigated by pyrosequencing of
16S and 18S rRNA genes from the planktonic and surficial sediment samples. Nutrient
enrichment shifted the composition of the planktonic community in a treatment-specific
manner and promoted the growth of previously rare bacterial taxa at the expense
of the more abundant, potentially endemic, taxa. The eukaryotic community was
highly enriched with phototrophic populations in the fertilized treatment. The sediment
microbial community exhibited high beta diversity among replicates within treatments,
which obscured any changes due to fertilization. Overall, these results showed that
nutrient stoichiometry can be an important factor in shaping microbial community
structure.

Keywords: stoichiometry, community structure, beta diversity, bacteria, algae, rRNA gene copy number, growth
rate hypothesis
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INTRODUCTION

The absolute and relative supplies of nitrogen (N) and
phosphorus (P) in the environment have a major influence on the
diversity of species at macro- and microscopic scales (Elser et al.,
2005b; Leflaive et al., 2008). Hence, the availabilities and ratios of
key limiting nutrients, such as N and P, have been suggested to be
fundamental in understanding microbial diversity (Torsvik et al.,
2002; Newton et al., 2011; Groszkopf and Soyer, 2016). Indeed,
studies involving natural gradients or in situ experimental
manipulation across different time scales and environments show
that nutrient availability affects biodiversity. When responses are
observed, effects range from little impact to large alterations in
community structure, reflected as changes in species richness
often accompanied by shifts in dominance/evenness (Claire
Horner-Devine et al., 2003; Hewson et al., 2003; Bowen et al.,
2011; Van Horn et al., 2011; Logue et al., 2012; Soininen and
Meier, 2014). Microbial community responses to nutrients are
likely rooted in the metabolic diversity and ecological strategies of
the responsive taxa (Carbonero et al., 2014); therefore, attention
should also be given to the ability of individual taxonomic groups
or specific taxa to access and use nutrient inputs (Haukka et al.,
2006; Nelson and Carlson, 2011; Peura et al., 2012; Corman et al.,
2016). However, our ability to predict how various microbial taxa
respond to nutrient enrichment is still limited.

More recently, the theory of biological stoichiometry had
been used to integrate evolutionary biology and ecosystem
ecology in both macro- and microbiology (Elser, 2003; Hall
et al., 2011). Biological stoichiometry provides a mechanistic
theory that links cellular and biochemical features of biota
with the environmental constraints imposed by the supplies of
multiple limiting nutrients, especially N and P (Elser et al., 2006;
Hillebrand et al., 2014). Thus, understanding variation in biomass
carbon:nitrogen:phosphorus (C:N:P) stoichiometry provides an
avenue to understand community responses to nutrient supply.
In particular, the Growth Rate Hypothesis, GRH (Elser et al.,
2000), postulates that an organism’s C:N:P stoichiometric
requirements are dependent on its growth rate because elevated
growth rate depends on increased production and maintenance
of P-rich ribosomes. Various field and laboratory studies have
shown that growth, RNA content (percent of dry mass), and
biomass P content are often tightly coupled within and across
species, and especially under physiological P limitation (Elser
et al., 2003; Makino and Cotner, 2004; Klausmeier et al., 2007;
Chan et al., 2012; Hessen et al., 2013). Furthermore, it has
been proposed that maximum growth rate, as a key life history
parameter, and ribosome production capacity have a genomic
basis in the multiplicity of ribosomal RNA operons (rRNA gene
copy number) (Weider et al., 2005; Stoddard et al., 2014; Roller
et al., 2016). This is consistent with studies that have shown
that microbes with fewer copies of rRNA genes tend to be more
competitive in oligotrophic or low nutrient conditions due to
their high efficiency in resource use, whereas copiotrophs with
higher rRNA gene copy numbers tend to respond more rapidly
and are adapted to high nutrient supply and episodic availability
(Klappenbach et al., 2000; Lauro et al., 2009; Nemergut et al.,
2016; Roller et al., 2016). Thus, it is expected that P availability

should have an especially significant effect on fast-growing
taxa and/or those with elevated rRNA gene copy number and,
consequently, overall community structure. However, the rRNA
gene copy number hypothesis has not yet been experimentally
tested under field conditions. Hence, assessing impacts of
nutrient supply and stoichiometry in P-limited ecosystems
may help in understanding the underlying mechanism of how
nutrients shape microbial community structure.

Microbe-dominated, P-limited aquatic ecosystems suitable for
such tests are found in the Cuatro Ciénegas basin (CCB), an
oasis of oligotrophic springs in the Chihuahuan desert in the
state of Coahuila in northwest Mexico. CCB contains diverse and
often endemic microbes and macroorganisms (Souza et al., 2006,
2012) that persist in aquatic ecosystems with very low available
P concentrations as well as strong stoichiometric imbalance
with nitrogen (N:P ratios commonly exceed 100:1 by atoms).
Hence, these ecosystems are strongly limited by P but with
secondary impacts of N (Elser et al., 2005a; Lee et al., 2015),
making them an excellent system to study the effects of nutrient
ratios and to evaluate the GRH (Elser et al., 2000, 2005a,b).
In this study, we use spatially replicated in situ mesocosms
to investigate the effects of altered nutrient stoichiometry on
bacterial and microbial eukaryotic communities in Lagunita,
an evaporative pond in the CCB. We previously reported
large effects of this fertilization on nutrient pools, biomass
concentrations, and biomass C:N:P stoichiometry (Lee et al.,
2015). Here, we describe the impact of nutrient stoichiometry
on microbial community composition using high-throughput
pyrosequencing of bacterial and eukaryotic small subunit (SSU)
rRNA genes.

MATERIALS AND METHODS

Study Location and Experimental Design
The in situ nutrient enrichment experiment was conducted
during summer 2011 in a small (∼12 m × 4 m on average)
shallow (<0.33 m) evaporitic pond, Lagunita (26.84810◦ N,
102.14160◦ W), lateral to the main Churince flow system in CCB
in the state of Coahuila, Mexico. The Churince system is located
at the western region of CCB and is dominated by gypsum-rich
sediments. Lagunita is characterized by low P concentrations
(PO4

3− as low as 0.1 µM) but relatively high concentrations of
inorganic N and thus high N:P ratios (>200:1 by atoms) (Lee
et al., 2015). Lagunita is also low in macrophyte abundance,
reducing the potential confounding factor of plant–microbe
interactions.

The mesocosm experiment was described in detail in Lee
et al. (2015). Briefly, the mesocosms consisted of clear plastic
cylinders (40-cm diameter) that were inserted into the pond
sediments and extended above the water surface by 20 cm. Five
replicated blocks of four treatments were established along an
east–west transect of the pond. The treatments were unenriched
(U), P-only (P), N and P at N:P = 16 (NP16), and N:P = 75
(NP75). P was applied as KH2PO4 while N was applied as
NH4NO3. Nutrients were re-applied every 3–4 days to maintain
a soluble reactive phosphorus (SRP) concentration of 1 µM (an
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approximate 16-fold increase over initial SRP concentration of
0.06 ± 0.02 µM) and appropriate N:P ratio. This fertilization
regime was maintained for 21 days. Pre-fertilization values of
total P and total N in the water column were 1.79 ± 0.20 µM
and 187 ± 8.58 µM, respectively. After 3 weeks of periodic
fertilization, P addition increased total P in fertilized treatments
by >3.5-fold, while total N in the NP16 and NP75 mesocosms
increased by >40% and >3-fold, respectively (Lee et al.,
2015).

Sample Collection and DNA Extraction
Water column and sediment samples were collected on day
21. Water column samples were collected by filtering 120 –
140 mL of water onto sterile GF/F filters (0.7-µm nominal pore
size, Whatman, Piscataway, NJ, United States). GF/F filters were
used in order to capture sufficient amount of biomass for DNA
extraction. Sediment samples were collected by scooping the top
∼2 mm of the surface with a plastic spatula into cryovials. Both
water column and sediment samples were flash-frozen in liquid
N2 and stored at−80◦C until extraction.

DNA was extracted from water column samples using the MO
BIO PowerWater DNA Isolation kit, with one modification (Mo
Bio Laboratories, Carlsbad, CA, United States). The volume of
PW1 solution was increased to 1.5 mL due to the high absorbency
of the GF/F filters. The DNA extraction method for sediment
samples was modified from Purdy (2005). Briefly, frozen
sediment was thawed by centrifugation to remove pore water.
The sediment was then transferred into a MO BIO Bead tube
for mechanical lysis in a FastPrep

R©

-24 (MP Biomedicals, Solon,
OH, United States) in a solution of Tris-buffered phenol and acid
washed polyvinylpolypyrrolidone (PVPP). The extracted DNA
was purified by column filtration through Sephadex G-50 (Sigma,
St. Louis, MO, United States) and Bio-Gel HTP hydroxyapatite
(Bio-Rad, Hercules, CA, United States) followed by ethanol
precipitation. DNA yield and quality were assessed by Picogreen
assay (Life Technologies, Carlsbad, CA, United States) and PCR
amplification as described below.

qPCR Analysis
A measure of 16S rRNA gene copy number of water column
samples was determined using quantitative PCR (qPCR) with
primers targeting the V6 region of the gene (967F and 1046R)
(Huber et al., 2009). qPCR was performed on 10-fold dilutions of
DNA extracts. A standard curve was constructed from plasmid
containing a cloned V6 region of 16S rRNA gene from Bacillus
sp. m3-13 and ranged from 9.5 × 102 to 9.5 × 107 copies
µL−1 with efficiencies of 98% or higher. Triplicate 10-µL qPCR
reactions were performed for each sample in a PikoReal 96
Real-Time PCR system (Thermo Scientific, Inc., Waltham, MA,
United States). Each reaction contained 1 µl DNA template, 1X
DyNAmo ColorFlash SYBR Green qPCR master mix and 500 nM
of each primer. The cycling parameters were as follows: (1) initial
denaturation at 95◦C for 7 min, (2) 40 cycles of 95◦C for 30 s,
57◦C for 30 s, and 72◦C for 30 s with fluorescence capture after
extension, (3) final extension at 72◦C for 30 s, and (4) melt
curve analysis from 55 to 95◦C. The qPCR results were used to
calculate the abundance 16S rRNA gene copies as gene copies per

ml water (copies mL−1). Gene copy number was then divided
by the number of cells per ml water (cells ml−1) obtained from
epifluorescence microscopy.

Differences in 16S rRNA gene copy number (normalized
to bacterial cell counts) between the unenriched and fertilized
treatments were assessed by analysis of variance (ANOVA)
followed by Tukey’s HSD post hoc tests to compare individual
groups. Only water samples were analyzed due to interferences
with qPCR of sediment-derived DNA.

SSU rRNA Gene Sequence Processing
and Analyses
The 16S rRNA gene V4-V5 region and 18S rRNA gene
V4 region was PCR amplified from all DNA samples with
barcoded primers. The 16S forward primer combined the 357F
primer (CCTACGGGAGGCAGCAG) with the Titanium B
adapter (CCTATCCCCTGTGTGCCTTGGCAGTCTCAG).
The 16S reverse primer combined the 926R primer
(CCGTCAATTCMTTTRAGT) with the Titanium A adapter
(CCATCTCATCCCTGCGTGTCTCCGACTCAG) with a 10
nucleotide barcode in between. The primer set 357F/926R targets
>96% of bacteria; however, it does not capture 16S rRNA genes
from Epsilonproteobacteria and Archaea when tested using
SILVA TestPrime (Klindworth et al., 2013; see Supplementary
Figure 3 in Dupont et al., 2014). The 18S primers were similarly
designed but use the EukV4F (CCAGCASCYGCGGTAATTCC)
and EukV4R (ACTTTCGTTCTTGATYRA) primers. The
amplicons were checked by gel electrophoresis and submitted to
JCVI for sequencing. Amplicons for each sample were quantified
by qPCR and pooled prior to pyrosequencing using the 454
Titanium pipeline (454 Life Sciences, Branford, CT, United
States). The sequences are available at NCBI under the accession
number PRJNA311559.

Reads were de-multiplexed according to the barcodes and
trimmed of barcodes and adapters. Taxonomic affiliation of
the aligned reads was determined using the SILVA database
by BLAST search to generate phylotypes, which is specific to
the genus level (Quast et al., 2013). All sequences that passed
the sequence processing screen, including those that could
only be classified as Bacteria or Eukarya, were included in
downstream analyses. To compare the difference in community
structure, relative abundance of each phylotype was calculated
as percent sequence abundance for each library. The 50 most
abundant phylotypes among all the samples are presented as
a heatmap using the ggplot2 package v 2.1.0 in R (Wickham,
2009).

To determine if fertilization had significant effects on
planktonic and sediment community composition or structure,
several statistical approaches were applied on normalized
libraries using the cumulative sum scaling method (Paulson
et al., 2013). Phylotype data were used for all statistical
analyses to allow the same method of sequence analysis for
both bacterial and eukaryotic sequence libraries. The more
conservative phylotype-based approach was selected because
the sequence similarity value for operational taxonomic unit
(OTU) calling of 18S rRNA gene sequences into OTUs is
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still debatable due to the heterogenous evolution rate for this
gene among different eukaryotic taxa (Caron et al., 2009; Bik
et al., 2012). Community alpha diversity metrics were calculated
in mothur and analyzed via ANOVA with post hoc Tukey’s
test (p ≤ 0.05). The Bray–Curtis calculated distance matrices
for planktonic and sediment communities were analyzed via
permutational MANOVA (perMANOVA) to test for significance
in overall differences in community composition between
treatments. Bray–Curtis distance matrices were also used for
beta diversity analysis and statistical testing using the QIIME
(v.1.9.1) make_distance_boxplot.py script (Caporaso et al., 2010).
EdgeR was used to detect significant changes in abundances of
phylotypes using the edgeR package v 3.12.1 in R (Robinson et al.,
2010). Log2 ratio of fold-changes (log2FC) in abundance of each
phylotype were calculated for each fertilized treatment relative
to the unenriched treatment. The diversity metric and relative
abundance calculations were done on a replicate-by-replicate
basis but for the sake of clarity, the visualizations (e.g., Figures 1,
3, 6, 8) used replicates pooled by treatment.

Phylotypes are genus-specific taxonomic units identified based
on a supervised classification method using reference sequences.
However, each phylotype may contain sequences from microbes
with differing ecology that can be further resolved based on
sequence similarity. Phylotypes of interest were explored further
by binning sequences within a phylotype into OTUs. OTU
identification is an unsupervised clustering method in which
sequences with ≥97% sequence similarity are clustered into
the same OTU. Aligned sequences were clustered using the
average neighbor method in mothur (Schloss et al., 2009). To
construct the maximum-likelihood phylogenetic trees for OTUs
from phylotypes of interest (Figure 5), reference sequences were
identified using the SILVA SINA aligner (Pruesse et al., 2012) and
constructed using MEGA 7 (Kumar et al., 2016).

RESULTS

Here, we summarize the biogeochemical responses to enrichment
reported in Lee et al. (2015). After the 21 days of periodic
nutrient enrichment, soluble reactive P and total dissolved P
concentrations in the water column of fertilized treatments
were similar to (P-only and NP16) or significantly lower than
(NP75) those in the unenriched control. Seston carbon and
chlorophyll a concentrations in the water column of NP16
and NP75 treatments increased significantly. In contrast, the
P-only treatment experienced marginal changes in measures

of biomass. Planktonic (e.g., sestonic) C:P and N:P ratios
decreased drastically in all fertilized treatments but were lowest
in the P-only treatment; no differences in seston C:N ratios
were observed. In the sediment, all treatments had significantly
increased total P content (percent of dry mass) but sediment
total N content did not change. Microbial cells extracted from
sediment had three-fold to four-fold lower C:P and N:P ratios in
the NP16 and P-only treatments than in the unenriched control
while cells from the NP75 treatment had C:P and N:P ratios
similar to the control and cells from all treatments had similar
C:N ratios (Lee et al., 2015).

Bacterial Responses
To assess changes in the relative abundances of bacteria with
low versus high rRNA gene copy number as a function of
nutrient enrichment in the water column (plankton or planktonic
hereafter) communities, planktonic bacterial abundance was
assessed by microscopy-based cell counts and qPCR of 16S
rRNA gene. The unenriched treatment had both the lowest
cell abundances and 16S rRNA gene copies (Table 1). With P
enrichment, 16S rRNA gene copies mL−1 increased significantly
and considerably more strongly than did cell counts (14-fold
versus 2-fold); thus, 16S rRNA gene copies cell−1 (F3,18 = 18.3,
p-value < 0.0001) were significantly higher than the control.
Both NP16 and NP75 treatments had higher cell abundances
and 16S rRNA gene copies ml−1 but the 16S rRNA gene
copies cell−1 were not significantly different from the unenriched
treatment.

Sequencing of 16S rRNA genes showed significant change
in overall planktonic community structure in response to
nutrient amendment, based on perMANOVA of the Bray–
Curtis distance matrix (F3,12 = 13.8, p-value < 0.001). This
change was also evident in the principal coordinates analysis
(PCoA) visualization of the Bray–Curtis distance matrix beta
diversity (Figure 1). Quantitatively, beta diversity was lower
within treatments than between treatments. Figure 2A shows the
distribution of beta diversity when comparing samples within
treatment and between treatments. Each treatment exhibited
reproducible changes in community composition observed as a
tight range of beta diversity (Figure 2A). Distribution of beta
diversity between treatments was more spread out and had higher
values (Figure 2A).

In the water column, fertilization (all treatments) significantly
decreased community richness (F3,15 = 15.5, p-value < 0.001)
but had only minimal effects on evenness and Simpson diversity
index (Table 2). While there was no significant change in

TABLE 1 | Water column 16S rRNA gene copies and cell counts normalized to the sample volume.

Treatment Cell counts (106 cells mL−1 ± SD) 16S rRNA genes (106 copies mL−1 ± SD) 16S rRNA genes (copies cell−1 ± SE)

U 0.74 ± 0.13a 0.92 ± 0.35a 1.29 ± 0.26a

P 1.65 ± 0.78b 13.35 ± 5.76b 9.64 ± 2.67b

NP16 5.50 ± 1.50c 7.02 ± 2.70bc 1.35 ± 0.26a

NP75 7.02 ± 1.91c 4.29 ± 3.21c 0.63 ± 0.19a

The values represent the average of five samples from each treatment. Different letters indicate a significant treatment effect based on ANOVA followed by Tukey’s HSD
post hoc test.
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FIGURE 1 | Principal coordinates analysis (PCoA) plot of Bray–Curtis
distances for bacterial communities in the water column.
Black = unenriched, orange = P-only, light blue = NP16, dark blue = NP75.

community evenness, the dominant phylotype shifted in all the
fertilized treatments. In particular, some of the rare phylotypes
(<1% relative abundance) detected in the unenriched treatment
decreased to below detection limit in the fertilized treatment
while several rare phylotypes became more abundant (Figure 3).
Across all planktonic samples, the bacterial community was
mainly dominated by Proteobacteria and Bacteroidetes, which
together made up more than 80% of the population (Figure 3).
The Proteobacteria consisted primarily of Porphyrobacter, a
common freshwater bacterium and Rubribacterium, an aerobic
anoxygenic phototroph. The Bacteroidetes consisted mostly of
Lewinella and sequences that can only be mapped to the
Bacteroidetes VC2.1 Bac22 (Figure 3).

EdgeR analysis identified two phylotypes that were
significantly affected in the water column of all three fertilized
treatments (Figure 4). Significance was defined as log2FC
with a false discovery rate (FDR) or 5% or less. Lewinella
(B0330) significantly decreased in all three fertilized treatments
by more than four-fold while an uncultured member of the
Rhodobacteraceae (B1001) increased in dominance in all three
fertilized treatments (Figure 4). The enriched Rhodobacter had a
relative abundance of 1% or less in the unenriched treatment but
contributed over 20% in all the fertilized treatments (Figure 3).
The OTUs within this phylotype are most phylogenetically
similar to Rhodobacteraceae of marine origin (Figure 5).

Relative to controls, the P-only and NP16 treatments
also displayed a significant decrease in Actinobacteria PeM15
sequences (B0088) while Phenylobacterium (B0802) sequences
increased. The P-only treatment also experienced a significant
enrichment of Algoriphagus (B0172) with a log2FC of 5.05. Both

Phenylobacterium and Algoriphagus were present at less than 1%
in the unenriched treatment. We also note that Porphyrobacter
(B1131) and Bacteroidetes VC2.1 (B0127), two dominant
phylotypes in the unamended treatment, were negatively affected
by nutrients, especially in the P-only and NP75 treatments,
respectively.

In the surficial sediment, no significant changes in the
community structure were detected based on analysis of the
Bray–Curtis distance between the treatments (perMANOVA
p-value > 0.05). PCoA visualizations of beta diversity
similarly failed to show reproducible community patterns
(Supplementary Figure S1). Quantitatively, the replicates
within each treatment in the sediment had similar beta diversity
in comparison with samples from different treatments, even
without nutrient amendment. Essentially, each spatial replicate
was already quite different from each of the others. This
observation is supported by comparison of the distribution
of beta diversity between and within treatment for water
(Figure 2A) and sediment (Figure 2B) samples. The ranges of
distances for sediment samples between and within treatment
are similar, while the water samples showed a larger range of
beta diversity between treatments than within treatment. Alpha
diversity measures of the sediment bacterial community also did
not appear to be significantly affected by nutrient enrichment
(Table 2). As expected, the sediment bacterial community
was more diverse than the planktonic community, with over
three times as many phylotypes (Table 2). Phototrophs such
as Chloroflexi and Cyanobacteria were more dominant in the
sediment with relative abundance of 4.5–6.3% and 4.2–5.8%,
respectively (Figure 3).

Eukaryotic Responses
Planktonic eukaryotic community structure among replicates
within a treatment was also highly variable but a significant
change in community structure (perMANOVA: F3,12 = 9.59,
p-value = 0.001) was still apparent (Figure 6). Nutrient
enrichment tended to decrease phylotype richness, although this
effect was not significant due to large variation within treatments
(Table 3). The high variability between replicates was captured
in the beta diversity analysis. Nevertheless, beta diversity of the
planktonic communities between treatments was still higher than
within treatment (Figure 7A).

Planktonic eukaryotic community was highly uneven with
two phylotypes of green algae (Chlorophyceae) and a rotifer
(Flosculariacea) making up over 80% of the 18S rRNA
gene sequence library (Figure 8). Nonetheless, EdgeR analysis
identified three phylotypes that were significantly responsive to
nutrient addition (either P alone or N and P at both ratios) in
the water column (Figure 9). Two green alga OTUs (E064, E090)
significantly increased in dominance in the fertilized treatments
while a rotifer (E260) was negatively affected by nutrient addition.
Indeed, the two-fold increase in the green algae led to this group
contributing more than 90% of the 18S sequence library in the
fertilized treatments. It should also be noted that the protist
Perkinsidae (E395) was present between 0.4 and 6.3% in the
unenriched treatment but decreased to below detection in most
of the mesocosms receiving both N and P (Figures 8, 9).
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FIGURE 2 | Box and whisker plots for beta diversity distances of 16S rRNA gene libraries within and between treatments for (A) water and (B) sediment
samples. The plot was constructed using the lower and upper quartile of the data (“whiskers” extending from either end of the box; one going from the first quartile
to the smallest non-outlier and the other going from third quartile to the largest non-outlier), the inter-quartile range (width of the “box”; the bottom and the top being
the lower and upper quartile, respectively), median (red line) and outliers (+ sign). Trt, treatment.

TABLE 2 | Phylotype-based alpha diversity indices for 16S rRNA gene libraries after normalization to 1038 and 575 sequences for sediment and water
libraries, respectively.

Location Treatment Shared phylotypesa Observed phylotypes Chao richness estimator Simpson evenness Simpson diversity (1/D)

Water U 21 66 ± 1.9a 118 ± 2.4a 0.14 ± 0.03 8.9 ± 1.9

P 22 50 ± 2.5b 90 ± 4.6b 0.13 ± 0.01 6.3 ± 0.6

NP16 18 50 ± 3.8b 87 ± 9.8b 0.13 ± 0.05 6.5 ± 2.7

NP75 19 53 ± 4.2b 99 ± 12b 0.12 ± 0.02 6.4 ± 1.6

Sediment U 55 199 ± 33 319 ± 47 0.20 ± 0.05 40.4 ± 14.3

P 67 194 ± 22 317 ± 34 0.16 ± 0.06 31.3 ± 14.0

NP16 69 211 ± 27 349 ± 45 0.21 ± 0.04 43.6 ± 9.2

NP75 62 210 ± 38 347 ± 65 0.23 ± 0.02 47.8 ± 12.1

The values (except for shared phylotypes) represent the average of five samples from each treatment ± SEM. Different letters represent a significant treatment effect
based on post hoc Tukey’s test. aNumber of phylotypes shared between replicates.

In the sediment, no distinct eukaryotic community structure
was observed for different treatments, with all the samples
exhibiting high beta diversity (Figure 7B) and similar measures
of alpha diversity (Table 3). Hence, no clustering of samples from

the same treatment is observed in the PCoA plot (Supplementary
Figure S2). Sediment eukaryotic community consisted mostly
of benthic diatoms, nematodes, and dinoflagellates (Figure 8).
EdgeR analysis also did not identify any eukaryotic sediment
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FIGURE 3 | Taxonomic heat map of the 50 most abundant phylotypes demonstrating the effect of nutrient application on the composition of bacterial
communities in the water column and sediment of the mesocosms. The color scale represents relative abundance as the average percent read totals of five
replicates within a treatment, shown in log scale.

phylotypes that were significantly influenced by nutrient
enrichment.

DISCUSSION

The CCB hosts diverse water bodies with unique microbiota
(Souza et al., 2006) and it has been hypothesized that
low phosphorus availability itself maintains high diversity of
microorganisms, some potentially endemic, in the basin (Souza
et al., 2008). In this study, we evaluated the effects of nutrient
stoichiometry on both the bacterial and eukaryotic community
in P-deficient Lagunita Pond by conducting an in situ mesocosm
experiment. Most freshwater studies investigating the effects of
nutrients focus on nutrient availability per se but the ratio of
available nutrients can also play an important role in shaping
the microbial community (Elser et al., 2003; Hessen et al.,
2013). Based on the GRH, we expected that phylotypes that are
responsive to P enrichment would have high rRNA gene copy
number that allows high ribosome production capacity. We also
sought to determine if the N:P ratio of nutrient enrichment
itself was important in shaping microbial responses and driving
community structure.

Nutrient enrichment, either P alone or both N and P at
two different ratios, altered community structure as shown in
the beta diversity analysis but had minimal effect on alpha
diversity of the microbial community. In particular, there was
a significant change in the structure of Lagunita’s planktonic
microbial community, enriching for phylotypes that were rare
in the unenriched treatment. P addition (without N) resulted in
the highest number of significantly affected bacterial phylotypes

followed by enrichment at 16:1 and 75:1. This indicates that
the ratio of the added nutrient plays an important role in
shaping the planktonic microbial community in this system. The
extent of change in community structure is also congruent with
previously observed changes in the N:P ratio of these treatments,
where P-only mesocosms experienced the largest change in
dissolved N:P ratio (Lee et al., 2015). We suspect that only the
P-alone treatment sufficiently reduced the overall N:P ratio to
levels where P was no longer limiting; enrichment at 16:1 and
(especially) 75:1 ratios likely did not eliminate P-limitation given
the extremely high ambient N:P ratios characteristic of Lagunita
Pond.

Importantly, we found a significant nutrient enrichment effect
on 16S rRNA gene copy number per cell (Table 3) in the P-only
treatment. While the absolute magnitudes of the rRNA gene copy
number per cell values we report likely have some associated
error due to uncertainties in cell counts and PCR (e.g., primer
coverage), these uncertainties likely held across all treatments
and thus should not impact among-treatment comparisons. The
closest available reference genomes for responsive phylotypes in
the P-only treatment were analyzed for ribosome production
capability, and each have rRNA gene copy number between 1
and 3 copies. Algoriphagus sp., which is highly enriched in the
P-only treatment had the highest rRNA gene copy number of
3 (Stoddard et al., 2014). However, the majority of phylotypes
in the samples are not very well characterized. Thus, it is
likely that the reference genomes are simply not appropriate
for inferring the rRNA copy number of related microbes in
nature, especially in a poorly studied and unique environment
such as Cuatro Cienegas. Overall, the data provide some of
the first field evidence supporting the hypothesized connection
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FIGURE 4 | Fold change (log2FC) in bacterial phylotype abundance between U and each of the fertilized treatments (orange = P-only, light
blue = NP16, dark blue = NP75). Only genera with fold change with p-value ≤ 0.05 are represented in the figure. ∗Represents change with false discovery rate
(FDR) ≤ 0.05. B0088: Actinobacteria; Actinobacteria; PeM15
B0127: Bacteroidetes; VC2.1 Bac22
B0172: Bacteroidetes; Cytophagia; Algoriphagus
B0234: Bacteroidetes; Flavobacteriia; Owenweeksia
B0330: Bacteroidetes; Sphingobacteriia; Lewinella
B0335: Bacteroidetes; Sphingobacteriia; uncultured Saprospiraceae
B0800: Proteobacteria; Alphaproteobacteria; Brevundimonas
B0802: Proteobacteria; Alphaproteobacteria; Phenylobacterium
B0816: Proteobacteria; Alphaproteobacteria; DB1-14
B0978: Proteobacteria; Alphaproteobacteria; Roseovarius
B0980: Proteobacteria; Alphaproteobacteria; Rubribacterium
B0992: Proteobacteria; Alphaproteobacteria; Tabrizicola
B1001: Proteobacteria; Alphaproteobacteria; uncultured Rhodobacteraceae
B1019: Proteobacteria; Alphaproteobacteria; Roseococcus
B1096: Proteobacteria; Alphaproteobacteria; Candidatus Captivus
B1130: Proteobacteria; Alphaproteobacteria; Erythrobacter
B1131: Proteobacteria; Alphaproteobacteria; Porphyrobacter
B1162: Proteobacteria; Betaproteobacteria; GKS98 freshwater bacteria
B1195: Proteobacteria; Betaproteobacteria; Polaromonas
B1202: Proteobacteria; Betaproteobacteria; Variovorax
B1556: Proteobacteria; Gammaproteobacteria; Vibrio

between P supply and ribosomal RNA genome organization
under the GRH and suggests that P enrichment at low N:P
ratio favors bacteria with higher rRNA gene copy number. The
result is congruent with previous work investigating ecological
strategies of bacteria with low and high rRNA gene copy numbers
(Klappenbach et al., 2000; Nemergut et al., 2016). It also warrants
further investigation of the rRNA gene copy numbers of the other
positively responding phylotypes that have yet to be classified.
The lack of significant change in the rRNA gene copy number
per cell in the NP16 and NP75 treatments compared to the
unenriched treatment may indicate that growth of bacteria with
high rRNA gene copy number remained limited by P as argued
above. Moreover, NP75 treatment may even have increased P
limitation in relation to N because both sediment and seston N:P
ratios in the NP75 treatments were still at least twice the Redfield
ratio (Lee et al., 2015).

Given that there were only two phylotypes that responded
uniquely in the P-only treatment, change in community structure
may not be a sufficient explanation for the increased rRNA
gene copies/cell observed in the P-only treatment. An alternative
explanation is that the high rRNA gene copy number members
have a higher growth rate in the P-only treatment and thus

contain more copies per cell due to ongoing DNA replication
in each cell. The method used to measure rRNA gene content
does not distinguish cells with higher rRNA gene copy number
in the genome from cells with higher rRNA gene content due
to multiple DNA replication forks. At a high growth rate, cells
initiate DNA replication prior to cell division, creating multiple
replication forks that consequently increase the effective copy
number of genes located near the origin of replication (oriC) by
up to eight-fold (Skarstad et al., 1986). Highly transcribed genes
involved in transcription and translation, such as rRNA genes,
are often found to be in close proximity to the oriC, especially
in fast-growing bacteria (Couturier and Rocha, 2006; Vieira-Silva
and Rocha, 2010). If the responsive phylotypes have two copies of
rRNA operons near the origin of replication, the measured rRNA
gene content/cell could increase by another two-fold. We cannot
resolve this question with the data we currently have available.

Variation in organismal stoichiometry of microbial
eukaryotes, especially phytoplankton, has also been attributed to
the allocation of resources to growth machinery (i.e., ribosomes)
vs. resource acquisition machinery (i.e., chloroplasts) (Arrigo,
2005; Klausmeier et al., 2007). The planktonic eukaryotic
community response pattern was more representative of a
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FIGURE 5 | Maximum-likelihood phylogenetic tree of planktonic Alphaproteobacteria B1001.

general nutrient limitation. The stimulation of green algae
we observed is consistent with the observed increase in chl
a concentration in the fertilized treatments (Lee et al., 2015).
A previous study in the CCB region found that P enrichment
enhanced the proliferation of diatoms rather than green algae
(Elser et al., 2005a). Diatoms are also expected to be more
successful in environments with low N:P regime (Arrigo, 2005).
However, most of the diatoms in Lagunita are found in the
sediment, where they might have had limited accessibility to the
added phosphorus.

No statistically significant changes in the microbial
community were observed in the sediment in response to

nutrient enrichment. However, it cannot be concluded that
sediment microbial communities are resistant to nutrient
perturbation because highly variable community structure was
observed for all the samples (Figures 2, 7). The high variation
in the sediment community is not surprising due to high
heterogeneity in the local habitat (Fenchel, 2002). The evaporitic
nature of Lagunita further increases habitat heterogeneity,
which can lead to high variation in community structure as
the communities recover independently (Shade et al., 2008).
The high diversity between the different samples within each
treatment highlights the critical need for replication in microbial
community analysis, especially for field samples.
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FIGURE 6 | Principal coordinates analysis plot of Bray–Curtis
distances for eukaryote communities in the water column.
Black = unenriched, orange = P-only, light blue = NP16, dark blue = NP75.

Further investigation targeting the responsive phylotypes will
be required to determine other mechanisms of response elicited
by changes in nutrient ratio. While the qPCR results from the
P-only treatment supports the GRH, it is unlikely to be the only
biochemical/physiological response to alterations in nutrient
supply ratios. In fact, the GRH was not supported in another
study exploring the large range of rRNA gene copy number in
Bacillus sp. isolated from CCB (Valdivia-Anistro et al., 2015).
Consistent with their study, Bacillus sp., which was found to
be less than 0.5% of the sequence libraries, did not exhibit any
treatment effect (data not shown). Although Bacillus sp. is not
a dominant phylotype in CCB, the use of cultivation-dependent
methods in Valdivia-Anistro et al. (2015) suggests that species
with high rRNA gene copy number can survive and remain
active in such a P-limited environment. In fact, the discovery
of cultivable Bacillus sp. in CCB at different times suggests that

high rRNA gene copy number may be a more important trait
for rapid response to changes in rapidly fluctuating physical
factors, such as moisture. Furthermore, Ponce-Soto et al. (2015)
found that antibiotic resistance decreased in the Lagunita
bacterial community after nutrient enrichment. Decreases
in antibiotic resistance suggest that antagonistic interactions
between microbes decrease, which may create new niche space
for the rare phylotypes. Antagonistic activity was found to be
more common for particle-associated bacteria (Long and Azam,
2001). The enrichment with dissolved nutrient may have selected
for free-living species that are more efficient at taking up the
added nutrient and have less antagonistic activity. One particular
phylotype that warrants further investigation is the appearance
of uncultured Rhodobacteraceae in the fertilized treatment, while
Rubribacterium was the sole dominant Rhodobacteraceae in the
unenriched treatment.

It was previously discovered that a large number of bacterial
phylotypes in CCB are closely related to bacteria of marine
origin (Souza et al., 2006). We note that the planktonic
bacterial community in Lagunita is highly enriched with aerobic
anoxygenic phototrophic (AAP) bacteria. High AAP abundance
is typical of oligotrophic temperate lakes, especially during
the summer (Koblížek, 2015). The importance of light-sensing
mechanisms in CCB was previously suspected when Bacillus
coahuilensis was found to carry a constitutive bacteriorhodopsin
gene (Alcaraz et al., 2011). Phototrophic metabolism provides a
competitive advantage in the macrophyte-free Lagunita, where
dissolved organic carbon sources are limited while the use of
light as energy source allows AAP bacteria to have higher growth
efficiency compared to heterotrophs (Koblížek, 2015). Unlike
most freshwater ecosystems where the phylum Actinobacteria
is often the most abundant (Newton et al., 2011; Ghai et al.,
2012), Alphaproteobacteria and Bacteroidetes dominated the
Lagunita water column. Bacteroidetes are known for their ability
to degrade secondary metabolites from eukaryotes and hence
have a dynamic relationship with eukaryotic primary producers
(Eiler and Bertilsson, 2004; Schauer et al., 2005). Carbon cycling
in Lagunita is likely driven by eukaryotic phototrophs but their
relationship with the Bacteroidetes remains to be elucidated
because nutrient addition had opposing effects on these two
groups of microorganisms. Lagunita is also dominated by non-
Flavobacteriales Bacteroidetes that are not commonly found in

TABLE 3 | Alpha diversity indices for 18S rRNA gene libraries.

Location Treatment Shared phylotypesa Observed phylotypes Chao richness estimator Simpson evenness Simpson diversity (1/D)

Water U 16 60 ± 14 71 ± 15 0.05 ± 0.01 3.20 ± 0.88

P 18 50 ± 12 64 ± 16 0.05 ± 0.01 2.57 ± 0.37

NP16 16 36 ± 5.2 48 ± 4.8 0.08 ± 0.01 2.70 ± 0.28

NP75 13 43 ± 14 59 ± 21 0.07 ± 0.04 2.56 ± 0.37

Sediment U 12 89 ± 19 103 ± 20 0.10 ± 0.08 9.56 ± 8.71

P 15 86 ± 24 105 ± 28 0.08 ± 0.05 6.07 ± 3.27

NP16 30 83 ± 10 101 ± 11 0.06 ± 0.03 4.95 ± 1.74

NP75 16 69 ± 16 82 ± 19 0.07 ± 0.03 4.28 ± 1.35

The libraries were normalized to 10,521 and 9,299 sequences for sediment and water libraries, respectively. The values represent the average of five samples from each
treatment ± SEM. aNumber of phylotypes shared between replicates.
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FIGURE 7 | Box and whisker plot for beta diversity distances of 18S rRNA gene libraries within and between treatments for (A) water and (B) sediment
samples. The plot was constructed using the lower and upper quartile of the data (“whiskers” extending from either end of the box; one going from the first quartile
to the smallest non-outlier and the other going from third quartile to the largest non-outlier), the inter-quartile range (width of the “box”; the bottom and the top being
the lower and upper quartile, respectively), median (red line) and outliers (+ sign). Trt, treatment.

FIGURE 8 | Taxonomic heat map of the 50 most abundant phylotypes demonstrating the effect of nutrient application on the composition of
eukaryotic communities in the water column and sediment of the mesocosms. The color scale represents relative abundance as the average percent read
totals of five replicates within a treatment, shown in log scale.
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FIGURE 9 | Fold change (log2FC) in eukaryotic genera abundance between the control treatment (U) and each of the fertilized treatments
(orange = P-only, light blue = NP16, dark blue = NP75). Only genus with fold change that has p-value ≤ 0.05 is represented in the figure. ∗Represents change
with FDR ≤ 0.05. E064: Archaeplastida; Chloroplastida; Tetranephris
E090: Archaeplastida; Chloroplastida; unclassified
E260: Opisthokonta; Metazoa; Flosculariacea
E261: Opisthokonta; Metazoa; Ploimida
E395: SAR; Alveolata; A31

freshwater ecosystems. For example, phylotype B0127 can only
be mapped to Bacteroidetes VC2.1 Bac22, which consists of
sequences obtained mostly from marine environments such as
hydrothermal vents, marine snow, and alkaline lakes (Zhang
et al., 2013). The physiology of this cluster remains to be
investigated because there is still no genomic or cultured
representative. In addition, the dominant Actinobacteria in
Lagunita is a more closely related to the marine PeM15 than
to the more common acl1 lineage (Hahn, 2009). The nutrient-
responsive uncultured Rhodobacteraceae phylotype also consists
of sequences that are closely related to sequences obtained from
marine ecosystems. Further investigation targeting these unique
phylotypes will be required to understand how some of these
phylotypes persist under P-limitation and strong stoichiometric
imbalance.

PERSPECTIVES AND CONCLUSION

Our study is among the first to use molecular surveys within
a replicated field experiment to evaluate how the bacterial
and microbial eukaryotic communities of a severely- P-limited
ecosystem respond to perturbation of supplies and ratios of key
nutrients. Our data highlight the importance of marine-affiliated
taxa such as Bacteroidetes cluster VC2.1 Bac22 and uncultured

Rhodobacteraceae in support of the surprising inference of
Souza et al. (2006) that CCB’s biological history has retained a
signature of its ancient geologic marine history. High-throughput
sequencing of both the bacterial and eukaryotic community
further confirmed that CCB is rich in microbial biodiversity and
especially in major phylotypes that are not well-described. At the
community level, our results suggest that nutrient enrichment
had relatively modest impacts on overall taxonomic diversity but
led to significant shifts in community structure, particularly in the
water column. This provides further evidence that nutrient ratios
play an important role in shaping the structure of both bacterial
and eukaryotic communities. Finally, we provide evidence that,
contributing to these nutrient-driven community shifts, are
changes in the abundances of taxa that differ in rRNA gene
copy number, consistent with the GRH. Future studies using
metagenomic approaches coupled to in situ nutrient enrichment
may shed further light on the underlying mechanisms, and
functional consequences, of nutrient enrichment in oligotrophic
and stoichiometrically imbalanced ecosystems.
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Two contemporary effects of humans on aquatic ecosystems are increasing

temperatures and increasing nutrient concentrations from fertilizers. The response of

organisms to these perturbations has important implications for ecosystem processes.

We examined the effects of phosphorus (P) supply and temperature on organismal

carbon, nitrogen and phosphorus (C, N, and P) content, cell size and allocation

into internal P pools in three strains of recently isolated bacteria (Agrobacterium sp.,

Flavobacterium sp., and Arthrobacter sp.). We manipulated resource C:P in chemostats

and also manipulated temperatures from 10 to 30◦C. Dilution rates were maintained for

all the strains at ∼25% of their temperature-specific maximum growth rate to simulate

low growth rates in natural systems. Under these conditions, there were large effects of

resource stoichiometry and temperature on biomass stoichiometry, element quotas, and

cell size. Each strain was smaller when C-limited and larger when P-limited. Temperature

had weak effects on morphology, little effect on C quotas, no effect on N quotas and

biomass C:N, but had strong effects on P quotas, biomass N:P and C:P, and RNA.

RNA content per cell increased with increasing temperature at most C:P supply ratios,

but was more strongly affected by resource stoichiometry than temperature. Because

we used a uniform relative growth rate across temperatures, these findings mean

that there are important nutrient and temperature affects on biomass composition and

stoichiometry that are independent of growth rate. Changes in biomass stoichiometry

with temperature were greatest at low P availability, suggesting tighter coupling between

temperature and biomass stoichiometry in oligotrophic ecosystems than in eutrophic

systems. Because the C:P stoichiometry of biomass affects how bacteria assimilate

and remineralize C, increased P availability could disrupt a negative feedback between

biomass stoichiometry and C availability.

Keywords: temperature, phosphorus, carbon, nitrogen, stoichiometry, nucleic acids, morphology

INTRODUCTION

Freshwaters are increasingly recognized as important regulators of exported terrestrial organic
carbon through effects on mineralization and burial (Tranvik et al., 2009). Aquatic heterotrophic
bacteria play an important role in aquatic systems as the “gatekeepers” to aquatic food webs through
effects on themineralization of nutrients and organic carbon (Cotner andWetzel, 1992; Cotner and
Biddanda, 2002) with important feedbacks to ecosystem productivity and global change processes.
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Therefore, it is important to understand how heterotrophic
bacteria respond to two important and simultaneous
anthropogenic drivers of freshwater ecosystem processes: global
warming and eutrophication (Baron et al., 2002; Carpenter,
2005).

Temperature plays a critical role in microbial metabolism.
Early work by Pomeroy and others indicated that temperature
has important effects on interactions between marine
heterotrophic bacteria and phytoplankton, with implications
for export production and subsequent burial in the polar
oceans (Pomeroy and Deibel, 1986). Increasing temperatures
decrease the growth efficiency of heterotrophic bacteria in
both marine and freshwater ecosystems, leading to higher
nutrient regeneration efficiencies at high temperatures (Rivkin
and Legendre, 2001; Biddanda and Cotner, 2002; Apple et al.,
2006; Hall and Cotner, 2007). Another way that temperature
affects nutrient regeneration and carbon cycling by bacteria is
through effects on biomass stoichiometry (Cotner et al., 2006;
Chrzanowski and Grover, 2008; Hall et al., 2009). Previous
work with rapidly growing Escherichia coli in a nutrient replete
chemostat culture at a constant dilution rate demonstrated that
increasing temperature led to decreased P content, and increased
carbon (C) to phosphorus (P) ratios, which we argued was
partially due to increased translational efficiency of ribosomal
RNA at higher temperatures (Dicks and Tempest, 1966; Cotner
et al., 2006). This work was consistent with a large survey
of ectotherms from microbes to higher plants and animals
indicating that P content and RNA content decreased at higher
temperatures (Woods et al., 2003).

However, the effects of temperature on bacterial metabolism
and stoichiometry can be confusing due to interactive effects
of temperature and resource availability and adaptation by
communities to a given thermal regime (Hall et al., 2008;
Martiny et al., 2016). A problem with interpreting temperature
effects on microorganisms is that the maximum growth rate
generally increases with temperature, which means that at a
fixed dilution rate, increasing temperature would decrease the
relative growth rate, i.e., the ratio between realized growth
rate and the maximal growth rate. Therefore, experiments that
use a fixed dilution rate to examine the effect of temperature
run the risk of inadvertently manipulating relative growth rate,
which has been shown to affect biomass stoichiometry, element
quotas, and growth efficiency (Godwin et al., 2017). Furthermore,
the extent to which the realized growth rate, but not the
maximal growth rate, increases with temperature is very much
dependent on resource availability. To address some of these
concerns, we isolated strains of heterotrophic bacteria from
lakes in northernMinnesota and examined their macromolecular
and biomass elemental content at varying temperatures and
nutrient (P) availability. Rather than maintaining a constant
dilution rate in chemostats, we determined the maximum
growth rate at each temperature and ran the chemostats
at 25% of their temperature-specific maximum growth rate,
maintaining a uniform relative growth rate by varying the
dilution rate at all temperatures. We hypothesized that
normalizing the relative growth rate across temperatures
would minimize the effects of temperature on stoichiometry
but would also allow us to understand how nutrients and

carbon affect biomass composition independent of growth
rate.

MATERIALS AND METHODS

Water was collected from three lakes in northern Minnesota
(Itasca State Park, Hubbard and Clearwater counties) and
bacterial cultures were established using the agar streak plate
method onto complex culture media (Difco nutrient agar,
cellulose + Difco nutrient agar, or LB agar medium). Individual
colonies were picked from plates after visible growth was
observed and this process was repeated several times with the
goal of isolating individual bacterial strains. Each unique strain
was transferred to plates containing defined nutrient rich basic
minimal media (BMM; Tanner, 2007) with 23.88 mmol C L−1 as
glucose and then grown in the same media as broth until late log
phase. These cultures were stored at−70◦C in 15% glycerol until
use. The bacterial strains examined in this study were identified
using partial 16S rDNA sequence analysis (Ghosh and LaPara,
2007) as: Agrobacterium, sp. (Phylum: Alpha-proteobacteria;
Gram negative), Flavobacterium, sp. (Phylum: Bacteriodetes;
Gram negative), and Arthrobacter, sp. (Phylum: Actinobacteria;
Gram positive) and were isolated from Deming, Itasca and
Elk lakes, respectively. We chose these strains because they
represent a wide diversity from classes that are well-represented
in freshwaters (Newton et al., 2011), and previous work with two
of the strains indicated that they differed in how they regulate
their biomass composition (Scott et al., 2012).

Experiments were conducted at 10, 15, 20, 25, and 30◦C, which
nearly encompasses the annual temperature range experienced
in these lakes. Because the maximal growth rate (µmax) is
temperature dependent (Kuhn et al., 1980), we determined
µmax of each strain at each temperature by measuring the
optical density at 600 nm during logarithmic growth in batch
culture in a nutrient replete medium (in BMM with 2.4 mM
phosphate and 19 mM ammonium). We cultured each strain
in a complete factorial design of temperature and P availability.
At each combination of temperature and P availability, each
strain was grown in triplicate chemostat cultures at 25% µmax.
The phosphate concentration of the medium was manipulated to
achieve molar resource C:P ratios (C:PR) of 50, 250, and 1,000:1.
The sterile 80 mL acid-soaked glass chemostats were mixed
continuously with filtered air until the cell densities reached
steady state and then measurements were made.

It is known that relative growth rate (proportional to a
temperature-specific maximum growth rate) is a strong driver
of elemental content and stoichiometry (Godwin et al., 2017).
In order to isolate the unknown effect of temperature from the
known effect of relative growth rate, we adjusted the dilution
rate to a fixed proportion of the maximum growth rate observed
at each temperature. If we had used a single dilution rate at all
temperatures, the relative growth rate would be different for each
temperature. As a result, we would not be able to separate the
effect of temperature from relative growth rate.

Cell Abundance and Cell Morphology
A sample of cells harvested from each chemostat was preserved
in formalin (final concentration of 3.7%) and stored at 4◦C.
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The fixed cells were diluted in 118 mM pyrophosphate to
reduce clumping. Also, after a 30 min period of shaking at
200 rpm, the cells were sonicated on ice for 2 min in 30-
s intervals, then stained with acridine orange, filtered onto
0.2 µm pore-size black polycarbonate filters and examined by
epifluorescence microscopy (Hobbie et al., 1977). Cell abundance
was estimated by counting a minimum of 10 fields. The bacteria
were photographed with a SPOT digital camera (Diagnostics
Instruments, Inc) for image analysis. Mean cell length and width
were measured for a minimum of 75 randomly selected cells
from each chemostat using Image Pro Plus software (Media
Cybernetics, version 4.5.1). Cell volume and surface area of
Agrobacterium sp. and Flavobacterium sp. were determined using
equations assuming the cell shape was a cylinder capped by two
hemispheres (Sun and Liu, 2003). Cell volume and cell surface
area of Arthrobacter sp. was determined by using equations
derived for a prolate spheroid (Sun and Liu, 2003).

Elemental Analysis
Elemental analyses for carbon and phosphorus were performed
on biomass samples from the chemostats to assess the elemental
composition of each strain. Bacteria were harvested and filtered
(<5 ∗ 10−5 atm) onto pre-combusted Whatman GF/F filters for
particulate carbon analysis and onto acid-rinsed GF/F filters for
particulate phosphorus analysis. All samples were collected and
analyzed in triplicate. The particulate organic carbon content was
determined using a CHN analyzer (PerkinElmer, model 2400).
The P content was determined spectrophotometrically following
an acid-persulfate digestion, reacting with molybdenum blue and
absorption measurements at 880 nm (APHA, 1992).

Nucleic Acids
Cells from each chemostat were collected on 0.2 µm white
polycarbonate filters in triplicate. Bacterial nucleic acids were
determined after extraction via sonication and staining with the
fluorochrome RiboGreen (Molecular Probes), which reacts with
both DNA and RNA (Gorokhova and Kyle, 2002). Bacterial
samples on the filters, negative control samples (containing
all reagents but no bacteria), and standards of RNA (E. coli,
Invitrogen) and DNA (calf thymus, Sigma) were prepared for
analysis as described in Makino et al. (2003). Two identical 96-
well black microplates were prepared with one plate receiving an
addition of RNase (Promega; conc in 1X ∗ TE buffer) before the
30-min digestion period. After the digestion reaction period, 75
µL of RiboGreen was added to both plates followed by a second
reaction period of 10 min. The fluorescence of the samples was
measured on both plates (excitation 480 nm and emission at
520 nm) on a Micromax 384 plate reader (Fluormax, Horbia
Jobin Yvon) using DataMax software. The fluorescence of the
digested sample was used to determine DNA concentration and
differences between the undigested and digested plates were used
to determine RNA concentrations.

Statistical Analysis
The effect of varying C:PR and temperature on the molar ratio
of biomass C:P in the replicated chemostats was evaluated
using analysis of variance (ANOVA) using the JMP R© statistical

software (version 11.2). ANOVAs were conducted on biomass
parameters with temperature, resource C:P and strain as fixed
effects. We did a three-way ANOVA initially and if there
were statistically significant interactions, we conducted a two-
way ANOVA for each strain (with temperature and P as the
independent variables). If there was a significant interaction in
the two-way ANOVA, then we did a one-way test for each
variable at each level of the other variable. We used a p-value of
less than or equal to 0.05 to determine statistical significance.

RESULTS

Themaximum growth rate of the three strains varied greatly with
temperature, with all three strains having a µmax <0.08 hr−1

at 10◦C and a µmax greater or equal to 0.2 hr−1 at the highest
temperature (Figure 1). Two of the strains (Agrobacterium sp.
and Arthrobacter sp.) had very similar temperature-dependent
growth curves with the highest maximum growth rate at
the highest temperature used in this study (30◦C). However,
Flavobacterium reached its highest growth rate at 25◦C and µmax

varied only from 0.07 to 0.25 hr−1 from 10 to 30◦C.

Morphology and Biovolume
Three-way ANOVAs on cell volume and length-to-width ratios
indicated that there were significant effects of both C:PR ratio and
different strains but not temperature (Table 1, Figure 2, Table
S1) on morphology. There was a strain∗temperature interaction
with length to width ratios but not biovolume, and there was
a strain∗C:PR interaction with both length to width ratios and
biovolume. Two-way ANOVAs revealed significant effects of
temperature only on the biovolume of Arthrobacter and the
length to width ratio of both Agrobacterium and Arthrobacter
(Table 1, Table S1). C:PR ratio had significant effects on both
morphometric variables in all three strains and there were no
interactions between C:PR ratio and temperature (Table 1, Table
S1). As C:PR increased, the biovolume and length to width
ratios also increased. There was a significant effect of C:PR on
both biovolume and L:W ratios in the 3-way (p < 0.0001)

FIGURE 1 | The effects of temperature on the maximum growth rates (µmax)

of each strain from 10 to 30◦C.
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TABLE 1 | Three-way and two-way ANOVAs.

Three-way ANOVA Agrobacterium Arthrobacter Flavobacterium

S T P S*T S*P T*P T P T*P T P T*P T P T*P

C quota *** ns *** ns ** *** ns *** *** ns *** ns * *** **

N quota *** ns *** ns * ns ns *** * ns *** ns ns *** *

P quota ns *** ** ns ns ** ns ** ns *** ns ns * ns *

Volume *** ns *** * ** ns ns * ns * *** ns ns *** ns

L:W *** ns *** * ** ns ** *** ns *** ** ns ns *** ns

C:N *** ns *** ns ns ns ns *** ns ns ns ns ns ** ns

N:P *** *** *** ns * *** ** *** ns ns *** ns * *** *

C:P ** *** *** ns * *** ** *** * ** *** ns ** *** *

RNA *** * *** ns ns ns * * ns ns * ns ns * ns

DNA *** ns ns ns ns ns ns ** ns ns ns ns ns ns ns

Total ns 1 6 1 8 4 6 6 0 7 6 3 10 6 2 5

Total sig 9 4 9 2 6 4 4 10 3 4 7 0 4 8 5

Statistically insignificant results are denoted by “ns” and significant results (p< 0.05) are denoted with asterisks, with more asterisks representing lower p-values. Units for each parameter

are the same as discussed in the paper. S, strain; T, temperature; P, C:PR; S*T, strain by temperature interaction; S*P, strain by C:PR interaction; T*P, temperature by C:PR interaction.

There were no three-way interactions (S*T*P). We summed the non-significant and significant observations at the bottom of the table.

FIGURE 2 | (A) Changes in the morphology (length to width ratios) of each

strain across C:P supply ratios. Bar depict the median with the 25th and 75th

percentiles and error bars are the 95% confidence interval with outliers

represented by points. (B) Changes in the biovolume (µm3) of each strain

across C:P supply ratios.

and two-way ANOVAs (all p < 0.006). There was a great
deal of variability in both the volume and the L:W ratios
among the different strains, however (Figure 2). There were
large differences in the mean length: width ratios of the three
strains with Flavobacterium sp. and Agrobacterium sp., having
higher ratios (3.68 and 3.20, respectively) than Arthrobacter sp.
(1.50). Arthrobacter also had the lowest volume (mean = 0.46

µm3) followed byAgrobacterium (1.30µm3) and Flavobacterium
(2.03 µm3).

Internal Pools and Ratios
Temperature and P availability interactively affected biomass
element content. Consistent with differences in the sizes of the
three strains, the strains also differed in terms of C and N content
per cell, but not P content per cell (Table 1, Figure 3, Table S2;
C quota: p < 0.0001; N quota: p = 0.0003; P quota: p = 0.068).
Temperature had no effect on C and N cell quotas but it did affect
P quotas (p < 0.0001), with increasing quotas with temperature
increases and at the lowest C:PR (Table 1, Figure 3). C, N, and
P cell quotas were strongly affected by C:PR and there were
significant interactions between temperature and C:PR for C, N,
and P quotas, especially C and N quotas for Agrobacterium and
Flavobacterium (Table 1). C:PR had effects on the C and N quotas
of all three strains. P quotas were affected by different factors
among the strains. C:PR had a significant effect on P quotas
for Agrobacterium (p = 0.006) while the other two strains were
affected more by temperature (p < 0.0001 and p = 0.0069 in
Arthrobacter and Flavobacterium, respectively). There was also
a temperature∗C:PR interaction in Flavobacterium.

The changes in cell quotas were not consistent among C,
N, and P, leading to substantial variation in the effects of
temperature and P on biomass stoichiometry (Table 1, Table
S3). The biomass C:P (C:PB) ratios were high at a C:PR of
1000:1, with all three strains having ratios near 500:1 at the
lowest temperatures and decreasing with increased temperature
(Figure 4). The median biomass C:P for the three strains
was similar, varying from 144 in Flavobacterium to 181 in
Agrobacterium and 202 Arthrobacter. Although, biomass C:P
decreased with temperature at all levels of C:PR, the response of
biomass C:P to temperature was strongest at the highest C:PR,
indicating that biomass C:PB ratios were the most sensitive to
temperature changes when P was least available. A similar pattern
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FIGURE 3 | Changes in cellular C, N, and P quotas of each strain across temperatures, with different symbols for each level of C:PR. Error bars represent one

standard error of the mean.

was observed for N:P but less so for C:N. The mean N:P biomass
ratio for the three strains varied from 25 in Flavobacterium to
31 in Arthrobacter and 36 in Agrobacterium. The mean C:NB

for the three strains varied much less among strains, with a
mean of 5.9 in Flavobacterium, to 6.3 in Arthrobacter and 5.1 in
Agrobacterium.

Consistent with the cell quota observations, temperature did
not affect biomass C:N ratios, rather only biomass N:P and
C:P ratios (Figure 4, Table 1). There were significant effects of
temperature on both C:PB and N:PB in all three strains, with the
exception of Arthrobacter biomass N:P. C:PR also had significant
effects on all three biomass ratios in each of the strains, with the
exception of the C:N of Arthrobacter.

RNA per cell varied by strain, temperature and C:PR, while
DNA per cell varied only among strains (Figure 5, Table 1, Table
S4). There were no interactions for either of these factors. RNA
per cell was highest when C:PR was highest (lowest P supply)
in two of the strains (Agrobacterium and Flavobacterium),
perhaps due to increased cell size when P was least available. In
addition, RNA per cell increased with increasing temperatures
inAgrobacterium andArthrobacter.Agrobacterium,Arthrobacter,
and Flavobacterium had mean values of 4.8, 4.7, and 9.5 fg RNA
cell−1, respectively. Across all levels of temperature and C:PR,
Agrobacterium, Arthrobacter, and Flavobacterium had mean

values of 9.9, 9.8, and 16.8 fg DNA cell−1, respectively, giving
RNA/DNA ratios of 0.48, 0.48, and 0.56, respectively.

The proportion of cellular P in nucleic acids (RNA and DNA)
increased with increasing C:PR particularly at 1,000:1 and varied
among strains (Figure 6). There was an effect of temperature on
the proportion of total P in RNA (p = 0.0139) but no effect on
total nucleic acid content per cell. The percentage of P in nucleic
acids varied from a low of 10% (Agrobacterium, high P supply and
10◦C) to 92% (Flavobacterium, low P supply, 25◦C) with mean
percentages of 32% for bothAgrobacterium andArthrobacter and
48% for Flavobacterium.

DISCUSSION

Here we show that temperature and resource stoichiometry
both affect the biomass stoichiometry and physiology of aquatic
heterotrophic bacteria and illustrate that these factors had a
strong interactive effect that was independent of the relative
growth rate. We observed important effects of C:P supply on all
of these parameters, particularly cell size and shape, as well as
internal pools of C, N, and RNA. One of the key observations
was that the biomass C:P stoichiometry in these three strains
was quite responsive to varying temperatures and nutrient supply
rates, going from about 40:1 at high temperatures and high
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FIGURE 4 | Changes in the biomass stoichiometry (molar ratios of C:P, C:N, and N:P) of each strain across temperatures, with different symbols for each level of

supply C:P. Error bars represent one standard error of the mean. The three-way ANOVA for C:N showed significant effects of strain and supply C:P only (p < 0.001).

The ANOVA for C:P showed significant effects of strain, temperature, supply C:P, an interaction between strain and supply C:P, and an interaction between

temperature and supply C:P (p < 0.01). The ANOVA for N:P showed significant effects of strain, temperature, supply C:P, and an interaction between strain and

supply C:P (p < 0.05).

P availability to over 500:1 at cooler temperatures and low P,
confirming recent observations that both bacterial strains and
bacterial communities can be quite flexible in their C and P
content (Hochstädter, 2000; Cotner et al., 2010; Scott et al., 2012;
Godwin and Cotner, 2014, 2015).

Perhaps as important as the ability of these strains to
vary internal P content was their capacity to vary C content,
primarily mediated via changes in cell size (Garcia et al., 2016).
Temperature has important influences on the stoichiometry of
ectotherms as well as endotherms in freshwater, terrestrial and
marine systems (Gillooly et al., 2002; Woods et al., 2003; Reich
and Oleksyn, 2004; Borer et al., 2013). The general pattern
of decreased cell size at higher temperature (Bergmann’s Rule)
likely mediates many of these interactions but our study seems
to indicate that, at least in heterotrophic bacteria, decreased
cell size at increased temperatures may be mediated in part by
the effects of temperature on relative growth rates. Specifically,
we only observed effects of temperature on the morphology of
Arthrobacter.

Related to the morphology of these three strains, it is curious
that we more frequently found temperature and C:PR effects on
Agrobacterium and Flavobacterium (both Gram negative) than
onArthrobacterwhich is Gram positive. It is speculative given the
small number of strains examined here, but the thicker and more
rigid structure of Gram positive bacterial cell walls may constrain
their morphology (Cabeen and Jacobs-Wagner, 2005), thereby

restricting their capacity to significantly change cell quotas and
stoichiometry. To the best of our knowledge, these connections
between cell wall structure and stoichiometry in bacteria have not
been examined but could provide an alternative explanation for
why some strains are more homeostatic than others (Godwin and
Cotner, 2015).

This work provides important insights on the growth rate
hypothesis (GRH), a tenet of ecological stoichiometry (Elser
et al., 2000). By maintaining a uniform relative growth rate
while changing the temperature, we were able to observe how
temperature and nutrient limitation affect biomass composition
independent of relative growth rate. Cell size and morphology
were strongly affected by nutrient limitation, i.e., C:PR ratios,
with accompanying changes in cell quotas and stoichiometry
in all three strains. Moving forward, it is important to keep in
mind that limitation by different nutrients can impose changes in
morphology, with effects on stoichiometry, that are independent
of growth rate. In contrast, temperature had mixed effects on
morphology (effects on cell volume and length to width ratios
in Arthrobacter, effect on cell volume for Agrobacterium, but no
effects on Flavobacterium), but had effects on P quotas in two
of the three strains and effects on biomass N:P in two strains
and C:P ratios in three strains. The fact that these effects were
observed at uniform relative growth rate indicates that there
can be important effects of nutrients and temperature that are
unrelated to the GRH.
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FIGURE 5 | Changes in the RNA and DNA content (fg cell−1 ) of each strain across temperatures, with different symbols for each level of supply C:P. Error bars

represent one standard error of the mean.

By minimizing the influence of relative growth rate in
the present study, we observed what more closely represents
the effects of temperature on internal pools of C, N, and P
(Table 1, Table S2). Relative growth rate is an important concept
particularly for ecological stoichiometry because it describes
what portion of the organismal biomass should be focused
on growth vs. other cellular activities (resource acquisition;
structural materials, maintenance, etc.; Klausmeier et al., 2004).
As the relative growth rate increases, the concentration of P-
rich ribosomes should increase and therefore the C:P and N:P
ratios should decrease (Elser et al., 2003). The GRH (Elser et al.,
2000) predicts that RNA content is proportional to growth rate,
so it was somewhat surprising that we observed increased RNA
with increasing temperatures at uniform relative growth rates
which may have been due to changes in cell size or differences
in ribosome translation efficiency or degradation that vary
with temperature (Dicks and Tempest, 1966) and/or nutrient
limitation (Deutscher, 2003).

Temperature and Relative Growth Rate
As mentioned above, there were mixed effects of temperature
on elemental quotas and stoichiometry. In previous studies,
temperature has been shown to have important effects on cell
size and stoichiometry in diverse organisms, from bacteria to
fish and terrestrial, freshwater and marine systems (Daufresne
et al., 2009; Forster et al., 2012; Borer et al., 2013; Morán
et al., 2015). Specifically, past studies have shown that increasing
temperature generally leads to increased C:P, N:P, and C:N ratios

(Woods et al., 2003; Cotner et al., 2006; Martiny et al., 2013),
but in the present study we found that increasing temperatures
often led to decreased biomass C:P and N:P ratios (p < 0.05
for N:P in two strains and p < 0.05 for C:P in all strains).
This contradiction is likely due to differences in growth and
temperature manipulations. In a chemostat at a constant dilution
rate, as temperature increases, the relative growth rate will
decrease due to a uniform realized growth with increasing
µmax, in contrast to the uniform relative growth in the present
experiments.

Of the previous studies that have examined the effects of
temperature on biomass stoichiometry, Chrzanowski and Grover
(2008) manipulated both the dilution rate and temperature in a
chemostat study using Pseudomonas. They observed that growth
rate had a larger effect on biomass stoichiometry than did
temperature and this observation was one of the motivations
for why we maintained uniform relative growth rates in the
present study. However, unlike the present study, Chrzanowski
and Grover (2008) observed that cell quotas for C, N, and P were
highest at either low temperature and low dilution rate or high
temperature and high dilution rate. At low dilution rates, C, N,
and P content decreased with increasing temperatures, but in the
present study there was no significant effect of temperature on C
and N cell quotas, while P cell quotas increased with increasing
temperatures, particularly when P availability was high. Also, in
their study, at high dilution rates, C, N, and P quotas increased
with temperature, similar to our observations with E. coli for C
and P (Makino et al., 2003).
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FIGURE 6 | Changes in %P in RNA (top panel) and %P in nucleic acids (bottom panel) for each strain across temperatures and C:PR with different symbols for each

level of supply C:P (black-50:1; blue: 250:1; green: 1000:1). Error bars represent one standard error of the mean.

The lack of a consistent effect of temperature on cell size (Table
S1) and quotas (Table S2) was also surprising in light of past
work showing an inverse relationship between temperature and
cell size. Among species, there is a general decline in maximal
growth rates and metabolic rates with increasing size (Sommer,
1989; Niklas and Enquist, 2001) but variation within a species
is influenced by the relative growth rate, due to the fact that
growth and structural components scale differently with size
(Clark et al., 2013). As relative growth rates increase, single
cell organisms tend to become larger and more dilute internally
(Kempes et al., 2012), whereas increasing temperatures tend to
make cells smaller (Woods et al., 2003; Morán et al., 2015). We
have recently observed that there is a great deal of variability in
how different bacterial strains regulate their C:P and N:P ratios
(Godwin and Cotner, 2015) and some of the capacity to do
this may be coupled with the capacity of cells to change their
morphology.

An obvious question that needs to be addressed is whether,
in natural systems the effects of temperature on organism
stoichiometry are mediated largely through the effects of
temperature on cell size and thus, internal pools as we observed
here, or through effects on relative growth rate, as observed in
our recent work (Godwin et al., 2017). Biomass stoichiometric
ratios (C:P, N:P, or C:N) generally decrease with latitude, a

pattern that has been documented in marine plankton (Martiny
et al., 2013), multiple ecosystem types (Borer et al., 2013), plant
leaf tissue (Reich and Oleksyn, 2004; Kerkhoff et al., 2005),
marcrophyte biomass (Xia et al., 2014), and freshwater plankton
(Dobberfuhl and Elser, 2000), but many variables other than
temperature change along a latitudinal gradient (Martiny et al.,
2016), complicating interpretation of these data.

C:P Supply
Although temperature had important effects on several internal
pools and some stoichiometric ratios, C:PR affected nearly all
of these parameters. This result suggests that, across the range
of temperatures and C:PR, nutrient availability was the more
important determinant of bacterial stoichiometry and physiology
at uniform relative growth rates. While it is not surprising that
C:PR had a strong effect on the C:P and N:P ratios of the
bacterial strains (and to a less extent C:N), the temperature∗C:PR
interaction suggests that temperature modified the response to
C:PR (Figure 3). Specifically, biomass C:P was more responsive
to differences in C:PR at the lowest temperatures.

Some of the effect of supply stoichiometry on biomass
stoichiometry and elemental quotas was attributable to changes
in RNA content. There was an increase in RNA content at the
highest C:P supply ratio (Figure 5) which is similar to other
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studies looking at the GRH when P was not limiting (Elser et al.,
2003). This suggests that theremay be significant changes in RNA
unrelated to the growth rate. One possibility is that changes in
RNA were caused by changes in cell size. If the cellular ribosome
concentration varied little with C:P supply ratios, but there were
increases in cell size, it would have increased the RNA content per
cell. Biovolumes increased with increasing C:P supply ratios from
56% for Agrobacterium, and 108% for Arthrobacter, to 255% for
Flavobacterium.

Temperature had more significant effects on the P quotas of
the three strains (p < 0.05 for Arthrobacter and Flavobacterium
and p = 0.08 in Agrobacterium) than did C:PR, while C:PR had
stronger effects on C and N cell quotas (Figure 3, Table 1). These
differences were likely due in a large part to the strong effects that
C:PR had onmorphology in all three strains (Table 1). The lack of
a strong C:PR effect on P quotas likely reflects the compensating
effects of P availability on cell volume. Higher P availability leads
to decreased cell volume but higher internal concentrations of
some pools, while decreased P availability has the opposite effect,
leading to a “buffered” P quota per cell. Similar observations have
been made by others examining the effects of C and P limitation
on cell morphology with P limitation leading to larger and more
elongate cells (Løvdal et al., 2008; Godwin and Cotner, 2015).
But Løvdal et al. also noted in their study of Vibrio splendidus
that C, N, and P scaled differently, with larger cells having
proportionately less P than C and N.

Implications for Climate Change and

Eutrophication
Temperature is a fundamental environmental variable that affects
the behavior of everything from molecules to ecosystems. The
metabolic theory of ecology (Brown et al., 2004) demonstrated
that metabolic rates vary in predictable ways based on organismal
size (mass) and temperature. In a literature survey of organisms
from bacteria and algae to plants and animals,Woods et al. (2003)
observed that most organisms were more N-, P-, and RNA-rich at
colder temperatures. More recently, it was shown that bacterial
size (Morán et al., 2010) and plankton stoichiometry (Martiny
et al., 2013) in the oceans may both be influenced by temperature.
Although temperature has effects on both metabolism and
biomass composition, the present study shows that there are
important effects of temperature on stoichiometry independent

of growth rates. This mechanism is not widely recognized in
biogeochemical modeling, but has important implications for
predicting how the pools and fluxes will respond to warming
temperatures and increased availability of nutrients.

One thing that was clear in examining the effects of
temperature on biomass stoichiometry was that there was much
greater change in stoichiometry at different temperatures when
P was most limiting. In particular, C:P and N:P slopes relative
to temperature were much steeper at the lowest P availability.
These results imply that temperature effects on nutrient cycling
are likely to be greatest in the least productive (oligotrophic)
ecosystems such as large lakes and the open ocean. Furthermore,
increased eutrophication in freshwater and marine ecosystems
is likely to dampen feedbacks between climate change and
biogeochemical processing, due to this decreased sensitivity at
high nutrient levels.
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The canonical Redfield C:N:P ratio for algal biomass is often not achieved in inland
waters due to higher C and N content and more variability when compared to
the oceans. This has been attributed to much lower residence times and higher
contributions of the watershed to the total organic matter pool of continental
ecosystems. In this study we examined the effect of water residence times in low latitude
lakes (in a gradient from humid to a semi-arid region) on seston elemental ratios in
different size fractions. We used lake water specific conductivity as a proxy for residence
time in a region of Eastern Brazil where there is a strong precipitation gradient. The C:P
ratios decreased in the seston and bacterial size-fractions and increased in the dissolved
fraction with increasing water retention time, suggesting uptake of N and P from the
dissolved pool. Bacterial abundance, production and respiration increased in response
to increased residence time and intracellular nutrient availability in agreement with the
growth rate hypothesis. Our results reinforce the role of microorganisms in shaping
the chemical environment in aquatic systems particularly at long water residence times
and highlights the importance of this factor in influencing ecological stoichiometry in all
aquatic ecosystems.

Keywords: nutrients, metabolism, bacteria, ecological stoichiometry, semi-arid, tropical, lakes, water residence
time

INTRODUCTION

Life has had a strong impact in influencing the availability of elements on the Earth. About
2.3 billion years ago the atmosphere was drastically changed to an oxidative state with the rise
of O2 and fall of CO2 concentrations that were preceded by the ‘invention’ of photosynthesis
(Kasting and Siefert, 2002). As the redox state of the Earth changed, organisms had to adapt to
the changing steady state. Similar processes occur in the oceans today, whereby micro-organisms
alter their external chemical environment, which is reflective of their own elemental biomass
composition, i.e., stoichiometry. The mean elemental composition of ocean plankton with respect
to the macroelements carbon (C), nitrogen (N) and phosphorus (P) was first discussed by Redfield
(1934, 1958) and the ratio of 106C: 16N: 1P is referred today as the ‘Redfield ratio.’
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In marine waters, it is now clear that there is variability
around the Redfield ratio due to latitudinal changes and nutrient
availability effects (Martiny et al., 2013), whereas in inland
waters the C:N:P ratios are often higher in magnitude and
with greater variability (Hecky et al., 1993; Hassett et al., 1997;
Sterner et al., 2008). The seston C:N:P ratios are influenced by
species composition (e.g., eukaryotes vs. prokaryotes, N-fixing
cyanobacteria, diatoms, etc.), temperature, organic matter inputs
(quality and quantity), light:nutrient ratio, total P, chlorophyll,
POC (particulate organic carbon): chlorophyll ratio and water
residence time (WRT) (Hecky et al., 1993; McGroody et al.,
2004; Hessen, 2006; Geider and La Roche, 2002; Martiny et al.,
2013). Particularly in inland waters, it is often assumed that
the income of large amounts of organic matter from terrestrial
environments with typically high C:N:P ratios, as well as a
variable share of phytoplankton (autochthonous production)
relative to total seston (Hessen et al., 2003), and a tendency of
lower environmental stability in space and time could cause the
great variability in the seston elemental ratios when compared to
the oceans (but see Hessen et al., 2003 and Hessen, 2006).

The residence times of substances in the oceans are quite
long. The water has a residence (WRT) time of >3,000 years on
average, while NO3

− and PO4
3− have a much longer residence

time (∼104 years) (Falkowski and Davis, 2004). In contrast,
in inland waters the WRT can be as low as days to 10s of
1000s years (Bell et al., 2002), but are typically much shorter
than in the oceans. The residence times of elements such as
P are comparable to WRT, usually less than a year to a few
years (Sonzogni et al., 1976). Nitrogen retention time also is
highly dependent on WRT, but has a more complex cycle and
its retention depends on the type and abundance of vegetation,
nitrification and denitrifications rates (Saunders and Kalff, 2001).
Even though it has been debated about the general applicability of
the classical Redfield ratio in the oceans (Koeve and Kähler, 2010;
Martiny et al., 2013) and organisms (Geider and La Roche, 2002),
the central tenet of Redfield’s idea remains valid today (Falkowski
and Davis, 2004; Gruber and Deutsch, 2014).

Microbes including virus, archaea, autotrophic and
heterotrophic bacteria and algae play a central role in shaping
aquatic ecosystem nutrient ratios (e.g., C, N, and P) and bacteria
are the major consumers of P and N-based compounds in
both marine and inland waters (Kirchman, 1994; Cotner and
Biddanda, 2002). Nutrient concentrations and availability in the
water column in turn also affect bacteria through constraints on
metabolism and biomass composition. Bacteria growing under
P-rich conditions (expressing high growth rates) are expected to
exhibit low biomass C:P. High growth rates are associated with
major allocation of P for nucleic acids in ribosomes, which is
known as the Growth Rate Hypothesis (GRH) (Elser et al., 1996).
Conversely, when growing under P-limiting conditions bacteria
may either present high C:P ratios in the biomass (Cotner et al.,
2010; Godwin and Cotner, 2015) or exhibit high respiration rates
(Cimbleris and Kalff, 1998), possibly as a mechanism to eliminate
the excess carbon from organic matter and to concentrate the P
to an adequate amount (Hessen and Anderson, 2008). However,
bacteria can also take up inorganic nutrients directly from
the water (Cotner and Wetzel, 1992; Kirchman, 1994), which

could possibly explain a compensation for low quality (high
C:nutrients) substrates.

Most studies on ecological stoichiometry have examined the
whole seston rather than examining the different planktonic
groups (e.g., phytoplankton and bacterioplankton size fractions)
separately and usually ignore the dissolved organic matter
fraction (but see Hessen et al., 2003). For instance, the dissolved
organic matter fraction and bacteria fraction are not well studied
despite accounting for the largest part of the organic matter
in many aquatic ecosystems (Wetzel, 1984; Simon et al., 1992;
Gasol et al., 1997). Moreover, differences are expected in terms
of stoichiometric flexibility (ability to adjust the internal C:N:P
compositions in relation to the sources) among the planktonic
components. The zooplankton have been reported to be quite
inflexible, (Andersen and Hessen, 1991; Persson et al., 2010;
Godwin and Cotner, 2015) and the phytoplankton community
is more variable and more flexible (Geider and La Roche,
2002), responding to a wide gradient of light:nutrients ratios
(Sterner et al., 1997; Hessen et al., 2002). However, a recent
study has shown that the bacterial community can be the
most flexible group of heterotrophic organisms known so far
(Godwin and Cotner, 2015), with a high potential for adjusting
and affecting environmental nutrient availability. The dissolved
organic nutrient pools can buffer fluctuations in planktonic
nutrient requirements depending on the rate of supply from
external environments and their nutrient ratios. Heterotrophic
bacteria grow relatively fast and consume primarily dissolved
pools of inorganic and organic matter and thus are an important
factor determining the elemental stoichiometry of both the
dissolved and particulate pools.

The great variability in residence time in inland water
ecosystems relative to oceans may be a key feature explaining
the departure of freshwaters from Redfield ratios, i.e., a higher
decoupling between bacteria and their substrates in inland water
ecosystems due to variable WRT. To examine this hypothesis,
we tested the effect of increasing WRT on the stoichiometry
of seston, bacterial and dissolved fractions, as well as on
bacterial metabolism in low latitude coastal and semi-arid
lakes encompassing a wide range of trophic states and WRT.
The sampling of aquatic systems in Eastern Brazil coincided
with a strong El Niño event that began in June 2014 and
extended through 2016.1 This phenomenon is associated with
droughts in Northeastern Brazil, particularly in the semi-arid
zone (Rodrigues et al., 2011). Semi-arid lakes in eastern Brazil
may experience extended periods of drought and high rates
of water evaporation. Since these semi-arid lakes receive only
the contribution of intermittent rivers, the inflow rates are
negligible (close to zero) during drought, particularly for severe
episodes such as the El Niño period that occurred during
this study. Hence, drought has then an indirect effect on
increasing WRT. This is paralleled by increasing concentrations
of nutrients and increased specific conductivity, which in
turn may be used as a proxy for WRT (Curtis and Adams,
1995; Rennella and Quirós, 2006; Anderson and Stedmon,
2007).

1http://www.bom.gov.au/climate/enso/#tabs=SOI
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MATERIALS AND METHODS

Study Area
We sampled 15 ecosystems that consisted of both natural
lakes and artificial reservoirs located in northeastern Brazil in
Rio Grande do Norte state that encompass a trophic gradient
ranging from oligotrophy to hypereutrophy and a wide range
of environmental conditions (Table 1). These ecosystems are
found in a relatively narrow latitudinal (from 06◦24′36.5′′ S
to 06◦41′42.9′′ S) and longitudinal (from 35◦05′59.4′′ W to
36◦37′43.6′′ W) range that, nonetheless encompass a strong
climatic gradient from the humid coastal zone (oligo- to
mesotrophic lakes) to the inner, semi-arid zone (mostly eutrophic
lakes and with longer WRT).

The coastal region climate is classified as humid with average
annual temperature above 26◦C. The historical annual average
precipitation is 1,230 mm with 90% of rainfall between January
and August. The vegetation in this area is classified as Atlantic
rain forest (see Cestaro and Soares, 2004), which contributes
with significant organic matter to aquatic ecosystems in the
rainy season (Kosten et al., 2010). The inner region climate is
classified as tropical and semi-arid (BS’h’ according to Kottek
et al., 2006) with annual average temperature higher than 25◦C.
It is characterized by irregular rainfall, high evapotranspiration
rates, and negative water balance during most of the year,
particularly in the last 3 years. The mean annual precipitation
is 733 mm in the previous 20 years and the aquatic ecosystems
have long residence times (e.g., water residence time calculated
in 2004 from 780 days in Boqueirão reservoir to 1460 days
in Gargalheiras reservoir, both sampled in the current study;
Chellappa et al., 2009). However, the annual precipitation was
below the average (between 200 and 600 mm per year) and
the aquatic ecosystems have experienced extreme droughts since
2012 (Costa et al., 2016). Because of that, these ecosystems
have experienced extreme reductions in volume (Medeiros et al.,
2015).

Sampling
Each lake was sampled once close to its central point between
October and December in 2014. In each lake, 10 L of sub-
surface water (20–30 cm) was collected in acid-rinsed (HCl 10%)
polyethylene bottles. The water transparency was determined
with a secchi disk and the temperature and conductivity were
measured in situ using a multi-parameter probe (Horiba U-
22). The depth of the sampling point was determined with a
depth meter or manually with a weight tied to a rope. Two
subsamples were taken in plastic bottles without headspace
for the determination of alkalinity. All samples were processed
within 24 h; when the time between sampling and handling
exceeded 4 h, the samples were kept refrigerated.

Limnological Variables and Fractionation
In the laboratory, the pH (Hanna HI-221) and alkalinity by
Gran titration (H2SO4 0.0125 M) were immediately measured.
The water was fractionated by sequential filtration through
1.6 µm mean retention pore-size glass fiber filters (Whatman TA
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FIGURE 1 | Scheme of the size fractionation of the water.

GF/A) and 0.7 µm mean retention pore-size glass fiber filters
(Whatman GF/F). This procedure was adopted to separate the
seston (here assumed as > 1.6 µm), bacterial (here assumed
as particles between 1.6 and 0.7 µm) and dissolved fractions
(here assumed as < 0.7 µm). The bulk fraction was estimated
as the sum of seston (>1.6 µm) and the <1.6 µm fraction
(Figure 1). The bacterial fraction possibly includes archaeal
cells, but since Archaea are in general a minor component
(<6%) of pelagic prokaryote communities (Glöckner et al., 1999),
we refer to this fraction as bacteria. The 1.6–0.7 µm fraction
included on average 79% of the bacteria. Even though the
0.7 µm filter allowed some bacteria to pass, the glass fiber filter
can be used for the analysis in the TOC equipment without
interference of the filter components (such as C and N from
0.2 µm porosity membrane filters often made of C, N and
P-containing polymers) and has been successfully employed in
similar studies for the same purpose (Cotner et al., 2010). The
bacterial density (BD) was determined in the bulk, bacterial
and dissolved fractions (see below), and appropriate corrections
were applied by estimating mean bacterial cell C, N, and P
content in the bacterial fraction and summing up the nutrients
amounts in the retained or filtered bacteria (Supplementary
Table 1). It is noteworthy to mention that our understanding
of the stoichiometry of bacteria is somewhat biased by the fact
that we did not have appropriate tools for distinguishing the
composition and abundance of free and attached bacteria, with
the last being part of the seston. This should have a little impact
on the results found, since typically attached bacteria represent
a small proportion (<30%) of the total bacterial pool (Simon,
1987).

Chlorophyll a was measured after filtration of bulk water
through a 1.2 µm mean retention pore size glass fiber filter (GF/C
Whatman). The filters were kept at −80◦C and the chlorophyll a

was extracted with ethanol (90%) at −20◦C in the dark (Nusch
and Palme, 1975; APHA, 1999). The chlorophyll was measured
without acidification at 665 nm after correction for turbidity
(750 nm) and calculated according to Salonen and Sarvala (1995)
and Schilling et al. (2006).

C, N, and P
In the four water fractions, we measured the total C, total N, and
total P concentrations. The total and filtered (dissolved) fractions
of the organic carbon (TOC and DOC) and nitrogen (TN and
DN) were measured in a Total Organic Carbon Analyzer (TOC-
V CPN Shimadzu). The different fractions of particulate organic
carbon in the filters were measured using the solid sample module
(SSM-5000 A) of the TOC analyzer. Particulate nitrogen and
phosphorus on the filters and total phosphorus (TP) in the liquid
samples were measured after potassium persulfate digestion
(Carmouze, 1994). After digestion, the TN was measured in
the TOC-V CPN (Shimadzu), whereas the TP was measured
spectrophotometrically (SP2000UV) by the ascorbic acid method
(Mackereth et al., 1978). All filters were combusted (550◦C for
4 h) prior to filtration and after the filtration and before the
analysis were oven dried (60◦C for >24 h) and weighed.

All bulk seston, bacteria and dissolved C:N, C:P, and N:P ratios
were calculated on a molar basis (mol: mol).

Bacterial Density and Metabolism
The BD was estimated in the bulk, <1.6 and <0.7 µm fractions
via flow cytometry, which allowed the determination of the
number of cells in each fraction and the number of cells retained
on the filters. The samples were fixed with buffered formaldehyde
(4% final concentration) and kept at−80◦C until analysis in a BD
FACSCalibur flow cytometer (within 5–8 months). The cells were
stained with Syto 13 and the cytograms analyzed in the FlowJo X
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10.0.7r2 software (Gasol and Del Giorgio, 2000; Sarmento et al.,
2008).

Bacterial production (BP) was measured via the [3H]-leucine
incorporation and microcentrifugation method (Smith and
Azam, 1992), incubating bulk water samples for 2.5 h. We
assumed the molar percentage of leucine in the protein pool was
equal to 0.073, the intracellular isotopic dilution was equal to 2
and a carbon:protein ratio of 0.86.

Bacterial respiration rates (BR) were measured in the
<1.6 µm filtered water by following the oxygen consumption
in 6 mL exetainer vials without headspace in the dark over
variable periods of time (incubations were terminated when O2
concentrations were ≤8% of initial O2 concentrations; from
12 to 72 h of incubation). The oxygen concentrations were
measured with a gold tip microprobe connected to a OXY-Meter
(UNISENSE) and were converted to carbon using a respiratory
quotient= 1.0 (Briand et al., 2004).

Specific bacterial production and respiration (BP and BR
cell−1) were calculated by dividing the respiration rates from each
lake by the number of cells in the bulk and <1.6 µm fractions,
respectively. The bacterial carbon demand was calculated as the
sum of BP and BR (Alonso-Sáez et al., 2007).

Statistical Analysis
The log10 of the absolute concentrations of C, N, and P (µM)
were linearly regressed against each other and compared to
the expected Redfield ratios (106:16:1) by ANCOVA. Significant
interactions indicated differences in slopes and significant
intercepts indicated differences in the magnitude of the ratios.

The log10 of the C:N:P ratios of seston, bacteria and the
dissolved fractions and of BP, BP cell−1, BR, BR cell−1, BGE
(BP/[BP + BR]) and BCD (BP + BR) were linearly regressed
against conductivity in order to assess the effect of residence time
on the variation of these ratios, assuming conductivity as a proxy
of water residence time (Rennella and Quirós, 2006; Anderson
and Stedmon, 2007).

The log10 of the BD, BP, BR, BGE, and BCD were also
linearly regressed against log10 of the bacterial C:N, C:P, and
N:P ratios in order to determine whether the bacterial internal
stoichiometry was coupled to bacterial metabolism. Conversely,
the bacterial C:N, C:P, and N:P ratios were linearly regressed
against potential substrates (seston and dissolved) C:N, C:P,
and N:P ratios, respectively, in order to determine whether the
substrate stoichiometry of these pools were correlated.

All statistics were carried out in R 3.2.2. (R Core Team,
2016) and all regressions assumptions were tested with the gvlma
package (Pena and Slate, 2014).

RESULTS

The C:N:P ratios were variable for all fractions with means across
all lakes being higher than expected by the classical Redfield ratio
(mean seston C:N:P= 771:59:1; mean bacterial C:N:P= 320:34:1;
mean dissolved C:N:P = 1225:173:1). Considering the extreme
values, the lowest ratios were found in the bacterial fraction

(90:19:1) and the highest in the dissolved fraction (1225:173:1;
Table 2).

All bivariate regressions between the absolute concentrations
of C, N, and P of all fractions were positive and significant (C to
N; C to P; N to P), except for C × P and N × P of the dissolved
fraction (P > 0.05) (Table 3). The comparison via ANCOVA
of these relationships with those expected by the Redfield ratio
revealed differences for all fractions with the exception of the
dissolved C × P and N × P. All seston measured slopes and the
bacterial C× P and N× P slopes were higher than Redfield ratios,
whereas the bacterial C × N and the dissolved C × N slopes
were lower than Redfield. The intercepts of these regressions were
also significantly higher than zero, except for seston and bacterial
C × N, the bacterial N × P and the dissolved C × P and N × P
intercepts (Table 3 and Figure 2).

The seston C:N and C:P ratios decreased significantly with
water conductivity, and the bacterial C:P followed the same
pattern, although with a marginally insignificant relationship
(P = 0.082) (Figures 3A–C). The dissolved organic C:P and N:P,
however, increased with increasing conductivity (Figures 3D,E).
All other regressions of C:N:P of the fractions (Seston N:P,
Bacterial C:N and N:P, and dissolved organic C:N) with
conductivity were not significant (not shown).

BP, BP cell−1, BD and BCD increased with specific
conductivity (Figures 4A,B,D,E), while BR cell−1 displayed the
opposite pattern, decreasing with conductivity (Figures 4C).

BD, BP and BCD were negatively correlated to bacterial C:
P and N: P ratios (Figure 5). No significant relationships were
found between BR or BR cell−1 and bacterial C:N:P ratios.

The C:N:P ratios in the dissolved organic pool and the
seston pool had contrasting relationships when regressed against
bacterial ratios. Bacterial C:P decreased with dissolved C:P
(Figure 6A), whereas bacterial N:P increased with seston N:P
(Figure 6B).

DISCUSSION

As expected for inland waters, the C:N:P ratios in the low-latitude
lakes surveyed in the current study were mostly higher than the
Redfield ratios. Nonetheless, seston ratios became more similar
to Redfield ratios with increasing conductivity, with decreased
C:N and C:P ratios. We argue that specific conductivity is a
useful proxy for WRT in these systems and therefore, longer
WRT may provide microbiota greater opportunity to extract
nutrients from dissolved organic materials. Consistent with this
argument, we observed positive correlations between C:P and
N:P in the dissolved fraction (i.e., DOC:TDP and TDN:TDP)
with increasing conductivity (Figure 3). We also observed
faster specific growth rates in systems with higher conductivity
(Figure 4), suggesting that part of the explanation for higher P
content in systems with increased conductivity may have been
the GRH (Sterner and Elser, 2002; Makino et al., 2003). Thus, we
confirmed our hypothesis that the increasing WRT corresponded
with decreased C:N and C:P in seston and bacterial biomass.

Our observations for freshwater seston stoichiometry in the
tropics were similar to the mean seston estimates from a survey
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TABLE 2 | Molar ratios of carbon (C), nitrogen (N) and phosphorus (P) for bacteria and the three substrates fractions (bulk, seston and dissolved) for the 15 lakes along a
trophic gradient.

Lakes Bacterial per cell Bulk (Seston + <1.6 µm) Seston (>1.6 µm) Dissolved (<0.7 µm)

(femtomol:femtomol) (µmol: µmol) (µmol: µmol) (µmol: µmol)

C:N C:P N:P C:N C:P N:P C:N C:P N:P C:N C:P N:P

Bonfim 20.4 1675.3 82.1 11.5 156.3 13.6 8.1 431.7 53.1 14.6 104.0 7.1

EAJ 5.0 286.2 57.0 14.9 766.5 51.4 13.0 1502.7 115.2 17.1 1938.3 113.5

Extremoz 3.2 89.9 28.0 10.3 811.6 78.8 9.7 653.2 67.3 11.7 382.7 32.8

Arituba 12.3 289.1 23.5 9.6 430.0 44.8 16.2 915.3 56.6 7.3 311.1 42.7

Carcará 10.2 342.0 33.5 11.6 554.0 47.7 14.8 779.4 52.6 11.0 490.8 44.7

Jiqui 13.9 262.5 18.9 1.1 247.3 228.4 19.9 683.4 34.4 0.6 121.8 197.7

Lagoa Azul 8.1 395.6 48.9 1.5 902.8 584.4 13.5 2134.4 157.6 0.5 389.1 805.6

Jambeiro 2.8 108.7 39.1 13.1 1113.4 85.2 14.7 651.6 44.4 12.8 811.7 63.6

Ilhota 11.8 447.6 37.8 13.9 502.2 36.1 22.6 1350.8 59.9 10.2 332.3 32.7

Cruzeta 8.0 212.9 26.6 10.9 350.5 32.0 10.1 233.7 23.2 11.8 444.1 37.7

“Caliman” 7.4 148.7 20.1 15.2 563.6 37.1 19.2 681.8 35.6 12.9 801.1 61.9

Boqueirão 5.2 163.7 31.3 10.5 1632.5 156.1 7.8 614.7 79.2 11.1 6259.8 565.5

Gargalheiras 5.7 116.1 20.4 10.2 654.0 64.4 7.5 226.0 30.2 11.9 1886.7 158.7

Traíras 6.3 164.0 26.3 9.3 1057.2 114.2 8.0 456.2 57.0 10.0 2925.4 293.6

Dourado 9.3 220.1 23.6 12.0 565.1 47.1 11.3 244.2 21.5 8.6 1175.3 136.1

Mean 8.5 319.9 34.5 10.4 687.1 108.1 13.1 770.6 59.2 10.1 1224.9 172.9

Min. 2.8 89.9 18.9 1.1 156.3 13.6 7.5 226 21.5 0.5 104 7.1

Max. 20.4 1675.3 82.1 15.2 1632.5 584.4 22.6 2134.4 157.6 17.1 6259.8 805.6

TABLE 3 | Comparison of slopes and intercepts between measured and expected Redfield relationships of pairs of nutrients (carbon, C, nitrogen, N and phosphorus, P)
for seston, bacterial and dissolved fractions for the 15 lakes along the trophic gradient.

C × N C × P N × P

Measured P-value Measured P-value Measured P-value

Seston

slope 9.22 <0.01 218.11 <0.01 22.80 <0.05

intercept 37.19 >0.05 136.24 <0.05 11.39 <0.05

Bacteria

slope 5.74 <0.05 135.31 <0.05 23.39 <0.0001

intercept 4.04 >0.05 6.82 <0.05 0.51 >0.05

Dissolved

slope 1.06 <0.001 554.4 >0.05 68.96 >0.05

intercept 611.99 <0.05 308.2 >0.05 65.69 >0.05

The expected Redfield slopes are 106 for C × P, 6.625 for C × N and 16 for N × P whereas the expected Redfield intercepts are equal to 0. Significantly different from
Redfield slopes and intercepts are highlighted in bold.

of 226 lakes from primarily temperate North America, and
including some lakes from Europe, Africa, and Asia (Elser et al.,
2000a). The mean seston C:N:P in this synthesis was 307:30:1,
which is similar to the ratio that we observed in the bacterial size
fraction (mean C:N:P 320:35:1) but lower than the mean values
we observed in seston (C:N:P 607:108:1; Table 2). The highest
seston C:N and C:P values were found at the lowest specific
conductivities, perhaps indicating a strong terrigenous influence
on the seston in the lower conductivity systems (from watershed
input by rainfall).

Because our results were based on field data, numerous
factors could have been affecting the stoichiometric behavior
in these different lakes. Certainly, temperature is one factor

that can affect seston and biomass stoichiometry (Cotner et al.,
2006; Martiny et al., 2013; Phillips et al., under review) but we
observed no significant differences in temperatures along the
conductivity gradient (Table 1). However, there were differences
in rainfall across the conductivity gradient that we observed,
with greater rainfall occurring in the eastern, more ocean-
influenced region and less in the semi-arid, inland region (as
description in the study area section). Our observations were
made when this region was being influenced by El Nino which
was one of the factors that contributed to the semi-arid region
lakes experiencing an unusual prolonged drought and drastically
reducing their volumes (Medeiros et al., 2015; Costa et al., 2016;
Mendonça et al., in press).
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FIGURE 2 | Regressions of log of the absolute concentrations of C × N, C × P and N × P of seston (A–C), bacterial (D–F) and dissolved fractions (G) compared to
the Redfield ratio (dashed red line). The regression fit is indicated by black solid lines and 95% confidence intervals by blue dotted lines.

Therefore, it seems more likely that the patterns we
observed between dissolved and particulate stoichiometry and
specific conductivity may have been coupled to changes in
residence times among the different systems. Few studies have
examined relationships between water residence times and
seston stoichiometry in freshwaters. One that did, however, in
the Experimental Lakes of Canada (ELA), found that longer
residence times correlated positively, not negatively as we found,
with C:N:P (Hecky et al., 1993). Differences may have arisen
from the fact that in Hecky et al.’s (1993) study a small number
of lakes (<10) were included and only lakes with very short
residence times (<3 months) were compared to longer residence
time systems (>6 months). Also, the lakes were not influenced
by a precipitation gradient and even the long WRT lakes were
oligotrophic. On the other hand, the semi-arid area lakes in our
study were all human-made reservoirs built in a way that the

water outflow is only possible when large inputs of water enables
dam overflow, and with WRT usually greater than 24 months.

The overall pattern is a bit more complicated in freshwaters
due to differences in source material that are often coupled to
differences in stoichiometry. Terrestrial stoichiometric signatures
tend to be higher than microbial biomass signatures due to
increased concentrations of structural carbohydrates and lignin
(Elser et al., 2000a; Schlesinger and Bernhardt, 2013). In lakes
with short residence times, the input of terrestrial material is
high and tends to dominate the organic matter composition
(Cole et al., 2002; Pace et al., 2004; Wilkinson et al., 2013).
However, at longer residence times, there is less input of these
components and increased influence from aquatic microbes and
aquatic plants. Due to more rapid growth of aquatic plants and
microbes in aquatic systems and lower amounts of structural
material, their stoichiometry tends to be richer in N and P (lower
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FIGURE 3 | Log10 linear regressions of seston C:N and C:P against specific conductivity (A,B), bacterial C:P against specific conductivity (C) and dissolved C:P (D)
and N:P ratios (E) against specific conductivity (residence time). The regression fit is indicated by black solid lines and 95% confidence intervals by blue dotted lines.

C:N and C:P) than terrestrial plants and they also degrade at faster
rates (Enriquez et al., 1993), which means that long residence
time systems should have nutrient signatures that reflect this.
That seems to be the case of the lakes in the semiarid region.

Perhaps relatedly, Kellerman et al. (2014) recently
demonstrated that the composition of DOM was strongly
correlated with water residence times in boreal lakes. Short
residence time systems had DOM composition that reflected
the surrounding watershed but as residence times increased, the
terrestrial signature was increasingly lost. In these boreal systems,
organic matter in the longer residence time systems showed
increased N content. The N-containing DOM compounds
were either tightly recycled or resistant to decomposition
processes (Kellerman et al., 2015). Our observation of increased
TDN:TDP (i.e., N:P in the dissolved fraction) ratios with specific
conductivity may reflect this N enrichment (Figure 3E), but it
is also likely that there was tight recycling of both N and P due
to the limiting nature of these elements in lakes as DOC:TDP
(i.e., C:P in the dissolved fraction) also increased with specific
conductivity (Figure 3D).

The decreasing seston C:P, C:N and bacterial C:P with
increasing conductivity indicated P enrichment of the organisms
with increasing WRT (Figure 3). This enrichment was
concomitant with increasing dissolved C:P and N:P ratios,
which suggests that the plankton may have been ‘mining’ P
from this dissolved pool. Although this enrichment of the

particulate pool via the dissolved pool was not sufficient to bring
the seston ratios to values similar to Redfield ratios, it does
illustrate the central mechanism envisioned by Redfield through
which planktonic organisms can modify their environment
given that they are provided with sufficient residence time to
process that material (Redfield, 1934; 1958). Nutrients that are
not incorporated into biomass are ‘discarded’ to the sediments or
lost to the atmosphere in the oceans. Similar dynamics are likely
occurring in all lakes, but the effects are more obvious at longer
residence times.

The fact that bacterial N:P ratios were positively correlated
with seston N:P ratios was consistent with other studies showing
a tendency for bacterial biomass to reflect some of the same
stoichiometric tendencies of the larger plankton pool. In a survey
of lakes in the Midwest of the United States, Cotner et al. (2010)
demonstrated that the bacterial pool had stoichiometry similar
to the Redfield ratio with the total seston pool showing a similar
pattern, but with slightly higher C:N, C:P, and N:P ratios. Higher
N and P content in the microbial pool is often attributed to
higher growth rates in these organisms (Bratbak and Dundas,
1984; Makino et al., 2003; Godwin et al., 2016), but somewhat
surprisingly, the stoichiometry of the bacterial and seston pools
do not often differ a great deal, perhaps due to the fact that they
are drawing from the same dissolved and particulate nutrient
pools and/or that large portions of the microbial community are
dormant (Lennon and Jones, 2011).
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FIGURE 4 | Log10 linear regressions of bacterial production (BP; A), specific bacterial production (B) and specific bacterial respiration (C), bacterial density (BD; D)
and carbon demand (BCD; E) against specific conductivity. The regression fit is indicated by black solid lines and 95% confidence intervals by blue dotted lines.

Alternatively, the bacteria could be responding positively
to the seston pool due to nutrients that are being provided
directly from the phytoplankton. The seston in many of these
lakes is dominated by cyanobacteria and zooplankton (rotifers
and copepods, Eskinazi-Sant’Anna et al., 2007). Among the
cyanobacteria, several N-fixing species like Cylindrospermopsis
raciborskii, Anabaena circinalis, Aphanizomenon gracile (Fonseca
et al., 2015; Medeiros et al., 2015), Microcystis aeruginosa and
Oscillatoria sp. (Chellappa and Costa, 2003) have been reported
to occur and dominate the phytoplankton community of these
eutrophic lakes, i.e., the high WRT . The appearance/dominance
of cyanobacteria in the phytoplankton community can have
a strong impact in seston stoichiometry, with a tendency of
lowering C:N ratios. Also, the release of dissolved organic
N-based compounds could be an important source of both
organic matter and N for bacteria in these lakes, especially
semi-arid ones during El Niño events when there are very
limited external organic matter inputs (Glibert and Bronk,
1994).

Another factor contributing to lower stoichiometric ratios
in the longer residence time systems could be changes in the
bacterial community composition. Although we did not explicitly
address this issue, BD and bacterial production both increased
along the conductivity gradient, perhaps reflecting an increased
influence of relatively rapidly growing organisms (Figure 4).

Nonetheless, there was no significant relationship between the
seston-POC: bacterial-POC ratio and conductivity, suggesting
that similar changes in the larger seston community may have
also been occurring along the gradient. The GRH hypothesizes
that rapidly growing organisms should increase their RNA and
ribosome content (Elser et al., 2000b; Makino et al., 2003).
Because RNA is P-rich relative to the mean composition of
organisms, rapidly growing organisms should be more P-rich,
with decreased C:P and N:P ratios. Recently, Godwin et al.
(2017) demonstrated that the relative growth rate also plays an
important role in this dynamic. Although it is difficult to assess
the relative growth rate of organisms in natural environments,
the increase in bacterial production and cell specific production
that we observed (Figure 4) is consistent with the idea that
growth rates and relative growth rates increased with increasing
conductivity.

Relatedly, Goldman et al. (1979) argued that phytoplankton
in the open ocean are growing at or near maximal rates because
the C:P and C:N ratios are near Redfield ratios. They argued that
the long residence time open ocean is much like a chemostat
in that the biomass does not change much over time, yet there
can be variation in nutrient supply that is drawn down by the
biomass that is present with the main loss being grazing. Despite
fundamental differences between open ocean and lakes, semi-
arid lakes become more similar to open ocean during extended
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FIGURE 5 | Log10 linear regressions of ratios of bacterial C:P (A) and N:P (B) against bacterial density (BD), BP against bacterial C:P (C) and N:P (D) and BCD
against bacterial C:P (E) and bacterial N:P (F). The regression fit is indicated by black solid lines and 95% confidence intervals by blue dotted lines.

FIGURE 6 | Log10 linear regressions of bacterial C:P against dissolved C:P (A) and bacterial N:P against seston N:P ratio (B). The regression fit is indicated by black
solid lines and 95% confidence intervals by blue dotted lines.

drought periods when there is negligible input of allochthonous
organic matter and the WRT increases. These lakes will likely
have more variable biomass concentrations over time (still to be
tested) due to greater variation in the supply rates due to episodic

events such as changes in mixing depths, pulses due to storms, etc.
Nevertheless, our results suggest that the mechanism envisioned
by Redfield may be universal for all aquatic ecosystems under
appropriate conditions.
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Even though we observed a strong effect of WRT on
bacterial and seston stoichiometry in these lakes, other factors
not addressed here and that may co-vary with changes in
environmental conditions may also be important. Grazing
pressure on bacteria by protists is stronger on larger, fast
dividing cells (Sherr et al., 1992), thus potentially favoring
smaller, relatively more carbon rich cells (Norland, 1993). Also,
weaker top–down effects of zooplankton have also been found
to favor low-quality phytoplankton, with important potential
repercussions for food webs (Hessen et al., 2005).

CONCLUSION

Our observations indicated WRT can be an important factor
affecting the stoichiometry of plankton in freshwater ecosystems.
As WRT increased, the biomass stoichiometry of seston and the
bacterial size-fraction became more enriched with N and P. The
dissolved organic nutrient pool stoichiometry demonstrated a
negative correlation with residence time, suggesting that organic
N and P pools may have been important sources of nutrients
in long residence time systems. Water residence time is a
parameter that has been little explored in freshwaters with
respect to stoichiometry and needs to be considered in the future
studies.
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Ecological stoichiometry (ES) uses organism-specific elemental content to explain
differences in species life histories, species interactions, community organization,
environmental constraints and even ecosystem function. Although ES has been
successfully applied to a range of different organisms, most emphasis on microbial
ecological stoichiometry focuses on lake, ocean, and soil communities. With the recent
advances in human microbiome research, however, large amounts of data are being
generated that describe differences in community composition across body sites and
individuals. We suggest that ES may provide a framework for beginning to understand
the structure, organization, and function of human microbial communities, including
why certain organisms exist at certain locations, and how they interact with both
the other microbes in their environment and their human host. As a first step, we
undertake a stoichioproteomic analysis of microbial communities from different body
sites. Specifically, we compare and contrast the elemental composition of microbial
protein samples using annotated sequencing data from 690 gut, vaginal, oral, nares,
and skin samples currently available through the Human Microbiome Project. Our results
suggest significant differences in both the median and variance of the carbon, oxygen,
nitrogen, and sulfur contents of microbial protein samples from different locations. For
example, whereas proteins from vaginal sites are high in carbon, proteins from skin and
nasal sites are high in nitrogen and oxygen. Meanwhile, proteins from stool (the gut) are
particularly high in sulfur content. We interpret these differences in terms of the local
environments at different human body sites, including atmospheric exposure and food
intake rates.

Keywords: human microbiome project (HMP), stoichioproteomics, gut, oral, skin, vaginal, nasal, C:N ratio

INTRODUCTION

The study of ecological stoichiometry (Sterner and Elser, 2002) derives from observed
commonalities and differences in the elemental compositions of organisms (Elser et al., 1996),
populations and communities (Moe et al., 2005). That is, whereas all life is primarily composed
of carbon (C), hydrogen (H), oxygen (O), nitrogen (N), phosphorus (P), and sulfur (S),
there is nonetheless large variation in the ratios of these elements across different species
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(Andersen and Hessen, 1991; Hessen and Lyche, 1991; Elser et al.,
1996) and systems (Cebrian and Kingsolver, 1999; Elser et al.,
2000a). Such variation is important because it provides valuable
biological understanding into both the nature of the organisms
in a particular ecosystem (Elser et al., 2000a,c; Fagan et al., 2002;
Denno and Fagan, 2003), and the environmental conditions that
these organisms face (Cebrian and Kingsolver, 1999; Elser et al.,
2000a). Of particular note, because all organisms require C, H, O,
N, P, and S, biomass ratios of these elements can provide insight
into which are limiting (i.e., prevent further growth) for specific
types of taxa or for taxa from specific regions.

Much of the work in the field of ecological stoichiometry
has focused on C:N:P ratios (Elser et al., 2000b,c, 2003).
Species growth rate, for example, has been associated with
an organism’s absolute C:N ratio, while C:N ratio variances
have been linked to both growth rate and trophic guild
(Rhee, 1978; Urabe, 1993; DeMott et al., 1998; Elser et al.,
2000a,c; Denno and Fagan, 2003; Lemoine et al., 2014). Broad
trends in organismal elemental composition have also been
documented as a function of ecosystem type. Marine autotrophs,
for instance, are more nutrient rich (lower C:P and C:N ratios)
than freshwater autotrophs, which are more nutrient rich than
terrestrial autotrophs (Elser and Hassett, 1994; Elser et al., 2000a;
Sterner and Elser, 2002), while marine autotrophs exhibit smaller
ranges in elemental ratios as compared to autotrophs from
terrestrial systems (Elser et al., 2000a, 2006).

As primary nutrient remineralizers (Barsdate et al., 1974;
Goldman et al., 1987; Chrzanowski and Kyle, 1996), and some
of the most N- and P-rich of all living things (Sterner and Elser,
2002), the ecological stoichiometry of bacteria is particularly
interesting. Some of the first studies of bacterial stoichiometry
focused on the elemental composition of the bacterial cell
(Herbert, 1961, 1976; Herbert et al., 1971). More recently,
however, the emphasis has shifted to environment driven
differences. Tezuka (1990), for example, studied the relationship
between C:N ratios in culture medium and in bacterial biomass
for an assemblage of lake bacteria. His study, and others (Nakano,
1994; Chrzanowski and Kyle, 1996) showed that there is a
positive correlation between nutrient supply rates and bacterial
biomass in microbial communities, and that this relationship is
largely driven by shifts in the relative ratios of different bacterial
populations (Makino et al., 2003).

Although understudied relative to classic ecology systems
(e.g., oceans, lakes, and soils), it is reasonable to hypothesize
that the relative abundances of bacteria across different human
microbiomes (Turnbaugh et al., 2007; Peterson et al., 2009;
Proctor, 2011; Gevers et al., 2012; Human Microbiome Project
Consortium, 2012a) might be similarly governed by nutrient
supply rates. Naively, one might expect that all human
microbiomes should be relatively nutrient rich. This is because
the human tissues and byproducts that provide the substrates for
these microbes should be nutrient rich by virtue of the human
lifestyle and trophic guild (Fagan et al., 2002). However, while
human microbiomes may be overall more nutrient rich than
those from plants or lakes or other nutrient-poor environments,
differing nutrient supply ratios across body sites could still lead
to different nutrients being limiting in one region relative to

another. Nutrient availability in the gut, for instance, is at least
partially a function of food intake, whereas nutrient availability
on the skin depends primarily on host tissue and host produced
compounds (Belkaid and Segre, 2014). Indeed, some body sites
are typically thought of as providing more or less nutrients,
with the gut being traditionally considered a nutrient-rich site,
and the skin being considered a nutrient-poor site (Belkaid and
Segre, 2014; Belkaid and Tamoutounour, 2016). It is already
well known that bacterial abundances vary strongly among body
sites (Human Microbiome Project Consortium, 2012a). If this
is at least partially a result of differing nutrient limitations,
then the elemental compositions of microbial populations should
vary from one body site to the next. As an example, body
sites with large aerobic niches (e.g., skin and nares) might be
expected to contain microbial biomass with a higher oxygen
content (Acquisti et al., 2007). By contrast, the anaerobic vagina
contains nitrogen-rich urea and protein secretions (Geshnizgani
and Onderdonk, 1992), and thus might be expected to exhibit
microbial biomass with high nitrogen ratios.

As a first step toward testing the hypothesis that variation
in human microbiomes reflects underlying differences in
nutrient availability, we consider the elemental compositions of
microbial proteins from different body sites. That is, we take a
stoichioproteomic approach (Baudouin-Cornu et al., 2001; Elser
et al., 2006, 2011) wherein we analyze the C, N, O, and S content
of microbial proteins among gut, oral, nasal, vaginal and skin
microbiome samples. Previous work has shown that even single
atom changes in the amino acid (AA) composition of microbial
proteins can have large fitness consequences under nutrient-
limiting conditions (Bragg and Wagner, 2009), suggesting that
variation in microbial protein composition across body sites
could reflect differing selective forces resulting from varying
nutrient supplies. Further supporting this claim, organisms
suffering chronic deficiency in certain nutrients (e.g., C, N or S)
are known to preferentially substitute AAs that are low in the
limiting nutrients. For example, S and C assimilatory pathways in
both Escherichia coli and Saccharomyces cerevisiae show evidence
for depletion of S and C, respectively (Baudouin-Cornu et al.,
2001). Likewise, under conditions of sulfur limitation, certain
cyanobacteria express sulfur-depleted versions of abundant
proteins (Mazel and Marliére, 1989). Thus, our expectation is that
if there are differences in C, N, S or O limitation across different
human body sites, then we should see body site differences in the
content of microbial proteins as well.

Unfortunately, whereas a lack of body site variation in
protein elemental composition would provide strong evidence
that nutrient limitation does not differ across body sites, the
inverse is not necessarily true – i.e., differences in protein
composition do not necessarily imply differences in nutrient
supply. One reason for this is that protein elemental composition
is known to depend on the GC content of the underlying coding
sequences (CDSs). The GC content of CDSs, however, is under
different selective forces (Rocha and Danchin, 2002; Musto et al.,
2006) that are completely distinct from protein composition and,
by extension, nutrient limitation. Thus, body site differences
in protein composition could indicate differing selective forces
on GC content, rather than protein composition per se. For
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similar reasons, chemical and/or structural constraints on protein
shape and function might also select for body site differences
in elemental composition. Acidic sequences, for instance, are
higher in oxygen content, while basic AAs are higher in nitrogen
content. Requirements for these functional groups and others at
certain body sites may thus bias element usage, independent of
nutrient supply.

Interestingly, we do find significant body site differences in
the C, N, S, and O content of microbial proteins. Supporting
the hypothesis that this is a result of selection acting at the
level of proteins, rather than GC content, we find that body
site differences in protein composition remain significant, even
after accounting for the dependencies of protein composition
on GC content. Further supporting our hypothesis that body
site differences are a result of nutrient limitation, we find that
AAs with similar functional groups are often used differentially
at different body sites based on specific AA element ratios.
Although it is impossible to rule out other forces of selection that
might indirectly select for differences in element composition
across body sites (e.g., thermal stability requirements of proteins),
our results provide strong preliminary evidence that nutrient
limitation may vary across the human body and that this,
in turn, may impact the associated structure of the human
microbiome.

MATERIALS AND METHODS

Input Data
The Human Microbiome Project’s (HMP) gene indices dataset
was downloaded from their ftp server on 07/10/20161. At the
time of download, 690 samples representing 15 body sites
were available. In this dataset, person identity is masked.
However, based on sample counts, samples were collected
from a minimum of 139 people. The HMP dataset description
suggests that samples came from a much larger group (Human
Microbiome Project Consortium, 2012a). That said, at least some
of the samples in our dataset are likely from different body
sites on the same individual. Although we cannot statistically
account for this form of non-independence because of the
masking of identities, we do not expect it to significantly
impact our predictions, because taxonomic body site differences
are known to be large relative to interpersonal variation at
a single body site (Human Microbiome Project Consortium,
2012b).

Samples were sequenced at four different institutions,
specifically Baylor College of Medicine, the Broad Institute,
the J. Craig Venter Institute and the Washington University
Genome Sequencing Center. Since HMP sample collection and
processing followed a standard protocol at all institutions, we
did not account for potential institution differences. Supporting
this decision, analysis of a reduced sample set considering only
those samples processed at Washington University Genome
Sequencing Center gave similar results to our full analysis (see
Appendix I, Figure A.1.1). More information on the methods

1ftp://public-ftp.ihmpdcc.org/HMGI/

TABLE 1 | Body sites used in study; two-letter codes for minor body sites are
shown in brackets.

Major body site Samples Minor body site Samples

Skin 26 Left retroauricular crease (Lr) 9

Right retroauricular crease (Rr) 17

Stool/Gut 139 Stool (St) 139

Nasal 87 Anterior nares (Na) 87

Vagina 56 Vaginal Introitus (Vi) 3

Mid-vaginal (Mv) 2

Posterior fornix (Pf) 51

Oral 382 Saliva (Sa) 3

Throat (Th) 7

Buccal mucosa (Bm) 107

Palatine tonsils (To) 6

Tongue dorsum (Td) 128

Subgingival plaque (Sb) 7

Supragingival plaque (Sp) 118

Attached keratinized gingiva (Ak) 6

used for sample collection, and specific details about sample
characteristics are available from the HMP website2.

The HMP gene indices dataset was previously processed using
HMP’s Metagenomics Prokaryotic Annotation Pipeline3. This
yielded putative protein sequences for each of the 690 shotgun
sequencing samples. These putative protein sequences were
downloaded both in nucleotide and AA multi-FASTA formats.

Table 1 shows the breakdown in sample numbers by body
sites.

Protein Elemental Content
Our baseline goal was to determine differences in protein
elemental composition across body sites. To this end, we used the
AA sequences available for all identified CDSs in the HMP gene
indices dataset. AA sequences for the CDSs in any given sample
were used to infer the average protein elemental composition
(C, O, N, and S) of that sample based on the known elemental
compositions of each AA. Specifically:

X =
1
N

∑N

i=1

∑20
j=1 xjni,j∑20
j=1 Tjni,j

where X is the average fraction of the focal element in proteins
from the sample, N is the total number of CDSs in the sample,
ni,j is the number of AAs of type j in CDS i, xj is the number of
atoms of the focal element in an AA of type j and Tj is the total
number of atoms in an AA of type j. For the analysis presented in
the main text, we use xj and Tj reflective of full AAs, i.e., including
both the side chain and the backbone (but see Appendix I, Figures
A.1.2–A.1.6 for analysis with just the side chains).

Protein Amino Acid Content
To further explore underlying chemical constraints that might
govern body site differences in protein composition, we examined

2http://hmpdacc.org/HMGI/
3https://www.ncbi.nlm.nih.gov/pubmed/21304707
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AA use, focusing on AAs with N, O, and S, because these elements
are present in the side-chains of less than half of common AAs.
From the AA sequences provided, we determined the average AA
content of a sample as follows:

Zj =
1
N

N∑
i=1

ni,j

Ai

where Zj is the fraction of AAs of type j, ni,j is the number of AAs
of type j in CDS i, Ai is the total number of AAs in CDS i, and N
is the total number of CDSs in the sample.

Coding Sequence GC Content
Because protein elemental composition is known to vary with GC
content of the corresponding CDSs, we also examined CDS GC
content. Using nucleotide sequences provided in the HMP gene
indices dataset, we inferred the average GC content of a sample
as follows:

Y =
100
N

∑N

i=1

∑Bi
j=1 1GC(yi,j)

Bi

where Y is the average GC content of the CDSs in the sample, N is

the total number of CDSs in the sample, 1GC(y) =
{

1 y = G, C
0 y = A, T

is an indicator function, yi,j is the jth nucleotide in the ith
CDS, and Bi is the length of the ith CDS (i.e., total number of
nucleotides).

Body Site Comparison
To determine whether protein elemental fractions or AA
composition differed from one body site to another, we compared
elemental ratios across the 15 specific body sites in Table 1.
We also grouped these body sites into five broader categories,
also shown in Table 1. Differences in median elemental/AA
fractions among body sites were determined based on Dunn’s
test, which is a pairwise multiple comparisons procedure based
on rank sums. False Discovery Rate (FDR) was controlled using
the Benjamini-Hochberg adjustment. Differences in elemental
fraction variances among body sites were also determined.
This was done using Levene’s test (only for the five major

body sites). Again, FDR was controlled using the Benjamini-
Hochberg adjustment. In the main text, we use boxplots to
display differences in protein elemental/AA composition among
body sites. Following standard convention, the center line of
the boxplot is the median elemental/AA fraction (or ratio), the
box defines the lower and upper quartiles of observed elemental
fractions, and the ‘whiskers’ define the minimum and maximum
elemental fractions, excluding outliers. Outliers are taken as any
points greater (less) than 1.5× the upper (lower) quartile.

Element versus GC Analysis
To determine whether body site differences in protein elemental
composition were significant, even after accounting for body
site variation in GC content, we used analysis of covariance
(ANCOVA) models. Type I sums of squares was used to calculate
an F-value and to determine the significance of GC content and
major body site on each elemental fraction and the C:N ratio.

All code from our work is available at: http://www.clfs.umd.
edu/biology/faganlab/ecological-stoichiometry.html.

RESULTS

Carbon Content
Figure 1 shows boxplots of the average carbon fraction (see
“Materials and Methods”) of microbial proteins across the 5
major (Figure 1A) and 15 minor (Figure 1B) body sites in
our study. Interestingly, all major body sites differed in carbon
content except for those from nasal and skin regions and those
from vaginal sites and stool (see Appendix II, Table A.2.1).
Carbon content was lowest at nasal and skin sites, higher at
oral sites, and reached a maximum at vaginal sites and in stool
(Cstool ∼ Cvaginal > Coral > Cskin ∼ Cnasal). Similar trends held
for minor body sites (see Appendix II, Table A.2.2). For example,
the nares (nasal) had lower carbon content than any minor
body site except for the left and right retroauricular creases
(skin). Nevertheless, analysis of minor body sites did uncover
the existence of additional, fine-scale variation that was not
obvious from the five major body sites. Most notably, in the
oral microbiome, there were significant differences in the carbon
content of proteins from the buccal mucosa as compared to

FIGURE 1 | Boxplots showing the average carbon content of microbial proteins as a function of human body site for (A) the 5 major sites and (B) the 15 minor sites
in our study. The number of samples from each site is indicated in square brackets on axis labels. Faded boxes are used for sites with fewer than 10 samples.
Differences in carbon content were tested with Dunn’s test. Statistics are summarized in Appendix II, Tables A.2.1, A.2.2; (C) Scatterplot of carbon content versus
GC content with associated regression lines from our ANCOVA analysis for major body sites: nasal (blue), oral (green), skin (yellow), stool (brown), and vaginal (red).
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those from both supragingival plaque and the tongue. Likewise,
proteins from supragingival plaque were significantly different
from proteins on the tongue. It is worth noting that the buccal
mucosa, supragingival plaque and the tongue are the three oral
sites with the largest numbers of samples (see Table 1 and
Figure 1B), suggesting that more intense sampling of some of the
other minor sites may uncover fine-scale differences in carbon
content as well. For analysis of minor body sites in the remainder
of the paper, we restrict our discussion to the three oral sites with
sufficient sampling to obtain statistical significance, noting that
further exploration of differences across other body sites would
be an interesting extension of the current work.

As has been documented in other studies (Baudouin-
Cornu et al., 2004; Bragg and Hyder, 2004), there was a
negative relationship between the carbon content of protein
sequences, and the GC content of the corresponding coding
regions (Figure 1C). Nevertheless, the effect of major body site
remained significant (ANCOVA; Type I ss; F = 273.3, df = 4,
p < 2 × 10−16) when we included GC content as a covariate
(ANCOVA; F = 1719.4, df = 1, p < 2 × 10−16). This suggests
that selection forces driving variation in GC content across body
sites cannot fully explain differences in protein carbon fractions.
Similar to findings from large-scale ecological systems, we found
that it was not only the median, but also the variance in C content
that changed from one body site to another (see Appendix II,
Table A.2.3, and Figure A.2.1). Skin and nasal sites, for example,
had significantly larger variances in C content as compared to
the other three body sites, with oral and vaginal sites having
intermediate variances and stool having the smallest variance
(though not significantly different from the variance of vaginal
sites).

Oxygen Content
In Figure 2, we show boxplots of the average oxygen fraction
of microbial proteins from major (Figure 1A) and minor
(Figure 1B) body sites. As was the case with carbon, nasal
and skin samples were not significantly different from one
another. All other body site comparisons, however, indicated
broad scale variation in oxygen use (see Appendix II, Table
A.2.4). Nasal and skin microbiomes had the highest oxygen
content, followed by oral, stool and, finally, vaginal microbiomes

(Onasal ∼ Oskin > Ooral > Ostool > Ovaginal). Similar to
carbon content, oxygen content at minor sites was largely
predictable based on major site differences (see Appendix II,
Table A.2.5). Once again, however, there were fine-scale trends
apparent among oral sites. For example, the oxygen content the
buccal mucosa differed from both supragingival plaque and the
tongue, while the oxygen content of the tongue differed from
supragingival plaque.

Overall, we found a positive relationship between the oxygen
content of protein sequences, and the GC content of the
corresponding coding regions (Figure 2C). As with carbon,
however, the effect of major body site remained significant
(ANCOVA; Type I ss; F = 43.2, df = 4, p < 2× 10−16) when we
included GC content as a covariate (ANCOVA; F= 738.4, df = 1,
p < 2 × 10−16). Also similar to carbon, oxygen content showed
differences in variance among body sites (see Appendix II, Table
A.2.6, and Figure A.2.2), being largest at nasal sites and smallest
in stool.

Nitrogen Content
Average nitrogen fraction of microbial proteins from major
(Figure 1A) and minor (Figure 1B) body sites is shown in
Figure 3. Comparing Figures 2, 3 indicates that, at least for
major body sites, trends observed for nitrogen were quite
similar to those observed for oxygen. That is, differences
between skin and nasal sites were non-significant, with both
the nares and skin showing elevated nitrogen as compared
to the other three body locations. All other body site
comparisons indicated significant differences (see Appendix II,
Table A.2.7), with vaginal sites being particularly nitrogen poor
(Nnasal ∼Nskin > Nstool > Noral > Nvaginal). For minor body sites
(see Appendix II, Table A.2.8), differences in the nitrogen content
of proteins once again appeared between the buccal mucosa,
supragingival plaque and the tongue. Unexpectedly, though,
whereas major body sites that were relatively high in oxygen were
also high in nitrogen, the same was not true for minor body sites.
Within the oral microbiome, for example, supragingival plaques
exhibited relatively low oxygen content. By contrast, this was one
of the most nitrogen-rich sites in the mouth. At the same time,
the buccal mucosa, which was relatively oxygen-rich, was the
most nitrogen poor. Thus, whereas oxygen and nitrogen content

FIGURE 2 | Boxplots showing the average oxygen content of microbial proteins as a function of human body site for (A) the 5 major sites and (B) the 15 minor sites
in our study. The number of samples from each site is indicated in square brackets on axis labels. Faded boxes are used for sites with fewer than 10 samples.
Differences in oxygen content were tested with Dunn’s test. Statistics are summarized in Appendix II, Tables A.2.4, A.2.5; (C) Scatterplot of oxygen content versus
GC content with associated regression lines from our ANCOVA analysis for major body sites: nasal (blue), oral (green), skin (yellow), stool (brown), and vaginal (red).
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FIGURE 3 | Boxplots showing the average nitrogen content of microbial proteins as a function of human body site for (A) the 5 major sites and (B) the 15 minor sites
in our study. The number of samples from each site is indicated in square brackets on axis labels. Faded boxes are used for sites with fewer than 10 samples.
Differences in nitrogen content were tested with Dunn’s test. Statistics are summarized in Appendix II, Tables A.2.7, A.2.8; (C) Scatterplot of nitrogen content versus
GC content with associated regression lines from our ANCOVA analysis for major body sites: nasal (blue), oral (green), skin (yellow), stool (brown), and vaginal (red).

appear to exhibit broad scale similarities across major body sites,
these similarities seem to break down at finer scales of resolution.

Like carbon, the nitrogen content of proteins is known to
depend on the GC content of coding regions (Bragg and Hyder,
2004). Specifically, nitrogen content increases with increasing
GC content – a trend that we also observed (Figure 3C).
However, once again, we found that there was still an effect
of major body site (ANCOVA; Type I ss; F = 218.64, df = 4,
p < 2 × 10−16) when we included GC content as a covariate
(ANCOVA, F = 1901.1, df = 1, p < 2 × 10−16). Differences
in the variability of nitrogen content among body sites were
also apparent (see Appendix II, Table A.2.9, and Figure A.2.3).
As before, nasal and skin sites were not significantly different,
and exhibited the largest variances of any of the five body
sites. Likewise, the variance of the nitrogen content of stool was
significantly smaller than any of the other body sites.

Sulfur Content
Figure 4 shows boxplots of the average sulfur fraction
of microbial proteins from major (Figure 1A) and minor
(Figure 1B) body sites. With respect to sulfur, stool had the
highest fraction, followed by skin and nasal regions, and then by
oral and vaginal sites (Sstool > Sskin ∼ Snasal > Soral ∼ Svaginal).
For minor sites, we again saw the buccal mucosa differing from
supragingival plaque and the tongue, while supragingival plaque
differed from the tongue. Interestingly, sulfur was lowest in the
buccal mucosa, but was particularly high in the tongue. Again,
ANCOVA indicated an effect of major body site (ANCOVA; Type
I ss; F = 511.7, df = 4, p < 2 × 10−16), even after accounting
for the influence of GC content (ANCOVA, F = 221.6, df = 1,
p < 2 × 10−16). In terms of variance, nasal and skin sites
exhibited the highest variation, while vaginal and stool sites
exhibited the lowest (see Appendix II, Table A.2.12, and Figure
A.2.4).

C:N Ratio
In keeping with the historical importance of the C:N ratio
in ecological stoichiometry, we considered the C:N ratio of
microbial proteins across the human body. This is shown in
Figure 5 for both major (Figure 1A) and minor (Figure 1B) body

sites. Like the carbon fraction, C:N ratios were lowest at skin
and nasal sites, which were not significantly different from one
another. Interestingly, we found that stool and oral microbiomes
exhibited intermediate C:N ratios (which were not significantly
different), while the vaginal microbiome exhibited the highest
(CNvaginal > CNoral ∼ CNstool > CNnasal ∼ CNskin). This is
in contrast to carbon content, where stool was highest. Notice,
however, that the vagina was extremely nitrogen poor, explaining
its inflated C:N ratio. In other words, the high C:N ratio in the
vagina is driven by both high carbon content and low nitrogen
content of vaginal proteins. Again, major body site remained an
important determinant of sample C:N ratio (ANCOVA; Type I
ss; F = 405.82, df = 4, p < 2 × 10−16), even after accounting
for dependence on GC content (ANCOVA; F = 3878.3, df = 1,
p < 2 × 10−16). Similar to both C content and N content,
C:N ratios exhibited the greatest variance at skin and nasal sites,
intermediate variance at oral and vaginal sites, and the smallest
variance in stool (see Appendix II, Table A.2.15, and Figure
A.2.5).

Amino Acid Compositions
Six AAs have nitrogen in their side chain. Figure 6 shows
boxplots for site-specific usage of these AAs. From Figure 6,
it is clear that the overabundance of nitrogen in proteins from
the skin and nares is primarily a result of higher usage of
arginine and histidine at these locations. While both arginine
and histidine are positively charged and basic, it does not
appear that this feature is driving differences among body sites.
Indeed, lysine, which is also positively charged and basic is
actually utilized significantly less on skin and in the nares.
Moreover, because the pKa of lysine falls between that of
histidine and arginine, it suggests that acidity of the protein
residues is also not the primary factor under selection. Notably,
however, lysine provides the chemical properties of a positively
charged, basic AA with only two nitrogen atoms, as opposed
to the three found in histidine and the four found in arginine.
Thus, organisms trying to conserve nitrogen may favor lysine
in place of histidine or arginine, whereas organisms living in
environments where nitrogen is not limiting are likely to use
histidine and arginine freely. This supports our hypothesis that

Frontiers in Microbiology | www.frontiersin.org July 2017 | Volume 8 | Article 111980

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01119 July 14, 2017 Time: 15:38 # 7

Vecchio-Pagan et al. Stoichioproteomics of the HMP

FIGURE 4 | Boxplots showing the average sulfur content of microbial proteins as a function of human body site for (A) the 5 major sites and (B) the 15 minor sites in
our study. The number of samples from each site is indicated in square brackets on axis labels. Faded boxes are used for sites with fewer than 10 samples.
Differences in sulfur content were tested with Dunn’s test. Statistics are summarized in Appendix II, Tables A.2.10, A.2.11; (C) Scatterplot of sulfur content versus
GC content with associated regression lines from our ANCOVA analysis for major body sites: nasal (blue), oral (green), skin (yellow), stool (brown), and vaginal (red).

FIGURE 5 | Boxplots showing the average C:N ratio of microbial proteins as a function of human body site for (A) the 5 major sites and (B) the 15 minor sites in our
study. The number of samples from each site is indicated in square brackets on axis labels. Faded boxes are used for sites with fewer than 10 samples. Differences
in C:N ratio were tested with Dunn’s test. Statistics are summarized in Appendix II, Tables A.2.13, A.2.14; (C) Scatterplot of C:N ratio versus GC content with
associated regression lines from our ANCOVA analysis for major body sites: nasal (blue), oral (green), skin (yellow), stool (brown), and vaginal (red).

nutrient limitation, rather than specific structural or chemical
requirements, may be driving body site differences in protein
elemental composition.

By contrast to the variable usage of different nitrogen-rich AAs
across body sites, both of the sulfur-rich AAs are incorporated
in qualitatively similar patterns, except that methionine exhibits
a relatively higher usage than cysteine in the vagina (Figure 7).
Although both cysteine and methionine play roles in protein
stability, cysteine is polar and forms disulfide bridges, whereas
methionine is non-polar and generally non-reactive. Thus, if
functionality alone were driving selective incorporation of sulfur-
rich AAs in the gut, one might expect differences in the usages
of cysteine and methionine in the gut relative to other body
sites. Because we do not see this (except in vaginal samples), it
suggests that elemental availability, rather than chemical function
or specific structural requirements, may be responsible for body
site differences. On the other hand, the differing usage patterns of
cysteine relative to methionine in the vagina hint that function,
rather than nutrient availability, may be driving usage patterns at
this site.

In Figure 8, we show boxplots for site-specific usage of the
seven oxygen-rich AAs. From these, it appears that the low
oxygen content of vaginal proteins is largely a result of reduced
use of glutamate, whereas the increased oxygen content of the
skin and nares seems to stem from increased use of aspartate
and serine, with threonine also being enriched in the nares.

Notably, glutamate provides an acidic side-chain for a higher C:O
ratio than aspartate, thus the patterns that we observe could be
explained by glutamate and aspartate substituting for one another
in oxygen-poor and oxygen-rich environments, respectively. By
contrast, if functionality was driving selection, one would expect
both aspartate and glutamate to be over-represented at the same
sites. This argument, however, is weakened by the observed
patterns in asparagine and glutamine. In particular, both
asparagine and glutamine provide a carboxamide functionality,
with glutamine exhibiting the higher C:O ratio. Thus, if oxygen
availability was truly driving selective incorporation of specific
oxygen-rich AAs, we would expect to see similar patterns in
glutamate and glutamine and in aspartate and asparagine. In
fact the opposite is true. Consequently, while functionality alone
does not appear to govern body site differences in oxygen-rich
AA incorporation, it is not clear that this is driven by oxygen
availability either.

DISCUSSION

With the recent expansion of human microbiome research,
scientists are rapidly acquiring more and more information
about the identities of the species living on the human body.
This information has important relevance for human health and
disease (Cho and Blaser, 2012). However, the biological factors
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FIGURE 6 | Boxplots showing the fractions of specific N-rich amino acids as a function of body site. Amino acids are grouped according to their chemical properties.

and mechanisms governing microbial community composition,
both at different human body sites and across different people,
remain largely unknown. Lacking such insight, it is difficult to
understand why specific organisms inhabit specific body niches,
how this breaks down in the context of dysbiosis, and how
dysbiosis might be anticipated, or even prevented, to support
human health and well-being.

One framework for interpreting ecosystem function in
macroscopic communities is ecological stoichiometry (Sterner
and Elser, 2002). Reductionist in nature, ecological stoichiometry
seeks to explain community structure, including species
interactions, species life histories and even selection for one
species over another, within the context of chemical requirements
and constraints. By applying ecological stoichiometry to the
human microbiome, the goal is to begin to address the
chemical underpinnings of microbiome function. This is
important, because it takes the focus off of taxonomic/biological
mechanisms and moves it to chemical mechanisms. Whereas

biological mechanisms are complex, and often compounded
by sophisticated or incompletely characterized biological
behaviors, chemical mechanisms are more straightforward,
primarily limited by stoichiometric and energetic constraints.
Further, whereas biology is frequently typified by redundancy,
chemistry, at least at an elemental level, is not. Because elements
cannot substitute for one another without directly altering
mechanism/function, it is often easier to detect underlying
patterns from chemical versus biological data. Finally, a chemical
approach provides a more straightforward path to therapeutic
strategies. In particular, determining how to remove certain
problematic organisms, or cultivate beneficial ones requires
an understanding of community assembly and the various
species interactions involved in community organization.
Indeed, simply ‘adding’ a beneficial organism is likely to fail,
because that organism will usually be out-competed by the rest
of the community. By contrast, determining how to alter the
underlying chemical constraints of a system may be as simple
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FIGURE 7 | Boxplots showing the fractions of the two S-rich amino acids as a
function of body site.

as eating specific foods with the desired chemical ratios (gut
microbiome) or applying certain nutrient-rich creams to the skin
or vagina.

Interestingly, we find that different body sites harbor microbes
with distinctly different protein compositions. Skin and nasal
sites, for example, are characterized by proteins with high
nitrogen and oxygen content. By contrast, carbon and sulfur
contents are highest in proteins from stool. Surprisingly, vaginal
sites are relatively nutrient-poor, having low nitrogen, oxygen,
and sulfur content, and relatively high carbon content (though
less than stool). Oral sites tend to be intermediate in carbon,
nitrogen, oxygen, and sulfur. The differences that we observe
in protein elemental content across body sites provide evidence
that the microbiomes at these sites may be differentially limited
by nutrient supply rates. However, additional factors beyond
nutrient supply are known to impact protein composition. Most
obvious is the relationship between protein elemental content
and the GC content of CDSs. Because of this relationship,
body site differences in protein composition may be generated
indirectly as a result of differing selective forces acting on the
nucleotide sequence, rather than the protein sequence. The
selective forces acting on the nucleotide sequence might have
little to do with nutrient supply rates. For example, high GC
content appears to be favored in organisms exposed to UV
radiation (Mcewan et al., 1998) – something that is likely
at skin sites. Consequently, stoichioproteomic trends at skin
sites may be driven by UV exposure, rather than nutrient
supply rates. In particular, UV radiation may favor higher GC
content on the skin, which then automatically translates into
the lower carbon content, and higher oxygen and nitrogen
contents that we observe at this site. Although this is a
compelling mechanistic argument, our analysis shows that GC
content alone is insufficient to explain protein elemental variation
across body sites. Indeed, while all elements show the expected
trends as a function of GC content of their CDSs, there is
additional body site variation not explained by GC content.
This suggests that selective forces acting on factors other than
the nucleotide sequence are at least partially responsible for

the protein elemental trends that we observe across different
body sites. Further, while we cannot fully rule out structural or
chemical requirements as the source of this selection, differing
patterns of use of AAs with similar chemical properties across
different body sites provides preliminary evidence against the
chemical/structural argument and for the argument of differential
nutrient supplies.

In addition to the absolute elemental content of proteins at
different body sites, another interesting property is variation in
protein composition. By and large, the most variation is observed
at skin and nasal sites. The least variation is observed in stool. To
some extent, this is not surprising, and likely derives in part from
relative differences in CDS numbers across sites (see Appendix
III, Figure A.3.1). In particular, stool has the largest number
of CDSs per sample (median 183712), whereas the nares has
the least (median 2188). As a consequence, estimates of sample
elemental content at stool sites will generally include a larger
number of data points as compared to nasal sites, tightening
the precision of stool estimates relative to nasal estimates.
Nevertheless, trends in variation are not fully explained by CDS
numbers. Skin sites, for example, have approximately 10× as
many CDSs as nasal sites, but exhibit similar levels of protein
elemental variation. Meanwhile, vaginal sites have CDS counts
similar to nasal sites (median 2907), but exhibit much lower
variation in elemental content. Indeed, the elemental variation at
vaginal sites is often on par with the variation at oral sites, which
have much larger numbers of CDS per sample (median 129778).
Larger variation in elemental content at a site might indicate
larger habitat heterogeneity. For example, the larger variation
in nasal versus vaginal sites might indicate a greater degree of
variation in nutrient supply rates (or other selective factors) in the
nose relative to the vagina. Because much of this variation comes
from measures across individuals, this habitat heterogeneity is
likely a result of greater inter-individual variation at these sites.

While many studies in ecological stoichiometry seek to define
differences in the elemental compositions of organisms across
habitats (Hecky et al., 1993; Elser and Hassett, 1994; Cardinale
et al., 1997; Elser et al., 2000a; Sterner and Elser, 2002), a broader
goal is to use this information to try to understand ecosystem
function. With this in mind, we briefly discuss the various
different habitats that we considered in our study, attempting
to interpret our findings within the context of the specific
environmental conditions present at these sites.

Skin and Nasal Sites
Skin and nasal sites are remarkably similar in all stoichiometric
aspects studied here. Indeed, the only significant differences
between these two sites were that skin tended to have
proteins with a more tightly constrained oxygen content and
a more tightly constrained sulfur content (possibly due to less
interpersonal variation in oxygen and sulfur supply rates, see
above). Perhaps it should not be surprising that the skin and nares
are alike. After all, both locations are lined with a similar type of
human cell – i.e., stratified squamous keratinizing epithelium –
suggesting that the ‘detritus’ supplied to both locations may be
similar, at least from the host. Nevertheless, nasal and skin sites
(including the retroauricular crease) are known to differ in their

Frontiers in Microbiology | www.frontiersin.org July 2017 | Volume 8 | Article 111983

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01119 July 14, 2017 Time: 15:38 # 10

Vecchio-Pagan et al. Stoichioproteomics of the HMP

FIGURE 8 | Boxplots showing the fractions of the O-rich amino acids as a function of body site. Amino acids are grouped according to their chemical properties.

microbiome communities (Grice et al., 2009). Most notably, the
nares is a common reservoir for Staphylococcus aureus which,
though also present on exposed skin, is less abundant (Kluytmans
et al., 1997). Thus, despite their similarities in host interface,
skin and nasal sites still exhibit microbiome differences. For
this reason, it is somewhat unexpected that their underlying
elemental chemistries are so similar. While we cannot rule out
the effects of chemical constraints other than those studied here
(e.g., the presence of more complex chemicals like sebum), our
preliminary findings suggest that factors other than nutrient
availability may be dictating taxonomic differences in nasal versus
skin colonization.

One observation that is hard to avoid is that both skin and
nasal samples – the two air-exposed sites – are rich in nitrogen
and oxygen. It is likely that oxygen limitation at these locations
is minimized as a result of their interface with the atmosphere.
Indeed, this is in keeping with our hypothesis that body sites

associated with large aerobic niches should harbor microbial
biomass that is richer in oxygen. While it is also conceivable
that nitrogen limitation is minimized as a result of contact with
nitrogen in the atmosphere, the high energetic costs of nitrogen
fixation make this less probable. Thus, while species like Klebsiella
pneumoniae – commonly found in the anterior nares (Wilson and
Hamilos, 2014) – are known to have nitrogen fixing capabilities
(Dixon et al., 1980), it is more likely that the high nitrogen
content in skin microbiomes is supplied as nitrates, ammonia,
and urea through human sweat (Gilchrist and Benjamin, 2011;
Scharschmidt and Fischbach, 2013) or as other nitrogen-rich
proteins common on epithelial surfaces.

Stool
The gut microbiome – rich in carbon and sulfur – should
primarily receive nutrients through feeding behavior of the
human host (Turnbaugh et al., 2009). However, food taken in
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by the host is not universally transferred to gut bacteria. Instead,
the host must absorb a good deal of the nutrients, setting up
competition for potentially limiting elements (Bäckhed et al.,
2005). With this in mind, it is perhaps not surprising that
carbon and sulfur are in excess in stool. As omnivores, humans
will generally exhibit stoichiometric mismatch, such that they
consume food with a much higher C:N ratio than their own
tissue (Denno and Fagan, 2003). Consequently, in the process of
fulfilling human dietary requirements, carbon will be recycled to
the environment. Within the human gut, this means that there
will be an excess of carbon, whereas nitrogen may be limiting.
Bacteria that can accommodate a high C:N ratio may be better
able to live in symbiosis with their host, and thus may have
been selected over years of human-microbe co-evolution. For
similar reasons, it is likely that sulfur will also be in excess, and
thus available to gut microbes. In particular, adult dietary protein
requirements generally exceed adult sulfur requirements, which
are almost universally met in Western diets (Shils and Shike,
2006; Masella and Mazza, 2009). Again, this means excess sulfur
is left to be recycled back to the environment, including to the
symbiotic microbiota living in the human stomach and intestines.
Indeed, microbial sulfur metabolism appears to be common
and of great importance within the human intestine, potentially
regulating health and disease (Carbonero et al., 2012). That said,
the high sulfur content of stool could also reflect the fact that
anaerobic organisms – which are known to have higher protein
sulfur contents than aerobic organism (Bragg et al., 2006) – form
the majority of the gut microbiome. If this is true, however, it
is not clear why the vagina, another site with a large fraction
of anaerobes (Ravel et al., 2011), is one of the more sulfur-poor
microbiomes (see Figure 4A).

While the high carbon and sulfur content of gut proteins
may be easily rationalized, one finding that is less obvious is
the observed tight regulation over ecological stoichiometry in
the gut in general. This is somewhat surprising because the
supply rate of nutrients to gut microbes should depend on
human diet – something that is expected to be highly variable
across individuals. An interesting and open question is why the
protein elemental stoichiometry of the gut is so tightly regulated,
while the elemental stoichiometry of other sites – most notably
skin and the nares – is not. This may be because absolute
bacterial biomass recovered from the skin and nares is low, as
are CDS counts, making stochastic effects on protein elemental
ratios more prominent. However, it may also be driven by as
yet undetermined constraints on gut elemental protein content.
Ultimately, finding an answer to this question may help to
elucidate both the structuring principles guiding assembly of gut
microbiomes, and the symbiotic host–microbe interactions that
these microbiomes undertake.

Vaginal
The protein content of the vaginal microbiome is remarkably
nutrient-poor. This is somewhat unexpected, given the
presence of rich vaginal secretions containing proteins and
immunoglobulins at concentrations of 15–26 µg/mL, as well
as nitrogen-rich urea at concentrations of 49 mg/100 mL
(Geshnizgani and Onderdonk, 1992). Whether the low nutrient

content of vaginal proteins reflects additional constraints
of the vaginal environment [e.g., its low pH (Ravel et al.,
2011)], whether this is evidence of competing interests with
host processes (e.g., the need for certain sulfur compounds
during reproduction), or whether this is simply a result of the
carbohydrate component of vaginal secretions being high relative
to other components is unclear. Nevertheless, understanding
nutrient constraints and exchange in this particular microbial
niche could prove fruitful. Indeed, dysbiosis is relatively
common in the vagina (Huth, 1989), and may be a result of
nutrient imbalances that allow certain bacterial taxa to bloom.

Oral
Microbial proteins from the oral microbiome are intermediate
in nutrient content between those of stool and those of the
vagina. In particular, the oral microbiome has a similar nitrogen
and oxygen content to stool, but a similar sulfur content to the
vagina. Notably, the oral region is the only microbiome in the
HMP where more than one sub-site was surveyed extensively
(see Table 1). Interestingly, we do see fine-scale variation across
different oral microbiomes for almost all elements considered.
In particular, the buccal mucosa often differs from supragingival
plaque which, itself, differs from the tongue. Most notably,
supragingival plaque has a relatively higher nitrogen content.
While salivary nitrate concentrations are quite high (Granli
et al., 1989; Pannala et al., 2003), and could serve as nitrogen
sources, it is unclear why nitrate should be particularly available
in plaque. A more likely hypothesis is that the high nitrogen
content in plaque comes from nitric oxide formed by gingival
cells (Schreiber et al., 2010). Interestingly, denitrification in these
locations has been documented (Schreiber et al., 2010).

CONCLUSION AND FUTURE
DIRECTIONS

In this paper, we have taken a step toward untangling the
complex ecological stoichiometry of the human microbiome. In
particular, we have studied microbial stoichiometry as reflected in
the protein composition of the various microbial proteins from
different body sites. Although this is a promising start, showing
significant variation between both major and minor body sites,
a more complete picture will only emerge with further study.
Indeed, just as microbial stoichiometry in oceans and soils has
focused on whole cell analysis, extending the work presented
in the current study to molecules beyond proteins could yield
exciting results. At the very least, examining phosphorus content
of the various human microbiomes could prove insightful.

Intermediate between the stoichioproteomic approach that
we have taken here, and the type of whole-cell ecological
stoichiometric analysis that has been applied to microbiomes
from oceans, lakes, and rivers, an alternate option would be to
consider transcriptomics. Though an RNA analysis would still be
restricted to proteins, it would better reflect protein expression
rates in specific environments. Indeed, just because an organism
has DNA coding for a particular nutrient-rich protein does

Frontiers in Microbiology | www.frontiersin.org July 2017 | Volume 8 | Article 111985

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01119 July 14, 2017 Time: 15:38 # 12

Vecchio-Pagan et al. Stoichioproteomics of the HMP

not mean that protein is expressed under conditions where the
nutrient is limiting (Gilbert and Fagan, 2011). By applying a
stoichioproteomic analysis to transcriptomics datasets, it would
be possible to determine more absolute metrics of nutrient
use across the human microbiome. Although the types of
transcriptomics datasets that this approach requires are currently
limited, this is likely to change in the near future.

Another complicating factor that we have not considered in
the current work is the possibility that the trends we observe are
driven by phylogenetic conservation of traits. Indeed, elemental
contents of proteins are known to be similar across related
taxa, while different microbiomes are known to be preferentially
populated with organisms from certain taxonomic groups.
Although there are undoubtedly selective forces determining
the phylogenetic relationships among and between microbial
constituents from different microbiomes, these forces may act
on factors independent of nutrient use and availability. In other
words, nutrient composition may be indirectly selected for as
a result of selection acting on some other phylogenetically
conserved trait that is differentially important for survival at
various body site locations. It would be interesting to try
to determine the extent to which nutrient constraints are
driving phylogenetic differences among body sites and vice
versa.

A final avenue of research would be to better define
stoichiometric mismatches between nutrient supply rates and
bacterial biomass across the different body sites. Although we
have suggested largely speculative explanations for observed
differences in C, N, O, and S content of proteins, a true
understanding of which elements are limiting at which
locations, and how this depends on both host biology and
the biology of the microbes in the community, is necessary
for a mechanistic understanding of nutrient exchange and
nutrient cycling in these systems. Although not an easy
task, development of such studies could provide valuable
information about host–microbe interactions and host influence
on microbiome composition. This, in turn, could be useful
for devising therapeutic strategies aimed at maintaining

healthy microbiomes in order to preserve the beneficial
services that they provide. It could also be used to develop
understanding of microbiome dysbiosis, which is known to
play a role in a number of diseases, including psoriasis and
vaginal bacteriosis. Indeed, ecological stoichiometry may be
a particularly advantageous framework for understanding
the human microbiome because it brings sequencing studies
together with a multiple currency approach to understanding
ecosystem function. Ultimately, this allows for a rigorous
chemical interpretation of microbial processes. In a time when
microbiome data is exploding, but methods for making sense
of the data lag behind, ecological stoichiometry may be just the
tool that we need for taking the next step in human microbiome
science.
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Stoichio-Metagenomics of Ocean
Waters: A Molecular Evolution
Approach to Trace the Dynamics of
Nitrogen Conservation in Natural
Communities
Hannes Dittberner†, Niklas Ohlmann† and Claudia Acquisti*†

Institute for Evolution and Biodiversity, University of Münster, Münster, Germany

Nitrogen is crucially limiting in ocean surface waters, and its availability varies
substantially with coastal regions typically richer in nutrients than open oceans. In
a biological stoichiometry framework, a parsimonious strategy of nitrogen allocation
predicts nitrogen content of proteins to be lower in communities adapted to open
ocean than to coastal regions. To test this hypothesis we have directly interrogated
marine microbial communities, using a series of metagenomics datasets with a broad
geographical distribution from the Global Ocean Sampling Expedition. Analyzing over
20 million proteins, we document a ubiquitous signal of nitrogen conservation in open
ocean communities, both in membrane and non-membrane proteins. Efficient nitrogen
allocation is expected to specifically target proteins that are expressed at high rate in
response to nitrogen starvation. Furthermore, in order to preserve protein functional
efficiency, economic nitrogen allocation is predicted to target primarily the least
functionally constrained regions of proteins. Contrasting the NtcA-induced pathway,
typically up-regulated in response to nitrogen starvation, with the arginine anabolic
pathway, which is instead up-regulated in response to nitrogen abundance, we show
how both these predictions are fulfilled. Using evolutionary rates as an informative
proxy of functional constraints, we show that variation in nitrogen allocation between
open ocean and coastal communities is primarily localized in the least functionally
constrained regions of the genes triggered by NtcA. As expected, such a pattern is
not detectable in the genes involved in the arginine anabolic pathway. These results
directly link environmental nitrogen availability to different adaptive strategies of genome
evolution, and emphasize the relevance of the material costs of evolutionary change in
natural ecosystems.

Keywords: stoichiogenomics, nitrogen limitation, marine microbial communities, molecular evolution, material
costs

INTRODUCTION

Recent investigations in “stoichiogenomics,” projecting biological stoichiometry into molecular
evolution, have indicated that the atomic composition of proteins and genes has adaptive
significance (reviewed in Elser et al., 2011). These studies have explored the material cost
of evolutionary change, showing how environmental nutrient limitations have affected the

Frontiers in Microbiology | www.frontiersin.org July 2018 | Volume 9 | Article 159089

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2018.01590
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2018.01590
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2018.01590&domain=pdf&date_stamp=2018-07-18
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01590/full
http://loop.frontiersin.org/people/430279/overview
http://loop.frontiersin.org/people/421602/overview
http://loop.frontiersin.org/people/410679/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01590 July 16, 2018 Time: 16:25 # 2

Dittberner et al. Nitrogen Limitation in Open Oceans

composition of the genetic material (Baudouin-Cornu et al.,
2004; Bragg and Hyder, 2004; Bragg et al., 2006; Elser et al.,
2006; Bragg and Wagner, 2007, 2009; Acquisti et al., 2009a,b;
Gilbert and Fagan, 2011; Read et al., 2017). In particular,
nitrogen limitation has been the focus of many of these analyses
because nitrogen is an essential component of amino acids and
nucleotides, and it is often limiting in natural environments.
The impact of selection for nitrogen conservation in shaping
evolutionary change remains, however, elusive. One of the
problems is that previous analyses have primarily relied on
model organisms, leaving the relevance of adaptation to nutrient
availability in natural environments only partially addressed. The
aim of this paper is to bridge this gap, and to directly quantify the
role of selection for nitrogen conservation in a natural ecosystem,
combining the power of metagenomics and biogeochemistry in
an evolutionary framework.

Covering almost three quarters of the Earth’s surface and
more than half of the planetary total net primary productivity,
oceans play a profound role in tuning the global dynamics of
nutrient pools in the biosphere. In the complex regulation of the
oceanic bio-geochemical cycles, the severe depletion of inorganic
nitrogen in surface waters is one of the factors critically limiting
growth and reproduction in seawaters (Capone and Hutchins,
2013). Nutrient regimes are however highly variable in oceans.
For example, the severity of nitrogen limitation in surface waters
follows a clear spatial pattern, as it decreases dramatically in
coastal regions due to upwelling, and to terrestrial and riverine
nutrient inputs (Capone and Hutchins, 2013). In the last decades
this effect has been on the rise, as nutrient enrichment of coastal
zones has substantially increased due to anthropogenic activity.
Due to the intrinsic variation of nitrogen availability between
coastal and open ocean surface waters, the different marine
biota adapted to these two habitats provide an ideal set of
related ecosystems to study the effect of environmental nitrogen
limitation on the evolution of proteins.

The Global Ocean Sampling Expedition (Rusch et al., 2007;
Yooseph et al., 2007), a comprehensive catalog of marine surface
water metagenomics sampling across the globe, offers a useful
dataset to address the role of nitrogen limitation in shaping
evolutionary change in marine microbial communities. Under
persistent conditions of severe nitrogen limitation, growth and
reproduction of individuals with lower allocation of nitrogen
in their proteins should be favored by natural selection. Thus,
species adapted to oligotrophic open ocean waters are expected
to exhibit a progressive evolutionary shift in the frequencies
of amino acids toward an enrichment of amino acids with
a lower relative concentration of nitrogen. Indeed a previous
analysis (Grzymski and Dussaq, 2012) has shown that the average
nitrogen content of proteins is significantly lower in open ocean
than in coastal microbial communities.

Merging the perspective of molecular evolution and biological
stoichiometry, we say that selection for the fittest is expected
to shape nitrogen allocation while preserving protein structure
and function. However, protein structural constraints alone
strongly affect amino acid composition, and consequently protein
nitrogen content. This is independent from adaptation to
environmental nitrogen scarcity. As such, it is compelling to tell

apart the contribution of these two forces in shaping protein
nitrogen content. To shed light on these critical points, here
we take an evolutionary approach to analyze the dynamics of
nitrogen allocation in different functional and structural classes
of proteins in natural communities.

Membrane proteins, in order to be inserted into the lipidic
cellular membranes, are bound to be rich in hydrophobic amino
acids. Due to the specific stoichiometry of hydrophobic amino
acids (Berg et al., 2002), this structural constraint alone leads to
a low nitrogen content. Given that membrane proteins typically
cover 12% of marine metagenomes (Patel et al., 2010), their
weight in shaping nitrogen allocation in natural communities is
particularly relevant. In order to address this important aspect,
we have identified (Käll et al., 2004) all membrane proteins
in the dataset, and studied nitrogen allocation separately in
membrane and non-membrane proteins. We have found that
protein nitrogen content is lower in communities adapted to
oligotrophic open oceans in both membrane and non-membrane
proteins. Membrane proteins are further shaped by structural
constraints that result in a sharp distribution of charged residues
between the two sides of cellular membranes (von Heijne, 1992).
This in turn defines striking differences in the nitrogen content
of the intracellular, transmembrane, and periplasmic domains.
We have followed nitrogen allocation along membrane protein
topology and we show a widespread signature of nitrogen
limitation across their three different structural domains.

A parsimonious strategy of nitrogen allocation driving genetic
variation in natural communities is expected to specifically target
proteins that are expressed at high rate in response to nitrogen
starvation. The metagenomics approach used, while relying on
a thorough and widespread geographical sampling and a large
amount of data, lacks the power to directly measure relative
expression levels. However, insights on the stoichiometry of the
proteins specifically up-regulated during nitrogen deficiency, can
be gained from the well established knowledge on the metabolic
response triggered by nitrogen starvation in photosynthetic
bacteria. The key player is the gene NtcA, also known as the
global nitrogen regulator, a transcriptional activator that triggers
a signaling cascade of genes subject to nitrogen control (García-
Domínguez et al., 2000; Schwarz and Forchhammer, 2005).
Glutamine synthase (glnA) is then up-regulated (Tanigawa et al.,
2002) to control the intracellular nitrogen flow, along with an
augmented expression of the transporters involved in nitrogen
uptake from the environment, such as the urtABCDE operon
(Beckers et al., 2004) and the amt gene family (Paz-Yepes
et al., 2008). In the opposite scenario, when nitrogen is instead
particularly abundant, a completely different metabolic network
is activated to exploit the abundance of this important nutrient.
Photosynthetic organisms store nitrogen as arginine (the most
nitrogen-rich amino acid) by relieving the feedback mechanisms
of arginine biosynthesis (Llácer et al., 2008), resulting in a
downstream up-regulation of the Arg gene family involved
in the different steps of arginine biosynthesis (Cunin et al.,
1986). We contrasted therefore the NtcA-induced cascade to the
arginine biosynthetic pathway. We have used a highly reliable
functional gene prediction approach based on hidden Markov
models (HMMs) (Eddy, 2011) to identify these proteins in the
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dataset, and compared nitrogen allocation in these two metabolic
networks along with the environmental nitrogen gradient from
coastal regions to open oceans.

In the context of an adaptive process that preserves
functional efficiency while parsimoniously allocating nitrogen,
it is particularly relevant to address the role of functional and
structural constraints in shaping nitrogen allocation in those two
metabolic networks. To achieve this, we have used evolutionary
rates as an informative proxy for functional constraints (Graur,
1985), following the rationale that sites highly constrained by
structural and functional requirements will be under strong
purifying selection, and tend to evolve slower than sites with
a less stringent role in protein function (Kimura, 1983). After
estimating the evolutionary rate of each residue in each protein
using (Ashkenazy et al., 2010), we report here a clear signature of
nitrogen limitation along the NtcA-induced cascade up-regulated
in response to nitrogen starvation. Furthermore, we show that
this signal is indeed localized in sites with lower functional
constrains. As expected in the context of an adaptive and specific
response to nitrogen limitation, such a pattern is not detectable
in the arginine anabolic apparatus. The results presented indicate
a fundamental role of selection for parsimonious nitrogen
allocation in constraining protein composition in open ocean
microbial communities, and strongly advocate for material costs
as a key factor shaping natural selection in natural ecosystems.

MATERIALS AND METHODS

Global Ocean Sampling Metagenome
More than 40 million assembled peptides of the Global Ocean
Sampling metagenome (Rusch et al., 2007; Yooseph et al., 2007)
were downloaded from the CAMERA portal (Sun et al., 2011)
(April 30, 2012). Along with providing latitude and longitude,
the authors have classified the sampling location as open ocean,
coastal, and estuary. We have relied on these classification and
worked with sequences from surface water samples with locations
“open ocean,” “coastal,” and “estuary” (Supplementary Table S1).
Estuary regions are a specific type of coastal regions where
a river or a stream meets the ocean. Therefore, due to the
very low number of estuary samples, they were merged with
coastal samples. Only proteins longer than 100 amino acids were
analyzed.

Transmembrane Protein Topology
Prediction
Membrane proteins were identified using Phobius 1.01
(Käll et al., 2004). This approach is highly sensitive, and
it is based on a HMM that models the different sequence
regions of a signal peptide and the different regions of a
transmembrane protein in a series of interconnected states
(Käll et al., 2004). Sequences with at least one transmembrane
domain were classified as transmembrane proteins, and
further dissected into “Cytoplasmic,” “Transmembrane,” and
“Periplasmic/Extracellular” domains based on the topology
prediction (signal peptides were not included in the analysis).
Analyses of the three topological domains (intracellular,

transmembrane, and extracellular) were performed on proteins
longer than 100 amino acids and with at least 20 amino acids in
each type of domain.

HMM-Based Functional Annotation
The HMMER3 (Eddy, 2011), a software suite for protein
sequence similarity searches based on probabilistic methods,
was used for the functional annotation of the genes involved
in the NtcA-mediated response to nitrogen scarcity, and in
arginine biosynthesis. The HMMER3 package hmmscan (Eddy,
2011) was used with TIGRFAM models1 (Selengut et al., 2007),
a collection of protein families featuring curated multiple
sequence alignments, and HMMs designed to support the
automated functional identification of proteins by sequence
homology. For a list of genes, see Supplementary Table S2.
Sequences were filtered based on the model-specific noise-
cutoffs.

Estimation of Evolutionary Rates
Evolutionary rates were estimated for each amino acid residue
using ConSurf1.0 (Ashkenazy et al., 2010), a method based on
empirical Bayesian inference. This approach explicitly accounts
for the stochastic process underlying sequence evolution and
takes into account their phylogenetic relationships, enabling high
sensitivity in discriminating sequence conservation due to short
evolutionary time from conservation due to purifying selection
(Celniker et al., 2013). For each protein a set of homologs
was retrieved using Swiss-Prot and UniProtKB/TrEMBL as
first and second pass BLAST database, respectively. A multiple
sequence alignment was performed and a phylogenetic tree
reconstructed with a neighbor joining approach. Referring to
the software settings, position-specific evolutionary rates where
calculated based on (i) Bayesian inference, (ii) JTT substitution
model, (iii) Jukes–Cantor model for the tree search, and (iv)
no branch length optimization. As in the default settings, all
positions that in the multiple alignment had less than 10% un-
gapped amino acids were excluded from the analysis. Sites were
classified based on the normalized scores (average score for
all residues is 0, and the standard deviation is 1) with −0.75
as a cutoff for slow evolving sites and 0.75 for fast evolving
sites.

Nitrogen Content Analyses
Nitrogen content Nc was calculated for each sequence as follows:

Nc = (6ni)/L

where ni is the number of nitrogen atoms in the ith residue side
chain and L is the length of the sequence (n = 1 for asparagine,
glutamine, lysine, and tryptophan; n = 2 for histidine; n = 3 for
arginine; and n = 0 for the rest).

Plots and statistics were done with R (version 2.15), and
nitrogen content calculation and sequence parsing with rpy
(Python 2.7).

1ftp://ftp.jcvi.org/pub/data/TIGRFAMs/13.0_Release/
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RESULTS

We have analyzed the nitrogen content of membrane and non-
membrane proteins in natural communities adapted to open
ocean or coastal regions. The comparison of over 20 million
sequences shows a statistically significant (one-sided Wilcoxon
rank sum test) difference accounting for a decrease in nitrogen
content of 4–7% in open ocean communities (Figure 1). After
predicting protein topology for each membrane protein using
(Käll et al., 2004), we have studied nitrogen allocation separately
in transmembrane, intracellular, and periplasmic domains. We
document here a widespread and consistent signal in each of
these three structurally different domains (Figure 2), further
reinforcing the idea of a persistent and ubiquitous signature of
selection for nitrogen conservation.

In order to have a relevant impact on the total nitrogen
budget, an adaptive strategy of thrifty nitrogen allocation predicts
that the largest difference between open ocean and coastal
communities will be in genes up-regulated in response to
nitrogen limitation. Furthermore, natural selection is expected
to preserve functional efficiency while parsimoniously allocating
nitrogen. Using evolutionary rates as a proxy for functional
constraints, we expect faster evolving sites to be the primary
targets of selection for nitrogen conservation, while slow evolving
sites tend to be frozen by severe functional constraints (Tourasse
and Li, 2000). To test these predictions, we have narrowed
the focus on the pathways that enables cells to specifically
respond to critical nitrogen scarcity. We have contrasted
NtcA, the critical metabolic switch up-regulated in response
to nitrogen starvation, to ArgF, a key enzyme involved in
the biosynthesis of arginine and down-regulated in response
to nitrogen scarcity in primary producers. Using a highly
reliable functional prediction approach based on high quality

FIGURE 1 | Nitrogen content of transmembrane and non-transmembrane
proteins from coastal and open ocean samples: a box plot visualization. The
overall variation between open ocean and coastal samples is estimated as the
relative difference in mean nitrogen content. Statistical significance is based
on unpaired, one-sided approximative Wilcoxon–Mann–Whitney test.

FIGURE 2 | Nitrogen content and transmembrane protein topology. Mean
nitrogen content of cytoplasmic, transmembrane, and
periplasmic/extracellular domains from coastal and open ocean samples.
Solid bars represent transmembrane proteins with more than one
transmembrane domain, while striped bars represent transmembrane proteins
with only one transmembrane domain. The overall variation between open
ocean and coastal samples is estimated as the relative difference in mean
nitrogen content. Statistical significance is based on unpaired, one-sided
approximative Wilcoxon–Mann–Whitney test. Standard errors of the mean are
<0.001 for all samples (thus not visible in the present plot).

sequence models (see section “Materials and Methods”), we have
identified over 5000 homologs for nine proteins up-regulated
via NtcA in response to nitrogen scarcity (NtcA, glnA, pII,
urtB, urtC, urtD, urtE, recD, and amt1) and six proteins down-
regulated in response to nitrogen starvation (argC, argJ, argH,
argE, argG, and argF). With a phylogenetic reconstruction
approach, we have then estimated evolutionary rates for each
position in each sequence in the set (see section “Materials and
Methods”).

The analysis of the 140 NtcA homologs distributed across
open ocean and coastal regions indicates that the differences
in nitrogen allocation are specifically localized in the fast
evolving sites (Figure 3A), where they account for over 5%
variation in nitrogen content between the two environments.
Instead, the portions that are most severely constrained by
functional requirements do not show any significant variation
(Figure 3A). As expected, no significant nitrogen content
variation is detectable between the natural communities adapted
to coastal and open ocean regions in ArgF, neither in fast, nor in
slow evolving sites (Figure 3B). In the present context, it is worth
to note that, while different amino acids might tend to show
different average evolutionary rates (Graur, 1985), the analysis
performed here does not aim at comparing nitrogen composition
between fast and slow evolving regions.

To test the relevance of the results obtained beyond NtcA
and ArgF, we have expanded the same approach along the
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FIGURE 3 | Nitrogen content allocation in NtcA and ArgF. Nitrogen content in
fast and slow evolving residues (for details, see section “Materials and
Methods”) in (A) NtcA and in (B) ArgF. N indicates the number of sequences,
and n the number of sites in each dataset. Statistical significance is based on
unpaired, one-sided Wilcoxon rank sum test.

two pathways, and measured the percentage nitrogen content
variation between open ocean and coastal regions in fast and
slow evolving sites in each gene (Figure 4). Following the NtcA-
induced signaling cascade fired by nitrogen deprivation, we have
found that, with the exception of one of the domains of the
urea transporter, overall stoichiometric variation is selectively
localized in fast evolving regions (Figure 4), where it accounts for
a 5–23% statistically significant (one-sided Wilcoxon rank sum
test) decrease in nitrogen content in open ocean communities.
In conserved regions nitrogen content variation ranges instead
between 2 and 5% (Figure 4.) We show a signature of nitrogen
conservation in variable regions of the ammonium transporter
(amt1) and in two subunits (urtB and urtC) of the ABC
transporter permease proteins associated with transport of
urea (Valladares et al., 2002) (Figure 4), while the urtD and
urtE subunits do not show the same signal. Furthermore, a
similar signal is detectable in the glutamine synthetase (glnA)
(Figure 4), a key player in the condensation of inorganic
nitrogen into amino acids, directly up-regulated by NtcA
(Schwarz and Forchhammer, 2005). As expected, such patterns
of parsimonious nitrogen allocation are not detectable along the
arginine biosynthetic pathway, typically down-regulated during
nitrogen scarcity (Figure 4), and used here as a metabolic control
to the NtcA-induced pathway.

DISCUSSION

In microorganisms, membrane proteins are key players
in the interaction between cells and their environment.
Consistent with this fact, it has been shown that across marine
environments membrane protein content co-varies substantially
with oceanographic variables including nutrient concentration
and pollution levels (Patel et al., 2010). Furthermore, due to the
strong structural constraints that allow their insertion in cellular
membranes, membrane proteins harbor a high percentage of
hydrophobic residues, resulting in an overall low nitrogen
content. Therefore, the possibility exists that the variation in the
relative amount of membrane proteins alone could be a factor
driving differences in the nitrogen allocation in the proteomes

FIGURE 4 | Nitrogen content of proteins up- and down-regulated in response
to nitrogen depletion. Scatter plot of the variation in mean nitrogen content in
open ocean relative to coastal samples in fast and slow evolving residues for
the different set of proteins (circles for the NtcA-induced cascade, and
squares for the arginine biosynthetic pathway). Functional identification is
based on TIGRFAM model (see section “Materials and Methods”). Statistical
significance is reported for variable residues, and is based on unpaired,
two-sided Wilcoxon rank sum test.

of natural communities adapted to open ocean and coastal
environments. In order to address this potentially confounding
factor we have analyzed membrane and non-membrane proteins
separately, and shown a decreased nitrogen allocation in open
ocean communities in both functional groups (Figure 1). The
differences between the two environments survive and increase
when addressing the role of protein structural constraints in
shaping the patterns observed. Intracellular, transmembrane,
and extracellular membrane protein domains separately show
a statistically significant (one-sided Wilcoxon rank sum test)
difference of 1–7% in nitrogen content between the two
environments (Figure 2). This signal is particularly relevant
when considering that proteins are the most nitrogen-rich
component of cells, and that they constitute about 40% of the
cellular dry mass (Sterner and Elser, 2002).

If evolutionary pressures for strategic nitrogen investment
were a biologically relevant force able to significantly affect the
cellular nitrogen budget, it is expected that they preferentially
impact the stoichiometry of highly expressed proteins, especially
in response to nitrogen-specific nutritional stress. Previous work
on few model organisms supports this prediction, indicating
that the catabolic machinery shows substantially lower N
content than the anabolic machinery (Acquisti et al., 2009b).
However, an understanding of the specific target of selection
for parsimonious resource allocation in the genetic material of
natural communities is still missing. In a regime of efficient
material costs allocation, natural selection for parsimonious
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nitrogen usage is expected to act in synergy with other
evolutionary forces, such as those that preserve the functional
and structural integrity of proteins. In this case, the most effective
signature of “nutrient-allocation driven” selection is expected
to be located in the protein regions that are less functionally
constrained.

In order to validate these predictions, we have employed a
highly reliable functional prediction approach to identify proteins
up- and down-regulated in response to severe nitrogen limitation
in the metagenomics sequences analyzed. Furthermore, we have
addressed the role of functional constraints as an alternative
explanation for the pattern of nitrogen allocation observed.
In the best tradition of molecular evolution (Kimura, 1983),
we have used evolutionary rates as a proxy for the level of
functional constraints in each protein residue. This approach
has enabled us to study the variation in nitrogen allocation
between natural communities adapted to open ocean and to
coastal regions in more stringent evolutionary context. Finally,
we have used a “metabolic control” to test the specificity of
the patterns of nitrogen limitation along the NtcA-induced
cascade. This was done by focusing on arginine biosynthesis,
one of the key cellular routes activated by photosynthetic
species to store nitrogen during nitrogen abundance. An
adaptive response that shapes nitrogen material costs in proteins
predicts that the NtcA-mediated pathway and the arginine
anabolic pathway will show contrasting patterns of nitrogen
allocation in open ocean communities. Indeed, we see that
decreased nitrogen allocation is selectively localized in the
functionally least constrained regions of the NtcA-induced
metabolic apparatus up-regulated in response to nitrogen
starvation, while it does not affect the Arg genes (Figures 3, 4).
While the environmental data analyzed are not well suited
to assess the phylogeny of different metabolic networks, it
is worth to note that NtcA is known to be ubiquitous
in Cyanobacteria (Frias et al., 1993). Similarly, based on
KEGG database2, ArgE is present in the genome of marine
model species in the genus Synechococcus, Synechocystis, and
Prochlorococcus.

The work presented addresses the role of material costs of
evolutionary change in shaping protein evolution in natural

2 https://www.genome.jp/kegg/

communities, taking into account the role of functional
constraints. The results confirm previous observations (Grzymski
and Dussaq, 2012) and indicate that the history of nitrogen
availability has directly constrained the molecular architecture
of the metabolic apparatus that enable cells to respond to
this ecologically relevant environmental cue. Further analyses
of environmental samples will be paramount in shedding
further light on the mode and tempo of natural selection for
parsimonious nutrient allocation in shaping the dynamics of
genome evolution in natural communities.
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Microorganisms exhibit shifts in elemental stoichiometry in response to short-term

temperature increases due to varying growth rate, biochemical reactions, and protein

degradation. Yet, it is unknown how an organism’s elemental stoichiometry will respond

to temperature change on evolutionary timescales. Here we ask how cellular elemental

stoichiometry and physiology change in Escherichia coli that have adapted to high

temperature over 2,000 generations compared to their low temperature adapted

ancestor. Cell lines evolved to a temperature of 42.2◦C via two, negatively epistatic

adaptive pathways leading to mutations in either the RNA polymerase complex or the

termination factor rho. Compared to the ancestor, high temperature adapted cell lines

overall had 14% higher N:P ratios, but did not differ significantly in C:N or C:P. However,

cell lines with mutations in the rho gene had 13% lower C:N and 34% higher N:P.

Furthermore, the two adaptive strategies of the rho and RNA polymerase mutations

varied significantly from one another, cell lines with the rhomutation had lower C:N, higher

N:P and higher protein content compared to cell lines with the RNA polymerase mutation.

Thus, specific adaptive pathways modulate the effect of temperature on the cellular

elemental stoichiometry and may explain why the elemental composition of specific

lineages is differentially affected by temperature changes.

Keywords: stoichiometry, experimental evolution, adaptation, temperature, Escherichia coli

INTRODUCTION

The possibility of stoichiometric changes, or changes in cellular elemental composition, has
important implications for understanding how evolving organisms will respond to anthropogenic
change (Arrigo, 2005; Dijkstra et al., 2012). Microorganisms, especially, present an interesting
group capable of responding through natural selection to environmental change on ecological
timescales due to their short generation times and generally large populations (Lenski et al., 1991).
Prokaryotic life has adapted to a vast range of different temperatures over the course of evolutionary
history (Price and Sowers, 2004). While various microorganisms are adapted to different ranges of
temperatures, many biological and biochemical processes are directly impacted by temperature and
are disrupted when temperatures change extensively (Burra et al., 2010). To deal with short-term
changes, Escherichia coli is capable of quickly modifying gene expression with a heat shock response
when thermally stressed (Arsene et al., 2000). Moreover, studies have shown that microorganisms
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are capable of evolving to environmental factors such as
temperature, pH, etc. in a relatively rapid period of time
(Bennett et al., 1990; Hughes et al., 2007). The evolutionary
microbial response to temperatures above their growth optimum
includes shifts in gene expression, mutations in transcription,
and translation-related genes, maintaining increased heat shock
proteins in the cell, etc. (Mongold et al., 1996; Riehle et al.,
2003; Rudolph et al., 2010). Adaptive changes in macromolecular
content and overall resource allocation can drive shifts in
cellular stoichiometry (Sterner and Elser, 2002). Thus, changes
in temperature can affect the elemental composition of bacteria
through mechanisms of adaptation.

A previous hypothesis for the impact of temperature on
stoichiometry predicts a lower phosphorus cell quota and
higher carbon-to-phosphorus and nitrogen-to-phosphorus ratios
for growth at elevated temperature (Toseland et al., 2013).
Ribosomes and protein biosynthesis in bacteria are more
efficient at elevated temperature (Broeze et al., 1978; VanBogelen
and Neidhardt, 1990). This improved efficiency can result
in in a lower requirement for P-rich ribosomes to maintain
a specific biosynthesis rate (Toseland et al., 2013; Yvon-
Durocher et al., 2015). Assuming the same growth rate, this
should lead to higher C:P and N:P in warming environments.
This theory applies to both acclimation (i.e., cells growing
across a temperature gradient) and adaptation (cells adapted
to different temperature levels) (Moreno and Martiny, 2018).
Accordingly, E. coli grown at higher temperatures show higher
levels of cellular C and N and decreased P, yielding these
predicted results (Cotner et al., 2006). However, there are a
multitude of ways that microbes adapt to increased temperature
(Mongold et al., 1996; Riehle et al., 2003; Rudolph et al.,
2010). Several bacterial strains, including psychrophiles, show
variation in biomass stoichiometry independent of phylogenetic
relatedness, suggesting small genetic differences can yield
variable stoichiometry (Zimmerman et al., 2014). Moreover,
Prochlorococcus ecotypes with different temperature optima
(Johnson et al., 2006) are variable in their elemental ratios at the
strain level (Martiny et al., 2016). Thus, it is still unclear if there is
a consistent relationship between adaptation to temperature and
how microbes alter their allocation of chemical resources.

There are two broad conceptual models for how adaptation
might affect cellular biochemistry and stoichiometry: adaptations
could restore the organism to it normal pre-stressed physiological
state or acclimation phenotypes could be reinforced by
adaptations (Hug and Gaut, 2015). Physiologically in E. coli,
protein degradation as well as peptide elongation rates increase
at high temperature, resulting in a higher turnover of peptides
(Farewell and Neidhardt, 1998). However, their genome contains
a number of heat inducible genes, encoding for chaperone
proteins and proteases, which prevent aggregation of proteins
at high temperature and refold denatured proteins (Arsene
et al., 2000). While the heat-shock response of E. coli to short-
term changes in temperature has been well-studied, recent
research has also emerged concerning the long-term evolutionary
response of microbes to high temperature. E. coli grown at
42.2◦C had significant fitness gains after only 200 generations,
compared to its ancestor (Bennett et al., 1990). An expanded

experiment analyzed E. coli after being exposed to 42.2◦C
over 2,000 generations and subsequently sequenced a clonal
genome from 115 adapted cell lines. Here, a total of 1,331
mutations were present (Tenaillon et al., 2012) and two of
the most frequent mutations were within the rho and RNA
polymerase β subunit (rpoB) genes. Out of the 115 cell lines
sequenced, 17 lines had mutations in rho codon 15 and 18 had
mutations in rpoB codon 966. Every cell line in the study was
found to have either a mutation in the rho gene or the rpoBC
operon. Additionally, mutations in these genes were in negative
epistasis with one another, meaning mutations occurring in
both genes at the same time happened less often than by
random chance (Tenaillon et al., 2012). Nonetheless, there were
some lines that did have mutations in both genes, although
they did not include either of the most prevalent rho and
rpoB mutations. Phenotypic differences between cells with rho
and rpoB mutations were identified using Biolog plates (Hug
and Gaut, 2015). The strongest differences between rho and
rpoB lines were among chemical sensitivity, but also included
differential amino acid usage, suggesting there may be differences
in their resource requirements (Hug and Gaut, 2015). The
gene rpoB encodes the β subunit of RNA polymerase and may
increase the capacity of cell lines to adapt (Barrick et al., 2010).
Rho is a ubiquitous prokaryotic termination factor that ends
transcription, but also functions in maintaining chromosomal
integrity in some circumstances (Washburn and Gottesman,
2011; Grylak-Mielnicka et al., 2016). Mutations in both of
these transcriptional regulators have reduced susceptibility to
antibiotics in other bacterial genera (Taniguchi et al., 1996;
Lee and Helmann, 2014). While their broad cellular function
may be a part of the reason for their adaptive role in new
environments, the elemental resource allocation outcomes of
these adaptations to growth at high temperature are currently
unknown.

We propose two competing hypotheses for how cellular
macromolecule content and C:N:P may shift in cell lines
with adaptations to high temperature (Figure 1). The first is
a compensation mechanism, which suggests cells produce a
large amount of macromolecules (protein and ribosomes) to
offset the heat related degradation (Farewell and Neidhardt,
1998). If cells compensate for degradation through mutations
allowing the cell to elevate macromolecular levels, this would
predict lower carbon-to-nutrient ratios (C:N and C:P) and an
elevated N:P ratio in adapted lines due to high amounts of N-
rich protein (Figure 1). Here a fitness tradeoff occurs because
the increase in growth rate through production of additional
ribosomes or other proteins will incur a heavy energetic cost.
Alternatively, adaptation of enzymes and ribosomesmay increase
their efficiency at higher temperature leading to a lower need for
proteins and ribosomes in the adapted lines compared to the
ancestor at 42.2◦C. This would lead to increased C:N and C:P
ratios in high temperature adapted cells (Figure 1). A fitness cost
occurs because the increased efficiency that comes from tuning
an enzyme to a specific environment however, may reduce an
organism’s phenotypic plasticity.

To identify how adaptation to elevated temperature affects the
elemental stoichiometry of heterotrophic bacteria, we analyzed
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FIGURE 1 | (A) The compensation model predicts that cells will adapt to high temperature by producing a larger amount of protein and ribosome compared to the

ancestor. (B) This would likely result in a depressed carbon to nutrients (nitrogen and phosphorus) ratio due to higher levels of nitrogen rich protein or phosphorus rich

ribosomes. The increased efficiency model predicts macromolecule content to be lower in adapted cell lines than in the ancestor, due to adaptations that allow cells to

better maintain proteins at a higher temperature or increase the efficiency of ribosomes. This would correspond to an increased carbon to nutrients (nitrogen and

phosphorus) ratio.

E. coli lines experimentally adapted to 42.2◦C (Tenaillon et al.,
2012). We first ask if lines adapted to higher temperature have
different C:N, C:P, and N:P ratios compared to their ancestral
lineage. Second, we ask whether changes in the C:N:P ratio
correspond to changes in total cellular protein content as changes
in protein levels could alter cellular nitrogen. Third, we ask
if different genetic pathways (rpoB vs. rho) for adaption to
high temperature lead to differences in C:N:P ratio and protein
content.

MATERIALS AND METHODS

Lines and Experimental Design
A lab adapted E. coli strain REL1206 and eight lines adapted from
this common ancestor at 42.2◦Cwere obtained fromDr. Brandon
Gaut’s Lab (Tenaillon et al., 2012) (Supplementary Tables 1, 2).
Lines 5, 7, and 70 had mutations in both rpoB and rho genes,
lines 75 and 135 had the prevalent mutation in rpoB and lines
20, 60, and 73 had the prevalent mutation in rho (Tenaillon
et al., 2012). All adapted cell lines had additional background
mutations, some of which were shared across lines, for example
the cation/proton antiporter (ybaL) or a cardiolipin synthase (cls)
were found in 5 of the 9 assayed lines (Supplementary Table 3).
All cell lines, including the ancestor, were frozen from single
colony cultures at −80◦C storage then revived in lysogeny broth
for 24 h at 37◦C to acclimate cells to culture conditions. Next,
they were transferred into a modified Davis Mingioli (MDM)
media with a C:N:P ratio of 220:16:1 to yield a higher density
of cells, for 24 h at 37◦C. Finally, they were transferred into
MDM media for 48 h at 42.2◦C, the same temperature at which
they were adapted for 2,000 generations, The length of time
for growth after the second MDM transfer was increased to
48 instead of 24 h to reach higher density. It is possible that
mutations may have arisen during the course of this experiment.
Several biological replicates were used to reduce this noise. With
separate populations new mutations will have a smaller effect on
the overall signal.

Cellular Composition Analyses
After reaching sufficient population density of around 107

cells/mL, 5mL of bacterial culture were filtered onto pre-
combusted 25mm glass fiber filters and rinsed with 5mL of
0.17M anhydrous Na2SO4 for particulate organic phosphorus
(POP) and particulate organic carbon (POC) plus particulate
organic nitrogen (PON) assays. Culture subsamples were
preserved in glutaraldehyde and frozen for flow cytometry
analysis at the time of filtration. Cells were stained with SYBR
green and read at a wavelength of 488 nm with a BD Accuri C6
flow cytometer for cell counts.

Particulate organic phosphorus was determined in each
sample using a modified ash-hydrolysis method (Lomas et al.,
2010). Filters were placed in glass vials with 2mL 0.017MMgSO4

and dried at 80–90◦C overnight. Vials were transferred to a
muffle furnace and combusted for 2 h at 500◦C. After cooling,
5mL of 0.2M HCl were added and samples were heated at
80◦C for 30min. A mixed reagent of 2:5:1:2 ratio of 0.024M
(NH4)6Mo7O24, 5N H2SO4, 0.002M K2Sb2(C4H2O6)2·3 H2O,
and 0.3M C6H8O6 was added to samples. After 30min the
samples were read in a spectrophotometer at a wavelength of
885 nm. A standard curve of KH2PO4 was used to calculate
the concentration of phosphate in samples based on their
absorbance.

Particulate organic carbon and particulate organic nitrogen
assays were dried overnight and packed into tin capsules.
Standards were created by packing pre-weighed quantities
of atropine and peach leaf into capsules. POC and PON
concentrations were determined using a FlashEA1112 nitrogen
and carbon analyzer (Sharp, 1974).

Protein content was quantified using a Coomassie (Bradford)
assay kit with bovine serum albumin standards (Bradford, 1976).
One milliliter culture samples were aliquoted into microtubes
with 0.2mm glass beads and beat in a bead-beater for 5min to
disrupt cell membranes. These tubes were spun in a centrifuge
and the supernatant was collected. Coomassie dye was added to
bovine serum albumin standards and samples in a microplate.
The microplate was read at 595 nm in a plate reader and
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protein concentration was calculated based on standards and
absorbance.

Statistical Analyses
Carbon to nitrogen, nitrogen to phosphate, and carbon to
phosphate ratios were calculated from POC, PON, and POP
results. Outliers were eliminated using Tukey’s method and the
average of two technical replicates for each sample was calculated.

Data were square-root transformed before all statistical analyses.
A Welch’s t-test was performed to determine the differences in
mean C:P, C:N, and N:P ratios and protein content between the
ancestral line and all adapted lines. Levene’s test was performed
to determine homogeneity of variances. A single factor ANOVA
test was used to analyze the differences in mean C:P, C:N, and
N:P ratios and protein content between groups of cells sharing
the same mutation and between cell lines. Post-hoc analysis

FIGURE 2 | Elemental ratios and protein content of high temperature adapted E. coli. Boxplots representing the median value and upper and lower quartiles for

particulate C:N of (A) the ancestor (white) and all adapted cell lines (gray); (B) by the mutation type either the ancestor, having both rho and rpoB, only rpoB, or only

rho mutations; (C) or by line and colored by mutation type (white-ancestor, purple-both rpoB and rho mutations, light blue-rpoB mutation, red-rho mutation. Similarly

for particulate C:P ratios in (D–F), particulate N:P ratios in (G–I), and protein content measured as picograms/cell in (J–L).
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was performed using a Tukey’s HSD test to analyze the relative
contributions of each pair of means to the overall variation. The
Pearson product-moment correlation coefficient was calculated
for the protein content vs. C:N, N:P, and C:P ratios of individual
lines and to compare epimutations with the rho and rpoB
mutations. All analyses were done in R (R Development Core
Team, 2016).

RESULTS

To identify the elemental outcome of adaptation to high
temperature, we compared the C:N:P of the ancestral and adapted
E. coli lines. We found that adaptation to high temperature
did not have a single consistent effect on C:N, C:P, and N:P
ratios (Figure 2). Although the C:N ratio of the adapted lines
was slightly lower than the ancestral line (5.21 vs. 5.41), it
was not significantly different (Welch’s t-test, Table 1). The
average N:P ratio of the adapted lines was significantly higher
than the ancestor (14.48 vs. 12.65, Welch’s t-test, Table 1). C:N
variance was significantly different between ancestor and adapted
lines and N:P variance was marginally but not significantly
different (Levene’s test, Table 1). To determine whether or not
the differences in stoichiometric ratios could be explained by
differences in protein level, the average protein content per
cell was compared. Protein content was slightly higher in
adapted cell lines (1.89 compared to 1.62 pg/cell), although not
significantly (Welch’s t-test, Table 1). Protein content vs. C:N had
the strongest relationship of the elemental ratios with a negative
correlation (r =−0.36, Table 2), but was not significant.

The specific genetic pathways for adaptation to high
temperature had a significant effect on the elemental
stoichiometry of E. coli (ANOVA, Table 3). Cell lines with
the rpoB mutation had C:N, N:P, and C:P ratios nearly
identical to the ancestor (Table 3). In contrast, cell lines with
the rho mutation had significantly decreased C:N (4.69 vs.
5.42, TukeyHSD, Table 3) and increased N:P (16.92 vs. 12.65,
TukeyHSD, Table 3) compared to the ancestor. Cell lines with
both the rho and rpoB mutations had average stoichiometric
ratios with values in between the rho and rpoB lines, but did
not differ significantly from the ancestor. Protein content
varied significantly between the mutation groups (ANOVA,
Table 3; Figure 2). Cell lines with the rpoB mutation had the
lowest protein content (0.91 pg/cell), while cell lines with both
mutations had the highest (2.42 pg/cell) (Table 3). The rho group
had significantly higher average protein content compared to
the rpoB group (2.03 vs. 0.91 pg/cell, TukeyHSD, Table 3) and
rho protein content was also higher than the ancestor, but not
significantly higher (Table 3).

There was substantial variation in stoichiometric ratios among
cell lines with the same mutation type. While cell lines with
the rho mutation were consistent in the direction in which
they varied from the ancestor, cell lines with the rpoB mutation
or both mutations were sometimes higher than the ancestor
and sometimes lower (Figures 2C,F,I,L). Thus, when pooled
by mutation, those cell lines had average ratios similar to the
ancestor. All lines have several additional mutations, 9 of which

TABLE 1 | Differences between ancestral vs. adapted lines for elemental ratios

and protein content.

C:N C:P N:P Protein

(pg/cell)

MEAN VALUE(STANDARD DEVIATION)

Ancestor lines

(n = 7)

5.42 (0.24) 68.48 (9.18) 12.65 (1.46) 1.62

(0.60)

Adapted lines

(n = 35)

5.21 (0.56) 74.79 (13.13) 14.48 (2.73) 1.89

(1.04)

WELCH’S T-TEST

P-value 0.11 0.17 0.029 0.47

T-value 1.66 −1.47 −2.43 0.73

Degrees of

freedom

21.59 10.72 14.32 30.69

LEVENE TEST FOR HOMOGENEITY OF VARIANCES

P-value 0.039 0.48 0.069 0.24

F-value 4.55 0.52 3.50 1.45

Degrees of

freedom

1 1 1 1

Elemental ratios of C:N, C:P, and N:P and the cellular protein content measured in

picograms of protein/cell in the ancestral lines and the adapted lines in aggregate.

A Welch’s t-test and Levene test for homogeneity of variances were performed on

square-root transformed data.

TABLE 2 | Relationship between elemental ratios and protein content.

C:N vs. Protein C:P vs. Protein N:P vs. Protein

Correlation coefficient r −0.36 −0.08 0.08

P-value 0.34 0.84 0.84

T statistic −1.025 −0.20 0.21

Degrees of freedom 7 7 7

Pearson correlation of elemental ratios C:N, C:P, and N:P with protein content (pg

protein/cell).

were shared between at least two lines (Supplementary Table 3).
Some mutations were significantly associated with rho or rpoB
mutations, e.g., line 75 and 135 both have mutations in yifB, a
gene encoding a magnesium chelatase family protein, while other
epimutations were less specific (Supplementary Table 4). Thus,
the specific underlying genetic makeup of adaptation to high
temperature can influence the cellular elemental ratios.

DISCUSSION

Overall, there was strong variation in the complex phenotype
of cellular stoichiometry between the high temperature
adapted cell lines derived from a common ancestor. Thus,
this study quantifies how the specific adaptive pathways
underlying adaptation to high temperature are important for
the stoichiometric outcome of the cell. Cells may adapt in
many ways to increased temperature (Mongold et al., 1996;
Riehle et al., 2003; Rudolph et al., 2010). Thus, adaptive
mechanisms (i.e., compensation for degradation or increased
macromolecular efficiency) may introduce unique changes in
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TABLE 3 | Differences between mutational types for elemental ratios and protein content.

C:N C:P N:P Protein (pg/cell)

MEAN VALUE (STANDARD DEVIATION)

Ancestor (n = 7) 5.42 (0.24) 68.48 (9.18) 12.65 (1.46) (n = 12) 1.62 (0.60)

Both rho and rpoB (n = 17) 5.44 (0.52) 75.41 (15.00) 13.87 (2.53) (n = 12) 2.42 (1.24)

rpoB (n = 8) 5.38 (0.50) 67.98 (9.76) 12.73 (1.94) (n = 8) 0.91 (0.52)

rho (n = 10) 4.69 (0.25) 79.20 (10.64) 16.92 (1.97) (n = 10) 2.03 (0.38)

ANOVA

Degrees of freedom 3 3 3 3

Sum of squares 0.20 2.68 1.87 1.85

Mean squares 0.07 0.89 0.62 0.62

F-value 8.02 1.849 7.97 7.48

P-value 2.91e-4 0.16 3.04e-4 4.71e-4

POST-HOC TUKEY TEST: DIFFERENCE (P-VALUE)

Ancestor-Both −0.03 (1.00) −6.93 (0.61) −1.22 (0.59) −0.81 (0.13)

Ancestor-rpoB 0.04 (1.00) −0.49 (1.00) −0.09 (1.00) 0.71 (0.076)

Ancestor-rho 0.73 (4.8e-3) −10.72 (0.28) −4.27(1.4e-3) −0.42 (0.51)

Both-rpoB 0.07 (0.98) 7.42 (0.50) 1.14 (0.59) 1.52 (3.6e-4)

Both-rho 0.76 (2.8e-4) −3.79 (0.83) −3.05 (5.4e-3) 0.39 (0.88)

rpoB-rho 0.69 (6.3e-3) −11.22 (0.21) −4.18 (1.0e-3) −1.12 (4.1e-3)

Average elemental ratios of C:N, C:P, N:P in the ancestor, both rho and rpoB mutations, rpoB mutation, and rho mutation and protein content measured in picograms of protein/cell for

the ancestor, both, rpoB, and rho. Mean value shown with standard deviation and number of replicates shown for elemental and protein analyses. Differences of the average cellular

stoichiometric ratios and protein content among mutational groups: ancestor, both rho and rpoB mutations, rpoB mutation, and rho mutation. Results from initial ANOVA and a post-hoc

TukeyHSD analysis of square-root transformed data were performed and adjusted p-values are in parentheses.

cellular stoichiometry. This work supports the idea that rho cell
lines may compensate for the lower efficiency of proteins by
accumulating a higher protein concentration than the ancestor
and the rpoB type. There is a strong relationship between
cellular nitrogen and protein content (Jones, 1941; Mariotti
et al., 2008). Thus, a shift in protein concentration is likely the
underlying cause for how the C:N and N:P ratio changes as a
response to adaptation to high temperature in rho lines. The
increase of N:P in rho lines relative to the ancestor suggests both
mechanisms could be operating simultaneously. In contrast,
lines with the rpoB mutation had significantly lower cellular
amounts of protein compared to rho and slightly lower than
the ancestor, although not significantly different. Considering
how the stoichiometric ratios of these cell lines were nearly
identical to the ancestor, this result does not follow either of
the two initial hypotheses. Additionally, cell lines with both the
rho and rpoB mutation did not vary much from the ancestor in
stoichiometric ratios nor protein content. It is therefore difficult
to align them with either model. Moreover, it suggests that
stoichiometry need not change as a consequence of temperature
adaptation.

In other efforts to characterize these pathways, the fitness
tradeoffs of growing at different temperatures were assessed.
A niche shift was observed associated with mutations in rpoB,
while a niche expansion was observed in lines with a mutation
in rho (Rodríguez-Verdugo et al., 2014). The pleiotropic effects
of mutations in rpoB vs. rho may explain some of the results
in this study. RNA polymerase affects every single gene during
its function while rho only affects the transcription termination

of a subset of genes (20–50%) (Zhu and Von Hippel, 1998;
Peters et al., 2009). If a rpoB mutation influences multiple
processes, the net effect on stoichiometry may result in the
similarity we see between these lines and the ancestor. Single
amino acid changes within rpoB have caused significant gene
expression shifts. Specifically, changes in codon 572 of rpoB
restored gene expression back toward the ancestral pre-stress
conditions (Rodríguez-Verdugo et al., 2016). This supports
a “compensation” response and may underlie the limited
stoichiometric differences between the ancestor and the rpoB
mutation lines.

There is a strong fitness advantage of the evolved lines
compared to the ancestor when grown at 42.2◦C. The ancestor
also displays a strong difference in gene expression when
grown at its optimal temperature of 37◦C compared to 42.2◦C
(Rodríguez-Verdugo et al., 2016). Moreover, gene expression
of engineered lines carrying either the rho or rpoB mutations
in isolation also display differential gene expression from one
another and from the ancestor (González-González et al., 2017)
also some of the rpoB mutations appeared to be heading toward
a pre-stressed ancestral state (Rodríguez-Verdugo et al., 2016).
Yet the fact that different mutation types display differential
CNP suggests that there is more happening than simply growth
restoration. Some of the difference may have to do with co-
occurring mutations, e.g., cardiolipin synthetase (cls) association
with rho or rod-shape genes, which affect cell shape, and their
association with rpoB (Tenaillon et al., 2012). Size of the cell may
directly impact the cell stoichiometry, as seen in marine bacteria
(Garcia et al., 2016). These affiliated mutations may be affecting
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the composition of cell membranes, for example, resulting in
differential C:N:P.

Temperature influences both microbial community
composition and physiology (Bennett et al., 1990; Zinser
et al., 2007; Bradford et al., 2008), but we currently have
a limited understanding of the stoichiometric outcomes
of adaptation vs. acclimation to this environmental factor
(Yvon-Durocher et al., 2015; Martiny et al., 2016). The work
presented here uses a laboratory strain but demonstrates that
unique evolutionary “biochemical outcomes” of short-term
adaptation to a specific temperature regime can have a significant
impact on the elemental composition. Microbes do experience
sustained environmental changes, for example migration
from one environment to another or movement from the
external environment to mammalian intestines. Different
shifts in environment will likely differ in the resource and
stoichiometric mechanisms that are favored. Studies with other
organisms are needed to evaluate if our observations apply
more broadly to other microorganisms. Due to the broad effect
of temperature on most, if not all, cellular processes, perhaps
this variation in outcomes should be expected. It may further
partly explain the extensive variation in how temperature affects
closely related bacterial lineages (Martiny et al., 2016). Thus,
there may be some overall trends in how different temperature
conditions influence stoichiometry (Yvon-Durocher et al., 2015),
but our data suggest that specific microbial lineages adapted
to a particular temperature condition will likely have varying
elemental stoichiometry. As such, there is not a uniform link
between adaptation to elevated temperature and stoichiometry.
Instead, the specific genetic and biochemical modifications
underlying adaptation to a temperature regime need to be
considered.
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Current hypotheses suggest that cellular elemental stoichiometry of marine eukaryotic

phytoplankton such as the ratios of cellular carbon:nitrogen:phosphorus (C:N:P) vary

between phylogenetic groups. To investigate how phylogenetic structure, cell volume,

growth rate, and temperature interact to affect the cellular elemental stoichiometry of

marine eukaryotic phytoplankton, we examined the C:N:P composition in 30 isolates

across 7 classes of marine phytoplankton that were grown with a sufficient supply of

nutrients and nitrate as the nitrogen source. The isolates covered a wide range in cell

volume (5 orders of magnitude), growth rate (<0.01–0.9 d−1), and habitat temperature

(2–24◦C). Our analysis indicates that C:N:P is highly variable, with statistical model

residuals accounting for over half of the total variance and no relationship between

phylogeny and elemental stoichiometry. Furthermore, our data indicated that variability

in C:P, N:P, and C:N within Bacillariophyceae (diatoms) was as high as that among all of

the isolates that we examined. In addition, a linear statistical model identified a positive

relationship between diatom cell volume and C:P and N:P. Among all of the isolates

that we examined, the statistical model identified temperature as a significant factor,

consistent with the temperature-dependent translation efficiency model, but temperature

only explained 5% of the total statistical model variance. While some of our results

support data from previous field studies, the high variability of elemental ratios within

Bacillariophyceae contradicts previous work that suggests that this cosmopolitan group

of microalgae has consistently low C:P and N:P ratios in comparison with other groups.

Keywords: eukaryote, protist, diatom, dinoflagellate, prymnesiophyte, temperature, cell size, growth
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INTRODUCTION

The average ratio of elements in marine plankton has
traditionally been thought to center on the Redfield ratio at
106 moles of carbon (C):16 moles of nitrogen (N):1 mole of
phosphorus (P) (Redfield, 1958). However, the stoichiometry
of elements within marine organic particles is variable between
biogeographical provinces (Martiny et al., 2013; DeVries and
Deutsch, 2014; Teng et al., 2014), and within phytoplankton
isolates (Geider and La Roche, 2002), which suggests that
the average oceanic C:N:P is plastic, and perhaps changes
over time as a function of interacting physical and biological
factors. Environmental factors like light, temperature, and
nutrients influence phytoplankton physiology and cellular
elemental content, potentially molding relationships between
phytoplankton phylogeny and cellular elemental stoichiometry
(Rhee, 1978; Laws and Bannister, 1980; Urabe et al., 2002; Finkel
et al., 2006; Toseland et al., 2013; Garcia et al., 2016; Lopez
et al., 2016). In order to understand how factors contribute
to regional differences in elemental stoichiometry and field
microbial populations, analyses need to separate physical and
biological factors.

Systematic relationships between phylogeny and cellular
elemental stoichiometry have been linked to the evolutionary
and environmental history of major phytoplankton lineages (Ho
et al., 2003; Quigg et al., 2003). For example, Quigg et al. (2003)
suggests that algae with green plastids have higher C:P and
N:P ratios than other groups with red plastids, which may be
related to the evolution of ocean chemistry. Aside from this
relationship, field studies have identified differences in C:P and
N:P ratios between two lineages of cold-water phytoplankton
with red plastids near Antarctica (Arrigo et al., 1999, 2002) that
are as large as differences observed between laboratory cultures
of phytoplankton with green and red plastids (Quigg et al., 2003);
where Phaeocystis (Prymnesiophyceae) has high C:P and N:P
ratios in comparison with diatoms (Bacillariophyceae). Although
previous laboratory studies (Quigg et al., 2003) focus on high
growth rate conditions to minimize potential effects of variable
physiology on elemental stoichiometry, physiological variability
may be very different between major phytoplankton groups in
the natural environment. Linking physiological variability with
variability in elemental stoichiometry between taxonomic groups
in field studies may be key to identifying how taxonomic shifts
in phytoplankton communities might influence biogeochemical
cycles within large biogeographical provinces. Thus, determining
the relationship between phylogenetic structure, environmental
growth conditions and cellular elemental stoichiometry is key to
understanding how phytoplankton interact with biogeochemical
cycles through time (Deutsch and Weber, 2012).

To identify systematic relationships between environmental
gradients and cellular elemental stoichiometry, analyses need
to separate phylogenetically correlated traits from other effects
(Finkel et al., 2005, 2006, 2007, 2010; Mouginot et al.,
2015). For example, small phytoplankton belonging to marine
Cyanobacteria may have high C:P and N:P ratios relative to
eukaryotic lineages with larger cells (Bertilsson et al., 2003;
Martiny et al., 2013). However, laboratory data indicate that

eukaryotes can also have high C:P and N:P ratios (Goldman
et al., 1979). To gain a more in-depth understanding of
how phylogenetic structure is related to cellular elemental
stoichiometry of marine eukaryotic phytoplankton, we analyzed
the relationship between cellular C:N:P ratios and the 18S
ribosomal RNA sequence of marine eukaryotic phytoplankton
isolates. We asked the question: Does phylogeny structure
relationships between cellular elemental stoichiometry and
gradients like cell size, growth rate, and temperature? Our
isolate selection includes wide ranges in phylogeny, cell volume,
and temperature habitats from which phytoplankton cells
were originally isolated. With respect to variability in cellular
elemental stoichiometry, our data suggest that deep phylogenetic
structure may not be as important as other factors that
influence cellular elemental stoichiometry of marine eukaryotic
phytoplankton, such as environmental controls on physiology
and other biological factors.

METHODS

We measured the elemental composition of 30 isolates from
the National Center for Marine Algae and Microbiota (NCMA)
culture collection representing 7 classes within the kingdoms
Chromista and Plantae. For taxonomic nomenclature and
hierarchical organization, we utilized the World Register of
Marine Species (www.marinespecies.org). Cultures within the
class Bacillariophyceae were grown in L1 medium (mole N:mole
P = 24.4) and others were grown in L1 medium without silicate.
We grew isolate cultures at temperatures that were close to the
ambient ocean temperature from which isolates were originally
collected, yielding 4 groups based on temperature, ranging
between 2 and 24◦C. Not all cultures were axenic although
we used stringent culturing methods to prevent contamination.
Cultures were maintained at temperatures very close to the
ambient temperatures from which they were collected. Light
was supplied with daylight white fluorescent lamps between
50 and 80 µmol quanta m−2 s−1 on a 13 h light:11 h dark
incubation cycle. We monitored cultures daily with in vivo
fluorescence of Chl a (Figure S1) and growth rates were
calculated over 2-day periods and plotted in Figure S2. Cultures
were terminally harvested for the analysis of cellular elemental
composition, cell size measurements, and 18S rRNA sequence
analysis approximated 1–2weeks after they were initiated. For the
analysis of growth rate, we used fluorescence data from the last 2
days before cultures were terminally sampled. This time frame
did not necessarily align with the maximum observed growth
rate (Figure S2). All samples were collected 3–4 h after the
beginning of the photoperiod. Triplicate samples for the analysis
of carbon and nitrogen (20–25ml) and phosphorus (20–25ml)
were collected onto precombusted GF/F filters (450◦C, 4 h) under
low pressure vacuum filtration. Samples for DNA extraction were
collected either by filtering 10–20ml onto a polycarbonate filter
or by pelleting cells with a centrifuge. Particulate organic carbon
and nitrogen were analyzed with an elemental analyzer (Flash
EA 1112 NC soil analyzer, Thermo Scientific) with acetanilide
as a standard. Particulate organic phosphorus was analyzed with
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a spectrophotometer using methods described in Garcia et al.
(2016).

For 17 isolates, we used 18S rRNA sequence data from
the National Center for Biotechnology Information database
and we sequenced this region from the remaining cultures.
DNA was extracted using a DNA extraction kit (D6001; Zymo,
Irvine, CA). Primers for PCR were prepared by Integrated
DNA Technologies, Inc. (Coralville, IA) and selected based
on eukaryotic 18S rRNA sequence data as provided by Wang
et al. (2014), which amplified the region between the ∼300
and ∼1500th position on the 18S rRNA sequence. Primer
sequences are: forward−5′CGGAGAGGGAGCMTGAG3′;
reverse−5′GCATCACAGACCTGTTATTGCC3′, and had a
melting point between 56.0–56.4◦C. The sequences of the
PCR products were determined with Sanger sequencing by
Laragen, Inc. (Culver City, CA). The consensus sequence for
the 30 isolates was determined with Geneious 9.0.4 (Biomatters,
Inc., Newark, NJ) and aligned with the SINA aligner (Pruesse
et al., 2012) provided by Silva (www.arb-silva.de). We built
a phylogenetic tree of the 30 isolates using Phylip 3.695
(Felsenstein, 1989; 100 bootstrap, F84 distance model, and
neighbor joining with Schizosaccharomyces pombe as an
outgroup). The phylogenetic position of each lineage matched
past phylogenetic analyses.

To broadly compare the phylogeny of our cultures with
their cellular elemental ratios, we used the Mantel test (from
the “vegan” package in “R”; Oksanen et al., 2015), to compare
distance matrices of the 18S rRNA sequence computed as above
and of elemental ratios compared as a Euclidean matrix. To
further separate phylogenetic relationships between the 18S
rRNA sequence and cellular elemental stoichiometry with other
factors including growth rate, temperature, and cell size, we used
the comparative analysis of phylogenetic relationships with a
phylogenetic generalized linear model from the “caper” package
in “R,” with lambda set at maximum likelihood and kappa and
delta fixed at 1.0 (Orme, 2013).

RESULTS

We used two statistical tools (i.e., phylogenetic least squares
regression model and the Mantel test to compare distance
matrices) to examine how phylogeny and physiology affect
cellular elemental stoichiometry within broad and narrow ranges
of phylogenetic groups of marine eukaryotic phytoplankton. First
we examined general statistical characteristics such as means
and ranges of mole ratios of C:N:P, cell volume and growth rate
data across isolates (Table 1). We then quantified how cellular
C:N:P within the isolates varied as a function of phylogenetic
diversity with a matrix correlation (Mantel test) and as a function
of the interaction between phylogeny and physiology with
phylogenetically corrected linear statistical models. We designed
our isolate selection so that diatoms covered a large fraction of
the selection in order to determine how factors like cell size might
control cellular elemental stoichiometry within this globally-
abundant and biogeochemically-important phytoplankton
lineage.

The mean growth rate relative to the mean maximum
observed growth rate (µ:µmax; from triplicate cultures) was
highly variable between isolates at the time of sampling (Table 1).
For example, this ratio was below 0.10 for 3 of the 30 isolates,
suggesting that the physiology of some of the isolates was in
poor condition. The mean particulate organic nitrogen and
phosphorus concentrations in cultures were well below the
concentrations of nitrate and phosphate in the L1 medium
(882µM nitrate and 36µM phosphate, see Table 1), indicating
that cultures were not limited by these nutrients. Mean C:P,
N:P, and C:N of all isolates were 107.3 ± 31.9 (s.d.), 16.2 ±

5.0 (s.d.), and 6.7 ± 1.1 (s.d.), respectively, reflecting ratios
proposed by Redfield (1958) (Figure 1). Among specific isolates,
we observed the highest mean C:P and N:P within the classes
Cryptophyceae [Chroomonas mesostigmatica, (CCMP1168); C:P
= 182.4 ± 3.9 s.d., N:P = 26.8 ± 1.2 s.d.] and Bacillariophyceae
[Thalassiosira rotula (CCMP1018); C:P = 181.8 ± 54.2 s.d.,
N:P = 29.6 ± 1.1 s.d.] and the lowest within the class
Mamiellophyceae [Micromonas pusilla (CCMP1723); C:P = 56.9
± 9.0 s.d., N:P = 8.9 ± 1.2 s.d.] (Table 1). Mean C:N among
isolates was highest within the class Dinophyceae [Prorocentrum
mexicanum (CCMP687) C:N = 9.4 ± 0.3 s.d.] and lowest within
the class Bacillariophyceae [Thalassiosira oceanica (CCMP1005);
C:N = 4.8 ± 0.2 s.d.]. We observed the highest variability in
C:P, N:P, and C:N within Bacillariophyceae (Figures 2, 3). We
measured the largest cells within Dinophyceae [the isolate of
Karenia brevis (CCMP687) had the largest mean cell volume,
13.1× 103 µm−3] and the mean cell volume within Ostreococcus
lucimarinus (CCMP2972; Mamiellophyceae) was smallest (5.6 ×
10−3

µm−3). Despite the strong contrast in cell size, mean growth
rates, under these conditions, were lowest and nearly identical in
Dinophyceae (0.08 ± 0.07 d−1 s.d.) and Mamiellophyceae (0.08
± 0.1 d−1 s.d.) and highest in Bacillariophyceae (0.38± 0.30 d−1

s.d.) and Prymnesiophyceae (0.38± 0.29 d−1 s.d.).
To determine how phylogenetic structure was related to

cellular elemental stoichiometry of phytoplankton, we compared
the phylogenetic relationship of the 18S rRNA to the ratios of
elements within cells. To broadly examine this relationship, we
compared matrices of the 18S rRNA sequences (dissimilarity
distance matrix) and stoichiometric ratios (Euclidean distance
matrix) using the Mantel test (Mantel, 1967). The Mantel
correlation was low and not significant for C:P (0.11, p = 0.10),
N:P (0.11, p = 0.10), and C:N = (0.11, p = 0.08), indicating no
relationship between phylogeny of the 18S rRNA sequence and
cellular C:N:P stoichiometry within our 30 isolates.

To determine how phylogenetic class, cell volume, growth
rate, and temperature contribute to cellular CNP ratios, we fitted
a general linear model (glm) to our data with the form f (x) =
(x) (class + cell volume + growth rate + temperature) + ε. In
general, stoichiometric variability of C:P, N:P, and C:N within
classes was high (Figures 2, 3). Residuals form our statistical
model were responsible for over half of the model variance for
C:P (51.5%), N:P (57.3%), and C:N (70.4%) (ANOVA test on the
glm). Phylogenetic class was identified as a significant contributor
to the overall variance of C:P (43.3%, p < 0.05), but not on
N:P (39.4, p > 0.05) or C:N (13.2%, p > 0.05). Tukey’s analysis
of means, however, did not identify significant differences in
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FIGURE 1 | Frequency of isolates within binned intervals of molar elemental ratios of carbon, nitrogen, and phosphorus. Bin intervals for C:P, N:P, and C:N are 20, 2,

and 1, respectively. Top box-whisker plots include the mean (white line) and median (black line) of ratios for all 30 isolates. The box indicates quartiles and the dotted

line provides a reference to the Redfield ratio of C:N:P (106:16:1).

FIGURE 2 | Phylogenetic tree of the 18S rRNA sequence of 30 eukaryotic phytoplankton isolates in comparison with the molar ratio of cellular elements of carbon,

nitrogen, and phosphorus. Red markers on the tree indicate isolates that were sequenced by Laragen, Inc., vs. others that were collected from the National Center for

Biotechnology Information database.

cellular C:N:P ratios between classes except for a difference in C:P
betweenMamiellophyceae (n= 4 isolates) and Cryptophyceae (n
= 1 isolate). Although the glm indicated that temperature had a
significant effect on C:P (p < 0.05; Figure 4), temperature only
explained 5.1% of the statistical model variance, suggesting that
temperature had a minor effect. Growth rate and cell volume
were not significant predictors of C:P, N:P, or C:N (p > 0.05).

We also used the phylogenetic least squares (pgls) statistical
model to constrain phylogenetic structure of the isolates
(using the 18S rRNA sequence) and determine how cell
volume, growth rate and temperature might interact with
the phylogenetic relationship of the 18S rRNA sequence
to influence cellular CNP stoichiometry in the 30 isolates.
The pgls model (f (x) = x(cell volume + growth rate +

temperature)) however, did not identify significant trends

between cellular elemental ratios and any of these factors (p >

0.05; Figure 4).
We selected phytoplankton isolates to include a wide range in

cell volume within Bacillariophyceae. Within this class, we also
selected isolates that were collected from environments that have
a wide range in temperature. Thus, 12 of the 30 isolates that
we examined were diatoms, representing 40% of our analysis.
Within Bacillariophyceae, mean C:P, N:P and C:N were close to
Redfield values (101.1 ± 35.8 s.d.; 15.4 ± 5.1 s.d.; 6.3 ± 1.4 s.d.,
respectively; Figure 5). The glm (f(x) = (x) (cell volume +

growth rate + temperature) + ε) indicated that cell volume had
a significant positive effect on C:P and N:P, (p < 0.05; Figure 5;
the effect on C:N was not significant p > 0.05) and accounted for
a significant portion of the statistical model variance (p < 0.05;
46.6 and 59.4%, respectively). The pgls model also indicated that
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FIGURE 3 | Comparison of cellular molar elemental ratios of carbon, nitrogen, and phosphorus among classes of 30 isolates of eukaryotic phytoplankton with box

plots. The mean (bold line) and median (thin line) are plotted within the box which indicates quartiles. Whiskers indicate 10 and 90% quantiles and dots are outliers.

FIGURE 4 | Cellular molar elemental ratios of carbon, nitrogen, and phosphorus among classes of 30 isolates of eukaryotic phytoplankton as a function of

temperature, growth rate, and cell volume. Different colors separate classes and dotted lines indicate reference to Redfield ratios.
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FIGURE 5 | Cellular molar elemental ratios of carbon, nitrogen, and phosphorus within diatoms (Bacillariophyceae) as a function of cell volume, temperature, and

genus. Dotted lines indicate reference to Redfield ratios.

the robust effect of cell volume was the only significant factor
affecting C:P and N:P (p < 0.05) within Bacillariophyceae.

DISCUSSION

We observe high variability in cellular elemental stoichiometry
(C:N:P) within classes of phytoplankton (Figure 3).
Furthermore, the phylogenetic relationship of the 18S rRNA
sequence is not correlated with C:P, N:P, or C:N within our 30
isolates of eukaryotic phytoplankton, reflecting the absence of
a relationship between phylogeny and elemental stoichiometry.
Although we did not implement stringent physiological controls
in our analysis, the effects of growth rate (i.e., µ/µmax) on
elemental stoichiometry may be important in identifying
relationships between phylogeny and elemental stoichiometry
as identified previously (Quigg et al., 2003). We note, however,
that environmental populations grow at variable rates. Thus,
broad physiological ranges may be more important in identifying
class-specific variability in elemental stoichiometry in the natural
environment.

In comparison with other studies, our results corroborate
recent findings but conflict with some current hypotheses.
In our study, C:P and N:P variation among isolates within
Bacillariophyceae is as large as the total variation of elemental
ratios among all of the isolates that we examined (Figures 2, 3).
This result is similar to findings from Finkel et al. (2016) where
the species level was the largest source of variation in their
hierarchical Bayesian analysis of macromolecular composition
among lineages of phytoplankton. Our results also partially
support previous studies that identify low C:P and N:P in cold-
water diatoms (Arrigo et al., 1999, 2002). However, by including
warm water diatom isolates, our data conflict with the hypothesis
that all taxa within Bacillariophyceae have low C:P and N:P
relative to other classes (Ho et al., 2003; Quigg et al., 2003). Thus,
low cellular elemental ratios within diatoms may be common
in cold-water isolates but elemental ratios were not consistently
low in all of the diatom isolates that we examined and did not

scale linearly with temperature (Figure 4). Our analysis, however,
could be improved by including more isolates to account for
larger variability within groups outside of Bacillariophyceae.

Our data also do not align with the general trend associated
with the growth rate hypothesis (Sterner and Elser, 2002), whereby
C:P and N:P ratios are expected to decline with increasing
growth because of the high growth dependency on ribosomal
P. Although several studies indicate that growth rate can have
a strong relationship with C:P and N:P, there are many issues
associated with this hypothesis in microalgae (Flynn et al., 2010)
and may be restricted to phosphate-limited growth as identified
previously (Goldman et al., 1979; Klausmeier et al., 2008; Garcia
et al., 2016). This hypothetical change in C:P and N:P, for
example, could be masked by cellular P storage in environments
with a high P supply, as modeled by Klausmeier et al. (2004)
but more generally, the growth-dependent change in the cellular
ribosomal protein concentration seems to be a small fraction of a
larger protein pool that changes as a function of microbial growth
(Barenholz et al., 2016). The N and P input concentrations in
our growth medium (L1) were considerably higher than the
particulate concentrations of N and P in our cultures, indicating
that growth rates were not limited by nutrients. Thus, the
growth rate hypothesis may find more support in some natural
environments where P is depleted relative to N.

Another related hypothesis suggests that temperature affects
cellular elemental stoichiometry by modulating ribosome
efficiency and hence the demand for ribosomal cellular P
(Toseland et al., 2013). Their data suggest that cells compensate
for low ribosomal efficiency at low temperatures by increasing
the cellular concentration of ribosomes and hence cellular P
(Toseland et al., 2013). Although our statistical model (glm)
identified a significant effect of temperature on C:P and N:P,
temperature only accounted for a small portion of the statistical
model variance (5%). Thus, the effect of temperature on C:N:P
variability within isolates might be more important than the
effect on whole communities and may be more relevant for
low P environments where P-storage does not interfere with
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the underlying effect on P-rich ribosome concentrations. With
regard to the temperature-dependent translation efficiency
hypothesis, the specific question about how temperature affects
cellular elemental stoichiometry might be more thoroughly
investigated with a full-factorial experimental design focusing
on temperature with account for broad physiological effects like
P-limited growth. Such an experimental design might consider
an observable maximum growth rate and account for covariable
relationships between temperature and growth rate (Boyd et al.,
2013) and cell size and growth rate (Marañón et al., 2013). In
addition to these considerations, however, adaptive mechanisms
(e.g., such as those identified by Toseland et al., 2013) may
further complicate relationships between cellular elemental
stoichiometry, temperature, cell size and growth rate.

Although silicate concentrations in general, can be high
in glass culturing flasks (50–100µM.—M. Lomas unpublished
data) we did not control for possible effects of silicate addition
on C:N:P ratios. Such additional environmental factors may
contribute to the variation in observed C:N:P ratios inmicroalgae
including diatoms. The supply of silicate to diatoms, for example,
may influence the proportion of cell volume that is occupied by
other elements (Raven and Waite, 2004).

Cell Volume and C:N:P Within Diatoms
A large portion (40%) of our analysis focused on
Bacillariophyceae to identify how cell size, growth rate, and
temperature might contribute to C:N:P variability as diatoms
represent a large portion of marine net primary production
(Nelson et al., 1995; Armbrust et al., 2002). Of these 3 factors,
our analysis identified a significant positive relationship between
cell volume and C:P and N:P (Figure 5). Because of the
limited number of isolates that we analyzed in other classes
of phytoplankton, we cannot directly compare this trend in
Bacillariophyceae with other classes but one feature that is
unique to Bacillariophyceae is the low carbon and nitrogen
investments in the protective layer surrounding cells, as this
group depends on silica for major support in addition to the
silicolemma. This is in contrast to other phytoplankton lineages,
like chlorophytes that have high concentrations of glycoproteins
in the cell wall (Northcote and Goulding, 1958; Gerken et al.,
2013). Another factor that might contribute to a large portion
of C:N:P variability in some diatoms is β-chitin. Of the 12
isolates that we examined, 8 belong to the genus Thalassiosira,
which is known to invest C and N at a ratio of 8:1 in β-chitin
spines that extend through the silica shell to reduce sinking rates
(McLachlan et al., 1965; McLachlan and Craigie, 1966; Round
et al., 1990; Durkin et al., 2009). Thus, the positive relationship
between cell volume and C:N:P within Bacillariophyceae could
result from a combination of silica-based cell structure and C:N-
enriched β-chitin, specifically within Thalassiosira. Although
not unique to Bacillariophyceae, lipids are an important carbon
storage mechanism (McGinnis et al., 1997), which could also
contribute to the positive relationship between C:P and and cell
volume. This positive relationship within Bacillariophyceae is
in contrast to other data supporting the hypothesis that isolates
with small cells have high C:P and N:P (Bertilsson et al., 2003;
Martiny et al., 2013) and should be investigated further because

of the projected surface-ocean warming and its associated effect
of declining nutrient concentrations on phytoplankton cell size
(Finkel et al., 2005, 2007, 2010). Further investigations might
identify more complex effects of vacuoles on this relationship.

In summary, we identified a high degree of variability in
C:P and N:P and C:N within the class Bacillariophyceae that
is as large as the stoichiometric variability between the 7
classes that we examined. While some of our data support
previous studies in this regard, this high variability is in contrast
to several studies that identify only low ratios of C:P and
N:P in diatoms in comparison with other lineages. Whereas,
previous studies focus on a single factor relationship between
phylogeny and cellular elemental stoichiometry, our analysis
includes effects frommultiple variables that are currently thought
to affect cellular elemental stoichiometry. Overall, our study
highlights the complexity of variability in cellular elemental ratios
among marine phytoplankton. Generally, our results suggest that
the link between changes in ocean phytoplankton community
composition and C:N:P is complex and we cannot simply assume
that the presence of diatoms leads to low ratios in ocean regions.
Our study further identifies the need to control for physiological
effects to test current hypotheses relating to potential trends
in phytoplankton elemental stoichiometry. Future studies that
use different sources of nutrients (e.g., ammonium vs. nitrate)
might improve our understanding of variability in physiology
and elemental stoichiometry between phytoplankton groups.
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Figure S1 | Relative fluorescence units of in vivo Chl a in 30 isolates of marine

eukaryotic phytoplankton. Symbols are color-coded by class: dark yellow,

Dinophyceae; dark green, Mamiellophyceae; dark blue, Cryptophyceae; light blue,

Prymnesiophyceae; gray, Dictyophyceae; light green, Prasinophyceae. Species

names are color-coded by temperature. Growth rates were calculated between

the 2-day period before terminal sampling of cultures.
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Figure S2 | Observed growth rates in 30 isolates of marine eukaryotic

phytoplankton. Symbols are color-coded by class: dark yellow, Dinophyceae;

dark green, Mamiellophyceae; dark blue, Cryptophyceae; light blue,

Prymnesiophyceae; gray, Dictyophyceae; light green, Prasinophyceae. Species

names are color-coded by temperature. Growth rates were calculated between

the 2-day period before terminal sampling of cultures. Black numbers in the lower

left of the panel are cell volumes estimates in µm3
× 103 (estimates correspond

with data in Figures 4, 5).
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The elemental composition of phytoplankton (C:N:P stoichiometry) is a critical factor

regulating nutrient cycling, primary production and energy transfer through planktonic

food webs. Our understanding of the multiple direct and indirect mechanisms

through which temperature controls phytoplankton stoichiometry is however incomplete,

increasing uncertainty in the impacts of global warming on the biogeochemical

functioning of aquatic ecosystems. Here, we use a decade-long warming experiment

in outdoor freshwater ponds to investigate how temperature-driven turnover in species

composition and shifts in stoichiometric traits within species through local thermal

adaptation contribute to the effects of warming on seston stoichiometry. We found that

experimental warming increased seston C:P and N:P ratios, while the C:N ratio was

unaffected by warming. Temperature was also the dominant driver of seasonal variation in

seston stoichiometry, correlating positively with both C:P and N:P ratios. The taxonomic

composition of the phytoplankton community differed substantially between the warmed

and ambient treatments indicating that warming resulted in differential sorting of species

from the regional pool. Furthermore, taxonomic composition also changedmarkedly over

the year within each of the warmed and ambient treatments, highlighting substantial

temporal turnover in species. To investigate whether local adaptation also played an

important role in shaping the effects of warming on seston stoichiometry, we isolated

multiple strains of the cosmopolitan alga, Chlamydomonas reinhardtii from across the

warmed and ambient mesocosms. We found that warmed isolates had higher C:P and

N:P ratios, shifts that were comparable in direction and magnitude to the effects of

warming on seston stoichiometry. Our results suggest that both species sorting and local

adaptation are likely to play important roles in shaping the effects of warming on bulk

phytoplankton stoichiometry and indicate that major shifts in aquatic biogeochemistry

should be expected in a warmer world.
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INTRODUCTION

The stoichiometry of carbon (C), nitrogen (N), and phosphorous
(P) in phytoplankton biomass set important constraints on
the biogeochemistry of aquatic ecosystems, shaping patterns of
nutrient limitation (Elser et al., 2009; Bonachela et al., 2013;
Alexander et al., 2015), recycling (Sterner and Elser, 2002),
material transfer, and C sequestration in planktonic ecosystems
(Galbraith and Martiny, 2015). Until recently it was assumed
that the ratios of these elements were maintained in relatively
fixed proportions (i.e., the Redfield ratio, C:N:P = 106:16:1)
and exhibit tight coupling between organic and inorganic pools
(Geider and La Roche, 2002). It is now widely recognized that
the C:N:P stoichiometry of phytoplankton is highly variable
across multiple spatial, temporal and organizational scales
(Geider and La Roche, 2002). Such variation has been linked
to directional changes in abiotic factors (e.g., light, CO2 and
nutrients), with temperature often cited as a key determinant
of phytoplankton stoichiometry (Woods et al., 2003; Hessen,
2005; Martiny et al., 2013; Toseland et al., 2013; Yvon-
Durocher et al., 2015b). However, despite much recent progress,
we still lack a detailed understanding of the multiple direct
and indirect mechanisms through which temperature controls
phytoplankton stoichiometry across scales of time, space and
biological organization, limiting our ability to forecast impacts
of global warming on macronutrient cycles.

The elemental stoichiometry of a phytoplankton cell is the
result of resource allocation to different subcellular constituents
that vary in their C, N, and P content and together determine the
cell’s macromolecular composition (Shuter, 1979; Daines et al.,
2014). For example, polysaccharides, lipids and carbohydrates
are major sinks for C allocation; proteins represent the major
fraction of the cell’s investment of N, while ribosomal RNA
and phospholipids account for a large part of P allocation
(Geider and La Roche, 2002). Temperature is a key driver
phytoplankton metabolism (Raven and Geider, 1988; Thomas
et al., 2012; Sal et al., 2015; Padfield et al., 2016) and recent
work suggests that changes in temperature alter the cell’s
optimal allocation to C, N and P pools via phenotypic plasticity
(i.e., acclimation; Toseland et al., 2013; Daines et al., 2014).
The “temperature-dependent physiology” hypothesis predicts that
organisms growing at higher temperatures should have higher
N:P ratios because they require fewer P-rich ribosomes, relative
to N-rich proteins, to sustain growth and maintenance (Woods
et al., 2003; Toseland et al., 2013; Yvon-Durocher et al.,
2015b). In phytoplankton, such a shift could occur if the rates
of photosynthesis by N-rich photosynthetic proteins exhibit
weaker temperature dependence than protein synthesis by P-
rich ribosomes (Yvon-Durocher et al., 2015b). A recent meta-
analysis of temperature manipulation experiments on 9 species
of marine and freshwater phytoplankton demonstrated a positive
association between temperature and C:P and N:P ratios, but not
C:N, suggesting that, in support of the “temperature-dependent
physiology” hypothesis, changes in cellular stoichiometry were
attributable to declines in P content as cells acclimate to warmer
temperatures (Yvon-Durocher et al., 2015b). Furthermore, direct
measurements of cellular allocation to RNA in chlorophytes

and diatoms have also revealed rapid declines as populations
acclimate to warmer growth temperatures (Toseland et al., 2013;
Hessen et al., 2017). Evidence in support of the “temperature-
dependent physiology” hypothesis is not unequivocal however,
with acclimation experiments on the marine cyanobacterium
Prochlorococcus revealing that increases in C:P and N:P at higher
temperatures were driven by elevated C and N contents, rather
than declines in P, in warm acclimated cells (Martiny et al.,
2016a). Nevertheless, the current weight of evidence indicates
that physiological plasticity in response to rapid changes in
temperature can cause substantial shifts in algal stoichiometry
within species that are at least as large as those observed across
species, irrespective of the underlying molecular and biochemical
mechanisms.

Phytoplankton stoichiometry exhibits substantial variation
among the major lineages, presumably reflecting their divergent
evolutionary histories (Quigg et al., 2003; Litchman et al., 2007;
Litchman and Klausmeier, 2008; Finkel et al., 2009). Red lineage
algae, which include the diatoms and coccolithophores and
dominate the eukaryotic contribution to contemporary global
marine primary production, have relatively low N:P ratios
(Quigg et al., 2003). In contrast, green lineage algae, which
include the chlorophytes and prasinophytes that dominated
ocean productivity in the Proterozoic and Paleozoic, often
have relatively high N:P ratios (Quigg et al., 2003). Thus,
owing to the substantial differences in stoichiometric traits
that exist among phytoplankton taxa, environmental filtering
of species along thermal gradients has the potential to drive
variation in the bulk stoichiometry of seston when species-level
selection is systematic with respect to temperature and elemental
stoichiometry (Martiny et al., 2016b).

Rapid evolutionary responses to directional environmental
change could also play an important role in shaping the effects
of warming on phytoplankton stoichiometry and biogeochemical
macronutrient cycling. Indeed, recent work experimentally
evolving bothmarine and freshwater phytoplankton under future
temperature and CO2 scenarios have shown that adaptation
can be rapid (<1 year or a few hundred phytoplankton
generations) and often involves changes in stoichiometric traits
(e.g., C:N; Schlueter et al., 2014; Schaum et al., 2016). However,
experiments explicitly investigating rapid evolutionary shifts in
phytoplankton C:N:P stoichiometry in response to warming are
currently lacking. We therefore have limited understanding of
the direction, magnitude and tempo over which stoichiometric
traits might evolve as phytoplankton adapt to warming and
consequently, the contribution of rapid evolution to changes in
biogeochemical cycles.

Here, we use a decade-long warming experiment in outdoor
freshwater ponds to investigate the interplay between species
sorting and rapid evolution in shaping the effects of temperature
on phytoplankton stoichiometry. We first present a detailed
analysis of both seasonal changes in phytoplankton stoichiometry
within ponds as well as the long-term differences between
treatments attributable to experimental warming. We then
assess the role of local adaptation by quantifying changes
in C:N:P stoichometry in strains of the cosmopolitan alga,
Chlamydomonas reinhardtii, isolated from both our ambient and
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warmed ponds. We have previously shown that C. reinhardtii
strains isolated from the warmed and ambient treatments
are locally adapted to the different thermal regimes imposed
by experimental warming and exhibit fitness trade-offs when
reciprocally transplanted in the warmed and ambient treatments
(Schaum et al., 2017). Based on work in both marine and
freshwater systems over latitudinal and temporal (seasonal)
thermal gradients, we expect the C:P and N:P ratios of the seston
in our experiment to increase with warming and exhibit positive
seasonal temperature dependence (Hessen, 2005; Martiny et al.,
2013; Yvon-Durocher et al., 2015b). Given the highly dynamic
nature of phytoplankton communities, we hypothesize that
seasonal variation and treatment effects on bulk stoichiometry
will emerge from temperature driven turnover in the taxonomic
composition of the algal assemblages. However, we also predict
that if temperature driven adjustments in sub-cellular allocation
to C, N and P pools that increase C:P and N:P in warmer
environments (as expected under the “temperature-dependent
physiology” hypothesis) also increase fitness, then they will be
reinforced through evolutionary adaptation. Consequently, we
hypothesize that isolates of the cosmopolitan alga, C. reinhardtii,
that have adapted to the thermal regimes in the warmed
mesocosms will have higher C:P and N:P ratios than their
counterparts from the ambient treatments.

MATERIALS AND METHODS

Mesocosm Experimental Design
The mesocosm facility was established in 2005 and consists
of 20 artificial ponds of ∼1 m3 volume, 50 cm depth, sited
in southern England (Freshwater Biological Association Rivers
Laboratory, East Stoke, 2◦10′W, 50◦13′N), designed to be broadly
representative of mid-latitude shallow lakes (Yvon-Durocher
et al., 2010). Warming of 4–5◦C above ambient began in half of
the ponds in 2006 by maintaining a constant differential between
thermocouples in a pair of warmed and ambient ponds. The
ponds contain well-established benthic and pelagic communities
including assemblages of macrophytes, phytoplankton, algal
biofilms, and invertebrates; for a detailed description of the
community composition see previous publications from this
facility (Yvon-Durocher et al., 2010, 2015a; Dossena et al., 2012).
Sediments are comprised of 8–10 cm of fine sands with a
developed organic layer of 1–3 cm (Table 2).

Phytoplankton Sampling
The plankton community in each of the mesocosms was
sampled every 2 months between July 2011 and May 2012 (6
sampling occasions in total). The phytoplankton composition
data presented here are reanalyzed from those in Yvon-Durocher
et al. (2015a). The entire water column from the sediment surface
to the water surface was sampled using a 0.8 m-length tube
sampler (Volume: 2 L), which was positioned at random in each
mesocosm on each date. Each sample was passed through a
100µm aperture sieve to remove the zooplankton. A 100mL
sub-sample of <100µm fraction was preserved in 1% Lugol’s
iodine for microscope analysis of the phytoplankton community
composition, while the remaining material was filtered through

a pre-ashed, Whatman GF/F filter (0.7µm nominal pore size) in
duplicate and then immediately frozen at−20◦C prior to analysis
of particulate nutrients.

Seston Stoichiometry
Filters (GF/F) were dried for 48 h at 60◦C. The dry weight
of particulate matter on the filter was calculated and used to
standardize by the sample mass in further analyses. One of the
two filters was acidified (1M HCl) to remove carbonates and
used for the analysis of particulate organic carbon and nitrogen
using a Sercon 20-22 IRMS. The other was used for determining
particulate organic phosphorous on a segmented flow auto-
analyser (Skalar, San++, Breda, Netherlands) following complete
oxidation with potassium persulfate.

Taxonomic Characterization of the
Phytoplankton Community
Phytoplankton <100µm were counted using a LEICA DMIRB
inverted microscope at 400x magnification, following the
Utermöhl method. The microscope was connected to an
interactive image analysis system (LEICA EC3 camera and LAS
software) to allow for a higher magnification. For each sample,
at least 400 individuals (single cell, colony or filament) were
counted, measured and identified. Counts were converted to
volumetric estimates of abundance (organisms mL−1) based on
the volume of sample analyzed, which varied between 1 and
25mL depending on the density of organisms. In total, 171 taxa
were identified, 85% of which were identified to species level;
the remaining 15% were identified to genus or class, or were
undetermined.

Measuring Gross Primary Production
Rates of gross primary production (GPP) were measured over
a 24 h diel cycle for each replicate mesocosm on the sampling
months described above using the free water dissolved oxygen
(DO) change technique (Staehr et al., 2010). Measurements of
DO and temperature were taken every 15min for 24 h at mid-
depth (0.25m) in the water column of each pond with YSI
600XLM multi-parameter Sondes, equipped with 6562 rapid
pulseTM dissolved oxygen sensors. Light intensity was measured
using a Licor spherical quantum sensor (LI-193, Licor USA)
positioned at mid-depth (0.5m) in the water column of a single
ambient mesocosm in the center of the pond array. These
measurements allow for quantification of seasonal variation
in light intensity but do not allow us to quantify potential
differences among treatments in light penetration. Light intensity
was measured every minute and logged as 15-min averages using
a Licor LI-1500 data logger. Prior to deployment, the multi-
parameter Sondes were calibrated in water-saturated air with
a correction for barometric pressure. Calibration accuracy was
verified by monitoring the DO concentration of water-saturated
air for 10min and checking against 100% O2 saturation for the
measured temperature and pressure. Measurements of DO, wind
speed at 1.7m (Cole-Parmer,WS-821), and light intensity at mid-
depth in the water column were used to calculate GPP and Reco

following the methods outlined in Staehr et al. (2010).
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Isolation and Characterization of
Chlamydomonas reinhardtii
We isolated Chlamydomonas, a known cosmopolitan and highly
abundant genus in the heated and ambient mesocosms (Yvon-
Durocher et al., 2015a), by first passing water through a
45µm and then a 20µm filter, followed by serial dilution and
streaking the isolate on to agar-filled pipette tips turned toward
a light source (enabling identification and isolation of motile
autotrophs). Organisms putatively identified as Chlamydomonas
were then grown on agar plates infused with Bold’s Basal
Medium (BBM). Colonies were then picked under a microscope,
transferred back into liquid culture (autoclaved, filtered water
taken from rainwater holding tanks at the mesocosm experiment
supplemented with BBM at 1/3 the standard concentration) and
kept at 18◦C (the average daytime temperature across treatments
at the time of sampling) for 2 weeks in semi-continuous batch-
culture. This yielded concentrations of NO−

3 at 1,000 µmol L−1

and PO3+
4 at 330 µmol L−1. The rationale here was to grow the

isolates under nutrient replete conditions (concentrations of N
and P that were much larger than observed in the mesocosms) so
(i) rates of growth and biomass yields were sufficient to quantify
physiological traits, and (ii) the observed cellular stoichiometry
would not depend on the availability of nutrients in the medium.
Taxonomy of Chlamydomonas was confirmed by microscopy
and using PCR followed by Sanger sequencing within the 18S
sequence using a set of primers with forward sequence GAAG
TCGTAACAAGGTTTCC and reverse sequence TCCTGGTTA
GTTTCTTTTCC. Positive controls were run using p23 primers
amplifying in the RuBisCO region, with forward GGACAGAAA
GACCCTATGAA and reverse TYAGCCTGTTATCCCTAGAG.
This yielded 18 out of the 20 isolates with an at least 99% BLAST
match for C. reinhardtii, 8 from heated and 10 from ambient
mesocosms. These were used throughout the experiments and
the other 2 samples were discarded.

To determine intracellular C, N, and P content,
Chlamydomonas cultures were grown to exponential phase
and the cells counted. A total of 200mL were spun down at
2,500 r.p.m, the supernatant decanted and the samples frozen
immediately in liquid nitrogen until further analysis. Samples
for CN content were freeze-dried, weighed out into tin capsules,
and analyzed for C and N content using a Sercon 20-22 IRMS.
Cell P content was determined via a colorimetric reaction on a
Seal Analytics AA3 flow analyser. Pellets were washed in 0.17M
Na2SO4, transferred to scintillation vials and re-suspended
in 4ml 0.017M MnSO4. The samples were transferred to an
autoclave (1 h, 121◦C), shaken vigorously and centrifuged at
2,500 r.p.m for 30min, the pellet discarded, and the supernatant
brought to 10ml with MillliQ purified water. The samples
were immediately analyzed on the AA3 using the colorimetric
molybdate/antimony method after (Murphy and Riley, 1958).

Dissolved Inorganic Nutrients
Water samples for measuring dissolved inorganic nutrient
concentrations were collected frommid-depth in eachmesocosm
at 9 a.m. on each sampling occasion. Samples were filtered
(Whatmann GF/F) and stored frozen at −20◦C for subsequent

determination of NO−

3 , NO−

2 , NH+

4 , and soluble reactive
phosphorous (SRP) using a segmented flow auto-analyser
(Skalar, San++, Breda, Netherlands) and the methods of
Kirkwood (1996).

Statistical Analyses
Seasonal changes in biotic and abiotic variables often exhibit
highly non-linear patterns of change, particularly in temperate
regions. We therefore used generalized additive mixed effects
models (GAMMs) to characterize the seasonal trends and
overall treatment effects on temperature, light intensity, GPP,
dissolved inorganic nutrients, particulate organic nutrients, and
seston stoichiometry. GAMMs do not prescribe any particular
functional form for the trend; rather its shape is estimated from
the data using penalized regression. GAMMs further account
for hierarchical data structures (Zuur et al., 2009). For example,
our experimental design yielded replicate seasonal responses for
each variable in each treatment. This hierarchical structuremeant
that measurements were non-independent—e.g., measurements
from the same pond will be autocorrelated. We account for this
by treating replicate pond as a random effect on the intercept
of the model, which models deviations among ponds from the
fixed effects as normally distributed with a mean of zero. The full
models were specified as follows

ypt = β + αp + Treatt + fTreat (DOYt) + εpt

εpt = N
(

0, σ 2)

αp = N(0, σ 2) (1)

where ypt is the response variable in pond, p, and time, t, β

is the intercept, which characterizes the median value of the
response variable, “Treat” captures differences in the intercept
between treatments (e.g., “warmed” or “ambient”), αp is a
random effect that characterizes deviations among replicate
ponds from the intercept, which we assume are normally
distributed with a mean of zero and a variance, σ 2. The seasonal
smooth function, fTreat(DOYt), uses a cubic regression spline
to model the seasonal trend in the response variable y, which
is allowed to vary between warmed and ambient treatments.
The model residuals, εpt , are assumed to be drawn from a
normal distribution with a mean of zero and a variance, σ 2.
Model selection entailed fitting a range of models to the data,
starting with the full model and then a series of reduced
models with interaction terms (e.g., different seasonal smooth
functions for each treatment) and main effects removed to test
hypotheses about the potential differences in seasonal changes
in the response variables among treatments. For multi-model
selection we computed small sample-size corrected AIC scores
(AICc) and then compared between models by calculating delta
AICc values and AIC weights using the “MuMIn” package.
When candidate models deviated from the most parsimonious
model (that with the lowest AICc score) by less than two AICc
units, parameters were averaged across those candidate models
using the “model.avg” function in the “MuMIn” package. The
relative importance of the fixed factors in the averagedmodel was
determined using the sum of their relative weights. GAMMswere
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fitted to the data using the “gamm4” package and were conducted
in R (v.3.23).

To assess the relative importance of putative abiotic drivers
in shaping seasonal variation in seston stoichiometry, we fitted
each stoichiometric ratio to the seasonal changes in temperature,
light intensity, dissolved inorganic nitrogen (DIN), and SRP in a
multiple regression mixed effects model using the “lme” function
in the “nlme” package for R.

ln(Rip) = β0 + αp + β1Tip + β2 ln
(

Iip
)

+ β3 ln
(

DINip

)

+β4 ln
(

SRPip
)

+ εip

εip = N
(

0, σ 2)

αp = N(0, σ 2) (2)

where ln(Rip) is the natural logarithm of the ith observation of
the stoichiometric ratio in pond p, β0 is the intercept and αp

is a random effect that characterizes deviations among replicate
ponds from overall the intercept, which we assume are normally
distributed with a mean of zero and a variance, σ 2. The slope
coefficients, β1...n characterize the response of ln(Rip) to the
to the various predictor variables. The model residuals, εip,
are assumed to be drawn from a normal distribution with

a mean of zero and a variance, σ 2. We natural logarithm
transformed the stoichiometric ratios, light intensity, DIN and
SRP to linearize all relationships and ensure data were normally
distributed prior to statistical analyses. We tested for multi-
colinearity by calculating the variance inflation factors (VIF)
for each predictor. In each case VIFs were <2.5 indicating
that multi-colinearity was low. As for the GAMM analyses,
model selection entailed fitting a range of models to the data,
starting with the full model (Equation 2) and then a series
of reduced models with predictors removed to test hypotheses
about the dominant abiotic drivers of seasonal changes in the
stoichiometric ratios. Model selection and model averaging was
conducted in the same way as described above for the GAMM
analyses.

Variation in the taxonomic composition of the phytoplankton
communities between treatments and among sampling months
was indexed as the “score” for each mesocosm along the first axis
of a non-metric multidimensional scaling (NMDS) ordination.
NMDS ordination was conducted on each sampling month using
the “metaMDS” function in the “vegan” package in R based on
a Bray–Curtis dissimilarity matrix derived from log10 (X+1)-
transformed total abundances of the taxa in each mesocosm.
NMDS projected this matrix into a new coordinate space with a
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FIGURE 1 | Seasonal variation in abiotic variables. Seasonal changes and treatment effects on (A) average daily temperature, (B) average daily light intensity,

(C) dissolved inorganic nitrogen, and (D) soluble reactive phosphorous (SRP). Black denotes ambient treatments, red indicates warmed treatments. Fitted lines are

from the fixed effects of the best fitting mixed effects models. Where red and black fitted lines are present warmed and ambient treatments differed in either the

median value and/or the seasonality of the response variable. Where the fitted line is blue a single function provided the best fit to the data from both treatments.
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small number of dimensions (in this case, 10) while preserving
the original Bray–Curtis dissimilarities among samples to the
extent possible. Orthogonal rotation was applied to the axes in
this new coordinate space so as to maximize the variance in
“scores” among samples along the first NMDS axis. Thus, samples
with more similar scores along the first NMDS axis are more
similar to each other with respect to the dominant gradient in
taxonomic composition. We used Permutational Multivariate
Analysis of Variance (PERMANOVA) to test whether Bray–
Curtis dissimilarities between treatments, months and their
interaction were significant.

Because we were interested in assessing the relative
importance of species sorting in shaping the seasonal variation
and effects of experimental warming on seston stoichiometry,
we used the methods described in Baselga and Orme (2012) to
partition beta-diversity into its turnover and nested components.
We quantify beta-diversity (e.g., spatial or temporal differences
in taxonomic composition based on presence-absence data)
using the Sorensen’s Index (βsor), which can be partitioned into
components attributable to species turnover (e.g., spatial or
temporal replacement of species, βturn) and nestedness (e.g.,
where different sites or time points have species compositions
that are nested subsets, βnes).

βsor = βturn + βnes ≡
b

b+ a
+

(

c− b

2a+ b+ c

) (

a

b+ a

)

(3)

where a is the number of species shared between two sites
(or distinct time points), b is the number species unique
to the poorest site and c is the number of species unique
to the richest site. We then estimated the fraction of total
beta-diversity attributable to turnover (e.g., spatial or temporal
replacement of species) as βfrac = βturn/βsor. Using these
metrics, we calculated two forms of beta-diversity. First, for each
sampling month we estimated spatial beta-diversity as pond-
to-pond differences in taxonomic composition, partitioning
out variation among ambient, heated and ambient vs. heated
ponds. Second, we estimated temporal beta-diversity for each
replicate pond by assessing variation in taxonomic composition
among sampling months. For both spatial and temporal beta-
diversity we calculated βfrac = βturn/βsor to assess the relative
importance of taxonomic turnover between the warmed and
ambient treatments as well as over seasonal variation within
mesocosms.

RESULTS

Seasonal Variation and Treatment Effects
on Abiotic Variables
The abiotic variables measured in the mesocosms showed
characteristic seasonality, with temperature and surface water
light intensity reaching maxima in July and minima in January
(Figures 1A,B). The heated mesocosms were, on average, 4.1◦C
(±0.7◦C) warmer than their ambient counterparts over the
entire year (Figure 1A). The seasonality of DIN and SRP
reflected drawdown in the spring and early summer, followed
by regeneration through autumn and winter (Figures 1C,D).

TABLE 1 | Multi-model selection on generalized additive mixed effects models

fitted to the seasonal data.

Model Df logLik AICc 1AICc Weight

TEMPERATURE

T1 = treat + s(DOY) 6.00 −156.54 326.54 0.00 1.00

T0 = treat + s(DOY, by = treat) 8.00 −160.86 340.29 13.76 0.00

T3 = s(DOY) 5.00 −165.54 342.10 15.56 0.00

T2 = s(DOY, by = treat) 7.00 −169.84 355.65 29.11 0.00

DISSOLVED INORGANIC NITROGEN

DIN3 = s(DOY) 5.00 −54.06 119.13 0.00 0.74

DIN1 = treat + s(DOY) 6.00 −53.95 121.34 2.21 0.25

DIN2 = s(DOY, by = treat) 7.00 −55.75 127.46 8.33 0.01

DIN0 = treat + s(DOY, by = treat) 8.00 −55.59 129.74 10.61 0.00

SRP

SRP1 = treat + s(DOY) 6.00 −51.69 116.82 0.00 0.73

SRP3 = s(DOY) 5.00 −54.17 119.35 2.52 0.21

SRP0 = treat + s(DOY, by = treat) 8.00 −51.89 122.36 5.53 0.05

SRP2 = s(DOY, by = treat) 7.00 −54.47 124.90 8.08 0.01

GROSS PRIMARY PRODUCTION

GPP1 = treat + s(DOY) 6.00 −54.11 121.66 0.00 0.77

GPP3 = s(DOY) 5.00 −56.64 124.31 2.64 0.21

GPP0 = treat + s(DOY, by = treat) 8.00 −55.29 129.14 7.48 0.02

GPP2 = s(DOY, by = treat) 7.00 −57.46 130.88 9.21 0.01

PARTICULATE CARBON

PC3 = s(DOY) 5.00 −56.31 123.63 0.00 0.89

PC1 = treat + s(DOY) 6.00 −57.27 128.00 4.36 0.10

PC2 = s(DOY, by = treat) 7.00 −58.46 132.89 9.26 0.01

PC0 = treat + s(DOY, by = treat) 8.00 −59.36 137.28 13.65 0.00

PARTICULATE NITROGEN

PN3 = s(DOY) 5.00 −68.19 147.40 0.00 0.81

PN1 = treat + s(DOY) 6.00 −68.90 151.24 3.84 0.12

PN2 = s(DOY, by = treat) 7.00 −68.28 152.53 5.13 0.06

PN0 = treat + s(DOY, by = treat) 8.00 −68.99 156.55 9.15 0.01

PARTICULATE PHOSPHOROUS

PP3 = s(DOY) 5.00 −51.52 114.06 0.00 0.54

PP1 = treat + s(DOY) 6.00 −50.81 115.06 1.01 0.33

PP2 = s(DOY, by = treat) 7.00 −50.82 117.61 3.56 0.09

PP0 = treat + s(DOY, by = treat) 8.00 −50.32 119.20 5.15 0.04

C:N RATIO

CN3 = s(DOY) 5.00 −61.44 133.91 0.00 0.74

CN1 = treat + s(DOY) 6.00 −61.32 136.09 2.18 0.25

CN2 = s(DOY, by = treat) 7.00 −63.25 142.46 8.55 0.01

CN0 = treat + s(DOY, by = treat) 8.00 −63.12 144.82 10.91 0.00

C:P RATIO

CP1 = treat + s(DOY) 6.00 −70.76 154.96 0.00 0.63

CP3 = s(DOY) 5.00 −72.51 156.03 1.08 0.37

CP0 = treat + s(DOY, by = treat) 8.00 −73.53 165.63 10.68 0.00

CP2 = s(DOY, by = treat) 7.00 −75.33 166.63 11.67 0.00

N:P RATIO

NP3 = s(DOY) 5.00 −67.60 146.22 0.00 0.54

(Continued)
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TABLE 1 | Continued

Model Df logLik AICc 1AICc Weight

NP1 = treat + s(DOY) 6.00 −66.58 146.61 0.39 0.44

NP2 = s(DOY, by = treat) 7.00 −68.78 153.52 7.31 0.01

NP0 = treat + s(DOY, by = treat) 8.00 −67.78 154.14 7.92 0.01

A range of models testing hypotheses on the effects of the warming treatment (“treat”)

were fitted to the seasonal data; “treat” assess differences in median values warmed and

ambient treatments, while comparisons between s(DOY) and s(DOY, by = treat) assess

whether the shape of the seasonality differs among treatments. Models were compared

via the small sample size corrected Akaike Information Criterion (AICc), delta AICc is the

difference in AICc score relative to the model with the lowest value (most parsimonious

model) and AICc Weight (Wt) is the relative support for the model. The best fitting models

were selected as those returning the lowest AICc score and the highest AICc weight and

are highlighted in bold. Where two models differed in <2 AICc units we averaged the

coefficients between those models.

Median SRP levels over the year were lower in the warmed
treatments (Figure 1D; Table 1).

Seasonal Variation in Primary Production,
Particulate Nutrients and Seston
Stoichiometry
Patterns in GPP and phytoplankton nutrient content reflected
variation in the abiotic variables. GPP peaked in July in both
the warmed and ambient treatments when temperatures and
light levels were maximal (Figure 2A; Table 1). Rates of GPP
were also elevated in the warmed treatments across all sampling
occasions (Figure 2A; Table 1). Seston carbon content peaked in
July, in alignment with the maximal rates of GPP, but exhibited
no difference between the warmed and ambient treatments
(Figure 2B; Table 1). The nitrogen and phosphorous content of
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FIGURE 2 | Seasonal variation in primary production and particulate nutrients. Seasonal changes and treatment effects on (A) gross primary production, (B)

particulate organic carbon, (C) particulate organic nitrogen, and (D) particulate organic phosphorous. Fitted lines are from the fixed effects of the best fitting mixed

effects models. Where red and black fitted lines are present warmed and ambient treatments differed in either the median value and/or the seasonality of the response

variable. Where the fitted line is blue a single function provided the best fit to the data from both treatments.
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the phytoplankton peaked in May and March respectively, in
line with the peaks in DIN and SRP drawdown (Figures 2C,D;
Table 1). Seston phosphorous content was lower on average in
the warmed treatments (Figure 2D; Table 1).

C:N, C:P and N:P ratios all exhibited seasonal variation
(Figure 3; Table 1). C:N ratios were highest in winter and
declined through spring and summer (Figure 3A; Table 1). C:P
and N:P ratios exhibited the opposite seasonal trends, peaking
in the spring and summer and declining through autumn and
winter (Figures 3B,C; Table 1). In line with our predictions, both
C:P and N:P ratios were elevated in the warmed treatments
(Figures 3B,C; Table 1) while the C:N ratio was consistent
between treatments (Figure 3A; Table 1).

Abiotic Drivers of Seston Stoichiometry
To investigate the factors shaping the seasonal variation in
seston stoichiometry we fitted the data for each elemental ratio
to the measured abiotic drivers (temperature, light, DIN, and
SRP) using multiple regression in a mixed effects modeling
framework. The best fitting model for the C:N ratio included
temperature, light, and SRP as predictors (Table 2). C:N ratios
were negatively related to light intensity and positively correlated
with temperature and SRP (Figure 4A). Temperature, light, DIN,
and SRP were all retained as predictors of the C:P ratio in the
best fitting model (Table 2), though support for the inclusion of
SRP and DIN were weak (i.e., they had low summed weights
after model averaging, see Table 2). The C:P ratio was positively
correlated with temperature, and negatively related to light
(Figure 4B). For the N:P ratio, temperature, light and DIN were

all retained in the most parsimonious model (Table 2). The
N:P ratio was positively correlated with temperature and light,
and negatively related to DIN (Figure 4C). Consistent with our
hypotheses, temperature was an important predictor of all the
stoichiometric ratios and was the most important predictor for
the C:P and N:P ratio (i.e., it had the highest summed weight after
model averaging; see Table 2).

Seasonal Variation and Treatment Effects
on Phytoplankton Community Composition
The effects of seasonal variation in temperature and the other
abiotic variables, as well as the effect of experimental warming on
the bulk stoichiometry of the phytoplankton, will be mediated by
a combination of factors, including (i) physiological acclimation
of cellular stoichiometry within species; (ii) evolutionary
change in response to the long-term warming treatment; (iii)
environmentally driven species sorting; both in response to
seasonal changes in temperature within ponds as well as
the long-term temperature differential maintained between
the warmed and ambient treatments. To assess the potential
importance of species sorting and temperature-dependent
variation in phytoplankton community composition on seston
stoichiometry we quantified the taxonomic composition and
relative abundance of the phytoplankton communities in the
mesocosms on 6 sampling occasions over an annual cycle.
We found significant variation in phytoplankton community
composition both among treatments [Figure 5A; PERMANOVA,
F(1, 89) = 9.2; P < 0.001] as well as across sampling
occasions [Figure 5A; PERMANOVA, F(5, 89) = 2.3; P < 0.001],
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FIGURE 3 | Seasonal variation in phytoplankton stoichiometry. Seasonal changes and treatment effects on (A) the C:N ratio, (B) C:P ratio, and (C) N:P ratio. Fitted

lines are from the fixed effects of the best fitting mixed effects models. Where red and black fitted lines are present warmed and ambient treatments differed in either
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TABLE 2 | Model selection on multiple regression mixed effects models fitted to

investigate abiotic drivers of seston stoichiometry.

Model Df logLik AICc 1AICc Weight

C:N RATIO

PAR+SRP 5.00 −63.43 137.88 0.00 0.27

PAR+ SRP +Temp 6.00 −62.28 138.00 0.12 0.26

PAR+Temp 5.00 −64.01 139.03 1.15 0.15

PAR 4.00 −65.32 139.30 1.42 0.13

PAR SRP Temp

〈β〉 −0.39 0.24 0.03

SW 1.00 0.65 0.50

C:P RATIO

PAR+Temp 5.00 −75.67 162.36 0.00 0.22

PAR+ SRP +Temp 6.00 −74.82 163.09 0.73 0.15

DIN+PAR+Temp 6.00 −74.83 163.11 0.75 0.15

DIN+PAR+ SRP +Temp 7.00 −73.58 163.13 0.77 0.15

SRP +Temp 5.00 −76.16 163.33 0.97 0.14

Temp 4.00 −77.39 163.45 1.09 0.13

PAR Temp SRP DIN

〈β〉 −0.38 0.08 0.11 −0.08

SW 0.72 1.00 0.47 0.32

N:P RATIO

Temp 4.00 −68.89 146.44 0.00 0.30

DIN+Temp 5.00 −67.82 146.66 0.22 0.27

PAR+Temp 5.00 −68.35 147.71 1.27 0.16

Temp DIN PAR

〈β〉 0.07 −0.07 0.04

SW 1.00 0.37 0.22

Models including all possible combinations of light (PAR) temperature (Temp), dissolved

inorganic nitrogen (DIN), and soluble reactive phosphorous (SRP) as predictors of

the stoichiometric rations were compared via the small sample size corrected Akaike

Information Criterion (AICc), where delta AICc is the difference in AICc score relative to

the model with the lowest value (most parsimonious model) and AICc Weight (Wt) is the

relative support for the model. The best fitting models were selected as those returning the

lowest AICc score and the highest AICc weight. Where models differed by <2 AICc units

we averaged the coefficients between those models. All models with delta AICc < 2 are

given in the table above with model averaged coefficients, 〈β〉 and the relative importance

of each parameter, given by SW, which ranges from 0 (no models in the final set retain the

parameter) to 1 (all models in the final set retain the parameter).

based on Bray–Curtis dissimilarities. To determine the extent
to which pond-to-pond and month-to-month differences in
species composition (e.g., spatial and temporal beta-diversity
respectively) were driven by species replacements vs. species
losses, we quantified the relative proportion of total beta-
diversity attributable to taxonomic turnover and nestedness
(Baselga and Orme, 2012). On all sampling months, spatial beta-
diversity was driven primarily by turnover in species composition
among ponds, which was consistent when comparing across
treatments—e.g., on average, beta-diversity attributable to
taxonomic turnover was responsible for 78% of total beta-
diversity (Figure 5B). Similarly, temporal beta-diversity within
ponds also predominantly reflected turnover in composition
rather than nestedness (Figure 5C). These analyses demonstrate
that ∼80% of the variation in taxonomic composition of
the phytoplankton communities both in response to seasonal
changes in temperature and the effects of experimental warming
were driven by replacements of species.

Effects of Thermal Adaptation on
Phytoplankton Stoichiometry
The green alga, C. reinhardtii, was one of the most abundant
(top 10% of all species across the meta-community) and widely
distributed taxa across the meta-community, with established
populations in all warmed and ambient mesocosms. To
investigate whether thermal adaptation resulted in changes in
cellular stoichiometry that might contribute to the effects of
warming on bulk seston stoichiometry we measured C:N:P
ratios in strains of C. reinhardtii isolated from the warmed
and ambient treatments. Differences in the stoichiometric ratios
between the warmed and ambient isolates closely matched the
treatment effects on bulk seston stoichiometry. The C:N ratios
were not significantly different between warmed and ambient
isolates [Figure 6A; ANOVA Type-III; F(1, 16) = 2.52, P =

0.13]. The C:P ratio was significantly elevated in the warmed
isolates [Figure 6B; ANOVA Type-III; F(1, 16) = 6.40, P =

0.02], in line with the higher seston C:P ratios observed in the
warmed treatments and the positive correlation between seasonal
variation in temperature and bulk phytoplankton stoichiometry
(Figures 3, 4). TheN:P ratio wasmarginally, but not significantly,
elevated in the warmed isolates [Figure 6C; ANOVA Type-
III; F(1, 16) = 2.49, P = 0.13]. This weaker effect of warming
on the N:P ratio was also consistent with the smaller effect
size of warming on the seston N:P ratio (Figure 3) and the
weaker seasonal temperature dependence of phytoplankton N:P
(Figure 4), relative to the effects of warming and temperature on
the C:P ratio.

DISCUSSION

Understanding how ecosystem-level properties, like the bulk
stoichiometry of plankton, are shaped by selection on trait
variation within and across species is key to improving
predictions of global change on biogeochemical cycles (Hagstrom
and Levin, 2017). Central to this issue is a grasp of the
relative importance of rapid evolution (i.e., changes in the
frequency of traits within species populations) and species
sorting (i.e., changes in the frequency of traits attributable
different species) in shaping how ecosystem-level properties
respond to environmental change (Lomas et al., 2014). We
tackled this issue by assessing the extent to which the effects
of long-term experimental warming and seasonal changes in
temperature on the C:N:P stoichiometry of phytoplankton in
pond mesocosms reflected temperature-dependent changes in
the composition of the communities vs. evolutionary shifts
in stoichiometric traits within component species. We found
that warming resulted in substantial shifts in phytoplankton
community composition, consistent with temperature-driven
species sorting. Furthermore, isolates of C. reinhardtii from
warmed mesocosms had higher C:P and N:P ratios than their
ambient counterparts, with shifts that were comparable in
direction and magnitude to the effects of warming on seston
stoichiometry. These analyses suggest that both species sorting
and rapid local adaptation could have contributed to the effects
of warming on bulk phytoplankton stoichiometry.
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FIGURE 4 | Abiotic drivers of phytoplankton stoichiometry. Correlations between seasonal variation in (A) light intensity (PAR) and the C:N ratio, (B) temperature and

the C:P ratio and (C) temperature and the N:P ratio. For each stoichiometric ratio the predictor with the highest summed weight is plotted (see Table 2 for statistics).

Fitted lines are from the fixed effects of the best fitting mixed effects models. Black denotes ambient treatments, red indicates warmed treatments.

We found higher average C:P and N:P ratios driven by
lower particulate P content in the seston from the warmed
mesocosms, as well as positive correlations between seasonal
changes in temperature and C:P and N:P ratios in both the
warmed and ambient treatments. These findings add to a growing
body of evidence demonstrating positive covariance between
temperature and C:P and N:P ratios in aquatic and terrestrial
autotrophs (Reich and Oleksyn, 2004; Martiny et al., 2013;
Toseland et al., 2013; Yvon-Durocher et al., 2015b). However,
a critical question concerning the mechanisms underlying these
patterns is the extent to which they are driven by evolutionary
flexibility in stoichiometric traits within species vs. temperature
driven turnover in taxonomic composition along thermal
gradients.

To investigate the role of species sorting we quantified
the extent to which differences in phytoplankton communities
between the warmed and ambient treatments as well as across
sampling months, reflected turnover in species composition
(e.g., replacement of species across space and/or time). We
found that ∼80% of the variation in phytoplankton composition
among treatments and sampling months could be attributed
to taxonomic replacements (e.g., turnover as opposed to
nestedness). This result demonstrates that the composition of
the phytoplankton communities were highly dynamic both in
response to seasonal abiotic change and sustained increases
in temperature between the treatments. Consequently, this
result implies that species sorting and associated changes in
community-wide traits could have played an important role
in shaping the effects of temperature on bulk stoichiometry,
consistent with recent work in marine ecosystems (Irwin et al.,

2015; Edwards, 2016; Martiny et al., 2016b). Temperature-driven
species sorting could affect community-level bulk stoichiometry
in two ways. First, phytoplankton stoichiometry is known to
exhibit substantial variation among the major taxonomic clades
(Quigg et al., 2003; Finkel et al., 2016). For example, red lineage
algae, which include the diatoms, have relatively low N:P ratios,
while green lineage algae, which include the chlorophytes, tend
have higher N:P ratios (Quigg et al., 2003). Thus, changes in
phytoplankton community composition, where taxa with high
average C:P and N:P ratios are favored in warmer environments
and those with low values are abundant in cooler conditions
could conceivably be an important factor shaping the effects
of temperature on bulk phytoplankton stoichiometry. Second,
it is also possible that C:N:P stoichiometry is phenotypically
plastic with respect to temperature change in a consistent way
across species (Yvon-Durocher et al., 2015b) and the observed
turnover in community composition reflects selection for traits
other than stoichiometry. In this case, the composition of the
community changes with temperature and the stoichiometry of
the constituent species also shift with temperature, not because
different taxa have divergent stoichiometry, but because the
reaction norm for temperature-driven stoichiometric plasticity is
conserved across species. Unfortunately, our data do not allow
us to differentiate between these two possibilities, as this would
require detailed acclimation experiments to be conducted on
a wide range of the species that comprise the phytoplankton
communities in the experiment. It is important to note however,
these two scenarios are not mutually exclusive and there is
evidence for both conserved temperature driven stoichiometric
plasticity across species (Yvon-Durocher et al., 2015b) as well as
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FIGURE 5 | Seasonal variation and treatment effects on phytoplankton community structure. (A) Non-metric multidimensional scaling (NMDS) of phytoplankton

community composition comparing treatment effects across sampling months (1 = Jan, 3 = Mar, 5 = May, 7 = Jul, 9 = Sep, 11 = Nov). (B) Seasonal variation in the

fraction of total beta-diversity among ponds that is attributable to taxonomic turnover (βturn/βsor), here black boxes encompass variation in βturn/βsor among ambient

replicates, red show variation between warmed replicates and gray denotes variation in beta-diversity derived from comparisons among warmed vs. ambient

replicates. (C) Treatment effects on βturn/βsor derived from temporal comparisons of community composition among sampling months within each mesocosm. Tops

and bottoms of boxes in box-whisker plots correspond to the 25th and 75th percentiles, horizontal white lines correspond to medians, whisker extents correspond to

1.5 × the interquartile range.
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A
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B

FIGURE 6 | Effects of experimental warming on physiological and stoichiometric traits of C. reinhardtii isolates. (A) Cell size at 18◦C, (B) Growth rate at 18◦C, (C)

Stoichiometric ratios. Black indicates the ambient treatments and red the warmed. Tops and bottoms of boxes in box-whisker plots correspond to the 25th and 75th

percentiles, horizontal white lines correspond to medians, whisker extents correspond to 1.5 × the interquartile range and blue points are outliers.

systematic taxonomic variation in average C:N:P ratios (Quigg
et al., 2003; Finkel et al., 2016).

To investigate whether rapid evolutionary shifts in
stoichiometric traits in response to warming played a role
in the effects of warming on phytoplankton bulk stoichiometry
we isolated the abundant and cosmopolitan alga C. reinhardtii,
which was present across both warmed and ambient treatments.
We have previously shown, through reciprocal transplants,
that isolates of C. reinhardtii are locally adapted with respect
to the warming treatment, with warmed isolates incuring a
reduction in competitive fitness when transplanted to ambient
temperatures and ambient isolates having reduced fitness when
exposed to warming (Schaum et al., 2017). Our analyses here
demonstrate that the warm-adapted isolates had C:P ratios
that were 33% higher than their ambient counterparts. This
within taxon response was remarkably close to the overall
effect size on average bulk seston C:P with ratios that were 38%
higher in the warmed treatments. The N:P ratio was marginally,
but not significantly elevated in the warm-adapted isolates
of C. reinhardtii. However, notwithstanding the absence of a
significant treatment effect, the effect sizes between the isolates
and the bulk community response to warming in the N:P ratio
were also very similar, a 21 and 27% increase in response to
warming in the isolates and the bulk seston respectively. These
results demonstrate that selection on stoichiometric traits within
and across species in response to warming are of a similar
direction and magnitude, implying that that thermal adaptation
also likely contributed the shifts in bulk seston stoichiometry in
response to long-term experimental warming.

Our findings of elevated C:P and N:P ratios with increases
in temperature, both at the species- and community-levels, are

broadly consistent with the “temperature-dependent physiology”
hypothesis, which predicts that fewer P-rich ribosomes are
required at warmer temperatures owing to the increased
efficiency of ribosomes at higher temperatures (Woods et al.,
2003; Toseland et al., 2013; Yvon-Durocher et al., 2015b). Average
C:P and N:P ratios both in the seston and in the isolates of
C. reinhardtii were however very low (seston C:P = 16.6, seston
N:P = 6.3; isolate C:P = 17.2, isolate N:P = 4.2), indicating that
luxury uptake and storage of phosphorous may have contributed
significantly to the cellular P content. Given the nanomolar
concentrations of SRP in the mesocosms, luxury storage of P,
which is known to be an adaptation to severe nutrient limitation,
is a plausible explanation for the very low C:P and N:P ratios.
Nevertheless, growth rates and cell sizes of the C. reinhardtii
strains were comparable between the warmed and ambient
isolates (see Figure 6) indicating that whilst luxury P storage
might explain the overall low C:P and N:P ratios it is unlikely to
be the underlying driver of the effects of warming.

The low C:P and N:P ratios in the seston appear at odds with
the nanomolar concentrations of SRP in the mesocosms and
raise the fundamental question of where the algae are sourcing
the phosphorous required to sustain such high C:P and N:P
ratios. It is notable, that many of the algae that are numerically
dominant in both the warmed and the ambient mesocosms are
capable of mixotrophic growth (e.g., C. reinhardtii, Cryptomonas
spp., Gymnodinium spp.) and are known to supplement their
nutritional requirements with resource uptake via osmotrophy
or phagotrophy (Spero and Morée, 1981; Tranvik et al., 1989;
Tittel et al., 2005). The fact that seston C:P and N:P ratios are
only weakly correlated with seasonal changes in SRP suggests
that uptake of P from organic sources (dissolved organic P or P
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associated with bacterial prey) could be an important component
of the phosphorous biogeochemistry of these oligotrophic
systems.

Overall our experiments demonstrate a striking coherence
between stoichiometric responses to temperature change
between the long-term warmed and ambient mesocosms, across
seasonal variations in temperature, and between strains of a
cosmopolitan alga isolated from the long-term experiment. The
consistency in the effects of temperature in driving increases in
C:P and N:P stoichiometry both within species as an adaptive
response to the long-term warming as well as at the community
level via species sorting, implies that temperature driven
adjustments in sub-cellular allocation to C, N and P pools that
increase C:P and N:P in warmer environments increase fitness
and can be reinforced through ecological and evolutionary
processes. Our findings demonstrate highly conserved responses
of elemental stoichiometry to temperature across multiple

spatial, temporal and organizational scales and highlight that
profound changes in aquatic biogeochemistry should be expected
in a warmer world.
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Human activity is currently changing our environment rapidly, with predicted temperature

increases of 1–5◦C over the coming century and increased nitrogen and phosphorus

inputs in aquatic ecosystems. In the shallow parts of these ecosystems, submerged

aquatic plants enhance water clarity by resource competition with phytoplankton,

provide habitat, and serve as a food source for other organisms. The carbon:nutrient

stoichiometry of submerged aquatic plants can be affected by changes in both

temperature and nutrient availability. We hypothesized that elevated temperature leads

to higher carbon:nutrient ratios through enhanced nutrient-use efficiency, while nutrient

addition leads to lower carbon:nutrient ratios by the luxurious uptake of nutrients. We

addressed these hypotheses with an experimental and a meta-analytical approach. We

performed a full-factorial microcosm experiment with the freshwater plant Elodea nuttallii

grown at 10, 15, 20, and 25◦C on sediment consisting of pond soil/sand mixtures with

100, 50, 25, and 12.5% pond soil. To address the effect of climatic warming and nutrient

addition on the carbon:nutrient stoichiometry of submerged freshwater andmarine plants

we performed a meta-analysis on experimental studies that elevated temperature and/or

added nutrients (nitrogen and phosphorus). In the microcosm experiment, C:N ratios

of Elodea nuttallii decreased with increasing temperature, and this effect was most

pronounced at intermediate nutrient availability. Furthermore, higher nutrient availability

led to decreased aboveground C:P ratios. In the meta-analysis, nutrient addition led to

a 25, 22, and 16% reduction in aboveground C:N and C:P ratios and belowground

C:N ratios, accompanied with increased N content. No consistent effect of elevated

temperature on plant stoichiometry could be observed, as very few studies were found on

this topic and contrasting results were reported. We conclude that while nutrient addition

consistently leads to decreased carbon:nutrient ratios, elevated temperature does not

change submerged aquatic plant carbon:nutrient stoichiometry in a consistent manner.

This effect is rather dependent on nutrient availability and may be species-specific. As
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changes in the carbon:nutrient stoichiometry of submerged aquatic plants can impact the

transfer of energy to higher trophic levels, these results suggest that eutrophication may

enhance plant consumption and decomposition, which could in turn have consequences

for carbon sequestration.

Keywords: submerged freshwater and marine macrophytes, meta-analysis, microcosm experiment, Elodea

nuttallii, eutrophication, global warming, carbon:nutrient stoichiometry, growth rate

INTRODUCTION

Human activity has led to rapid environmental changes on
our planet (Vitousek et al., 1997; Steffen et al., 2015). Water
temperatures in marine and freshwater systems have increased
over the last decades and are expected to increase further over
the course of the century (Mooij et al., 2008; Adrian et al., 2009;
IPCC, 2014). Furthermore, agriculture and industrialization have
a strong impact on nutrient cycles (Carpenter et al., 1998;
Tilman et al., 2001) and are major sources of nitrogen and
phosphorus input in freshwater and marine ecosystems. Changes
in temperature and nutrient availability can have consequences
for the abundance of submerged aquatic plants that occur in
the shallow parts of aquatic ecosystems (Bornette and Puijalon,
2011).

Changes in plant abundances and growth rates can have
effects on their nutrient demand and uptake and as such
can influence their carbon:nutrient stoichiometry (Sterner and
Elser, 2002). Alterations in internal stoichiometry in turn
can have consequences for ecosystem functioning, as lower
carbon:nutrient ratios can make aquatic plants more palatable to
herbivores (Dorenbosch and Bakker, 2011), resulting in higher
herbivory rates and stimulated top-down control (Olsen and
Valiela, 2010; Bakker and Nolet, 2014) and leading to lowered
carbon stocks in the form of plant biomass (Heithaus et al., 2014;
van Altena et al., 2016).

However, contrasting hypotheses exist on how temperature
and nutrient availability may affect carbon:nutrient ratios in
aquatic plants. Elevated temperature can lead to an increase in
plant biomass and a biomass dilution effect, where increased
growth rates are accompanied by reduced tissue content
(per unit of biomass) of a particular element (Taylor et al.,
1991; Vermaat and Hootsmans, 1994). In terrestrial plant and
phytoplankton research, this effect is referred to as enhanced
nutrient-use efficiency (An et al., 2005; De Senerpont Domis
et al., 2014). According to this hypothesis, elevated temperature
would lead to reduced N and P content in aquatic plants and
a subsequent increase in carbon:nutrient ratios. Alternatively,
higher temperatures can increase the rate of cellular processes,
but do not necessarily lead to an unbalanced nutrient uptake,
provided that enough nutrients are available in the environment,
and therefore would not result in changes in carbon:nutrient
ratios.

Similarly, nutrient addition can positively affect the
nutritional quality of aquatic plants (e.g., lower carbon:nutrient
ratios; Burkholder et al., 2007; Bakker and Nolet, 2014) as they
may take up relatively more nutrients compared to carbon.
This fertilization effect is demonstrated for terrestrial plants in

a recent meta-analysis (Sardans et al., 2012). Furthermore, the
combined effect of elevated temperature and nutrient addition
may be antagonistic under the hypotheses of enhanced nutrient-
use efficiency and luxurious uptake, as the former would be
expected to increase carbon:nutrient ratios, while the latter
would decrease carbon:nutrient ratios.

Here, we aimed to quantify the effects of temperature
and nutrient addition on the carbon:nutrient stoichiometry of
submerged aquatic angiosperms. We hypothesized that (1) both
elevated temperature and nutrient addition lead to enhanced
growth rates of submerged angiosperms, (2) if the biomass-
dilution effect applies, elevated temperature will lead to higher
carbon:nutrient ratios, whereas (3) nutrient addition is expected
to lead to decreased carbon:nutrient ratios. These hypothesized
changes in carbon:nutrient ratios are expected to be driven
by changes in nutrient contents as opposed to carbon (4).
Furthermore, we hypothesized that elevated temperature and
nutrient addition are antagonists in their combined effect on
carbon:nutrient ratios (5).

We tested these hypotheses using two complementary
approaches. First, we performed a full-factorial experiment
on the effects of temperature and sediment nutrient content
(and their interaction) on the growth and carbon:nutrient
stoichiometry of the submerged freshwater angiosperm Elodea
nuttallii. E. nuttallii is native to North America, but has become
common throughout the northern hemisphere in the 1900s
(Cook and Urmi-König, 1985). Subsequently, a meta-analytic
approach was used to address the effect of elevated temperature
and nutrient addition on submerged angiosperms in general.
We performed a meta-analysis using experimental studies that
simulated temperature rise and/or increased nutrient (nitrogen
and phosphorus) input and documented the effects on plant
growth and carbon:nutrient stoichiometry. In this analysis,
we included both marine and freshwater plants. Whereas the
responses of aquatic plants to environmental change in marine
and freshwater systems are mostly discussed independently,
we expected that responses in growth and carbon:nutrient
stoichiometry similarly apply to both submerged marine and
freshwater angiosperms alike.

MATERIALS AND METHODS

Elodea Laboratory Experiment
Experimental Set-Up

To test the effect of temperature and sediment nutrient content
on Elodea nuttallii, a full-factorial microcosm experiment was
set up. Shoots of E. nuttallii were collected from a small
pond on the grounds of The Netherlands Institute of Ecology
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(NIOO-KNAW), Wageningen, The Netherlands (51◦59′15.0′′N;
5◦40′14.8′′E) on 07-09-2015. After collection, the plants were
rinsed and acclimatized at room temperature for 2 days prior to
the start of the experiment.

The experiment was carried out in 4 L plastic microcosms
(14 × 14 × 21 cm), which contained 1.1 L of sediment and
2.7 L of water. Nutrient treatments were achieved by mixing
artificial pond sediment (20% organic matter, Velda, Enschede,
The Netherlands) with sand and consisted of 12.5, 25, 50, and
100% (v/v) of pond sediment (n = 5), covered with a one
centimeter layer of sand. The artificial pond sediment contained
31 ± 1.8, 0.80 ± 0.048, and 0.11 ± 0.0084% (mean ± SE) C, N
and P respectively. One shoot fragment of E. nuttallii of± 5.5 cm
(C:N= 19± 1.4, C:P= 435± 72; mol:mol; n= 5) was placed in
the middle of each microcosm and the microcosm was topped off
with nutrient-poor tap water [3.5 ± 0.5 (mean ± SE) µM DIN
and undetectable levels of DIP]. The microcosms were placed
in four aquaria, which served as temperature-regulated water
baths. The temperature treatments were 10, 15, 20, and 25◦C,
which were obtained by a computer-controlled (Specview 32/859,
SpecView Ltd., Uckfield, UK) custom-made climate control
system. These temperatures are within the range of natural
temperatures E. nuttallii would encounter, as water temperatures
in the Netherlands vary seasonally between 4 and 23◦C (van
Dam, 2009). Light (14:10 hours light:dark) was provided by
two 28W TL5 HE lamps (Philips, Eindhoven, The Netherlands),
hung above the aquaria with an average light intensity at
the water surface of 30µmol s−1 m−2. To ensure equal light
conditions between treatments, position of the microcosms in
the water bath was randomized once a week and evaporation
losses were compensated by additions of demi-water. To prevent
excessive periphyton and phytoplankton growth during the
experiment, one periphyton-grazing snail (Planorbarius corneus)
and one filtering mussel (Dreissena polymorpha) were put in
each microcosm. In pilot tests, P. corneus did not feed on E.
nuttallii (Peiyu Zhang, personal observation) and no grazing on
the plants was observed during the experiment. The snails were
retrieved from the same pond as the plants, and the mussels were
collected from the Nether Rhine, Wageningen, the Netherlands
(51◦57′12.9′′N 5◦39′48.2′′E). In case either snail or mussel died,
another one was added.

Harvest

After 58 days the experiment was terminated. From the middle
of each microcosm, water samples were taken to determine
dissolved nutrient concentrations, filtered over prewashed GF/F
filters (Whatman, Maidstone, U.K.) and stored at −20◦C until
further analysis. Samples for pore water nutrients were taken
in each microcosm through a 10 cm Rhizon SMS (Rhizosphere,
Wageningen, the Netherlands) and stored at−20◦C until further
analysis. Plants were cut at the sediment level, and the above- and
belowground biomass was harvested and rinsed with demi-water.
All plant materials (above- and belowground) were dried at 60◦C
until constant dry mass and weighed. During the harvest, basic
parameters were measured that describe the growing conditions
(pH, alkalinity and seston chlorophyll-a). Methods and results of
these measurements can be found in Supplementary Material S1.

Chemical Analysis

Plant material was grinded to a fine powder on a microfine
grinder (MF 10 basic, IKA-werke, Staufen, Germany) or in
test tube with a 1/8” ball bearing (Weldtite, Lincolnshire,
UK) on a Tissuelyser II (QIAGEN, Germantown, USA). For
nitrogen (N) and carbon (C) content, 0.2–2mg dry mass
was analyzed on a NC analyser (FLASH 2000 NC elemental
analyser, Brechbueler Incorporated, Interscience B.V., Breda, The
Netherlands). For phosphorus (P) content, 1–4mg dry mass
was combusted in a Pyrex glass tube at 550◦C for 30min.
Subsequently, 5mL of persulfate (2.5%) was added and samples
were autoclaved for 30min at 121◦C. Digested P (as PO3−

4 )
was measured on a QuAAtro39 Auto-Analyzer (SEAL Analytical
Ltd., Southampton, U.K.). Concentrations of dissolved nutrients
(PO3−

4 , NO−

2 , NO
−

3 and NH+

4 ) of thawed water-samples were
determined on a QuAAtro39 Auto-Analyzer (SEAL Analytical
Ltd., Southampton, U.K.). Results for the dissolved nutrients in
the water column can be found in Figure S1.2.

Calculations and Statistics

Plant specific growth rate (SGR)was calculated with the following
formula:

SGR =

Ln (DWt) − Ln (DW0)

t

Where DWt is the plant aboveground dry weight at the end
of the experiment, DW0 the dry weight at the beginning
of the experiment (determined by multiplying the initial wet
weight with the plants wet weight/dry weight ratio) and t the
experimental duration (=58 days).

Data on above- and belowground parameters (specific
growth rate, above- and belowground biomass, carbon:nutrient
stoichiometry and elemental contents) and dissolved nutrient
concentrations (DIN and DIP) in the water column and the
pore water were tested for effects of temperature, nutrients and
their interaction with generalized linear models (function glm
from stats package). Visual examination of the data distribution
(function hist) led to the use of a gamma distribution. Post-
hoc tests within treatment levels were carried out using Tukey
contrasts [function glht from multcomp package (Hothorn et al.,
2008)], with P-values corrected for multiple comparison as
described by Benjamini and Hochberg (1995).

Meta-Analysis
Systematic Literature Review and Data Collection

A systematic literature review was carried out in Web of Science
based on the guidelines described by the Collaboration for
Environmental Evidence (2013). The search term (“submerged
macrophyte∗” OR “aquatic plant” OR isoetid OR macrophyte∗

OR “aquatic weed” OR seagrass∗) AND (stoichiometr∗ OR
“∗chemical composition” OR “nutritional quality” OR “nutrient
composition” OR “elemental composition” OR “nutrient
content” OR “nutrient ratio∗” OR C:N OR C:P OR N:P
OR “plant nutrient concentration∗”) AND (warming OR
eutrophication OR temperature∗ or enrichment or fertilis∗ or
“nutrient availability”) on 01-11-2016 gave 414 hits. Further
selection based on abstracts, graphs and tables led to 47 papers
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that contained information on temperature and/or nutrient
effects on elemental composition of submerged angiosperms.
Data originating from light limited conditions (as indicated in
the paper itself) were excluded from analysis, as well as studies
without reported standard errors or deviations, and studies with
limited (n < 2) or non-reported sample size. From the selected
papers, data on C:N and C:P ratios were extracted with use of
Plotdigitizer and Engauge and converted to molar ratios when
necessary. In addition, C, N and P contents, growth rates (above-
or belowground), habitat (marine or freshwater), which part of
the plant was analyzed (above- or belowground) and sample size
were extracted when reported. If the described methodology
indicated possible additional results that were not reported,
corresponding authors were contacted to retrieve those data. If
experiments reported several measurements over time, only the
final measurement was extracted. If papers contained multiple
experiments, on the same or on different species, these were
extracted as being separate studies.

Data Selection

Control and elevated treatments were defined for both
temperature and nutrient addition for each experiment
separately. The lowest water temperature reported was defined
as the control temperature treatment and 3–6◦C above that
temperature [equivalent to RCP scenario 8.5 from IPCC (2014)]
was defined as the elevated temperature treatment. For the
nutrient addition studies, those studies that manipulated both
nitrogen and phosphorus simultaneously were selected. The
lowest nutrient condition reported was defined as the control
treatment and the highest as the elevated treatment. The
data was then split up into above- and belowground plant
responses, as different parts of plants were expected to respond
differently (Bloom et al., 1985). These selection criteria led to a
total of 50 studies on nutrient addition spread over 26 papers
(of which 50 and 11 on above- and belowground responses
respectively) and 3 studies on temperature (only on aboveground
responses) originating from 3 papers. Temperature studies were
all conducted in mesocosms, whereas nutrient studies included
in situ fertilization experiments (38), mesocosm experiments (9)
and laboratory experiments (3). Of the nutrient addition studies,
9 studies tested a range of nutrient concentrations of which
the highest and lowest were selected, while the majority (41)
specifically looked at the addition of nitrogen and phosphorus
to the system relative to a control level. An overview of the
dataset selection can be found in Figure S2 and an overview of
the selected papers in Supplementary Material S3.

Response Factors and Statistics

Delta response ratios and their variances were calculated for each
separate study according to Lajeunesse (2015):

RR1 = Ln

(

Xtreatment

Xcontrol

)

+

1

2

[

(SDtreatment)2

Ntreatment ∗ Xtreatment2
−

(

SDcontrol
)2

Ncontrol ∗ Xcontrol2

]

var (RR1)=
(SDtreatment)2

Ntreatment ∗Xtreatment2
+

(

SDcontrol
)2

Ntreatment ∗Xcontrolt2

+

1

2

[

(SDtreatment)4

Ntreatment2 ∗ Xtreatment4
+

SDcontrol4

Ncontrol ∗ Xcontrolt4

]

Where X denotes mean of the fixed factor of interest [C:N and
C:P ratio, growth rate (µ) and C, N and P contents], SD the
standard deviation of that mean and N the sample size.

All statistics were carried out in R (R Core Team, 2015). To
test whether response ratios deviated from zero, mixed effect
models were fitted to the response ratios and their variances
with the function rma.mv [packagemetafor; Viechtbauer (2010)],
incorporating reference and species as random effects. To test
whether freshwater and marine systems differed in response
ratio, separate models were compared for significant differences
between the two habitat types (by adding habitat as a moderator
to the function rma.mv).

RESULTS

Elodea Experiment
Biomass Responses

Temperature affected the specific growth rate and above- and
belowground biomass of E. nuttallii (Table 1). As indicated by
the interaction term, temperature only affected specific growth
rate at intermediate sediment nutrient content (e.g., 25%), with
optimal growth at 15 and 20◦C (P < 0.05, Tukey post-hoc
comparison; Figure S4). Similarly, aboveground biomass was
highest at these temperatures, irrespective of nutrient treatment
(P < 0.05; Figure 1A). Belowground biomass of E. nuttallii was
affected by temperature, and this effect interacted with nutrient
treatment (Figure 1B, Table 1). The effects of temperature on
belowground biomass seemed strongest in the lowest nutrient
treatments (e.g., 12.5%), where biomass tended to increase 3-fold
between 15 and 20◦C but these effects were not significant in
post-hoc tests (P = 0.09).

Sediment nutrient content affected the specific growth
rate and the above- and belowground biomass of Elodea
nuttallii (Table 1). However, no significant differences between
nutrient treatments could be observed for specific growth rate
(Figure S4), nor for aboveground biomass (Figure 1A) in the
post-hoc comparisons. Belowground biomass decreased with
increasing sediment nutrient content, and this effect interacted
with temperature treatment (Table 1; Figure 1B). Belowground
biomass tended to decrease 6-fold over the entire range of
nutrient treatments at 25◦C, but this effect was not significant
(P = 0.08).

Carbon:Nutrient Stoichiometry

Temperature negatively affected aboveground C:N ratios
(Table 1, Figure 2A), which was most visible at intermediate
sediment nutrient content (25%). In this treatment, aboveground
C:N ratios decreased moderately but significantly between
10 and 25◦C (P < 0.001, Tukey post-hoc comparison). No
effects of temperature on aboveground C:P ratios were
observed, nor on belowground C:N and C:P ratios (Table 1,
Figures 2B–D).
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TABLE 1 | Summary of generalized linear model analysis of the Elodea

experiment, describing the effect of temperature treatment, nutrient

treatment and their interaction on the biomass, carbon:nutrient

stoichiometry and elemental contents of Elodea nuttallii and nutrient

concentrations.

Chi-square values

Unit Temperature Nutrients Temperature

× Nutrients

BIOMASS VARIABLES

Specific growth rate day−1 16.7*** 8.8* 7.3

Aboveground biomass mg DW 62.4*** 17.7*** 13.1

Belowground biomass mg DW 10.8* 18.6*** 20.8*

CARBON:NUTRIENT STOICHIOMETRY

Aboveground C:N mol:mol 43.6*** 3.5 22.5**

Aboveground C:P mol:mol 7.7 45.6*** 8.2

Belowground C:N mol:mol 4.7 8.8* 21.8**

Belowground C:P mol:mol 6.0 12.0** 7.5

ELEMENTAL CONTENTS

Aboveground C mol g DW−1 5.1 0.7 1.3

Aboveground N mol g DW−1 15.5** 1.4 3.1

Aboveground P mol g DW−1 7.6 83.4*** 45.7***

Belowground C mol g DW−1 9.4* 35.2*** 9.8

Belowground N mol g DW−1 7.4 0.9 14.3

Belowground P mol g DW−1 6.1 1.2 17.3*

NUTRIENT CONCENTRATIONS

Pore water DIN µM 42.1*** 163.9*** 19.8*

Pore water DIP µM 47.9*** 317.6*** 29.3***

Significant results are indicated in bold, with ***P < 0.001, **P < 0.01 and *P < 0.05.

Sediment nutrient content affected aboveground C:P ratio,
while no effect on aboveground C:N ratios was observed
(Table 1). Aboveground C:P ratios of E. nuttallii were negatively
affected by increasing sediment nutrient content (Figure 2B,
Table 1). This effect was most visible at 15◦C, where the
C:P ratio significantly decreased 4-fold the entire range of
nutrient treatments (P < 0.001, Tukey post-hoc comparison).
Belowground C:N and C:P ratios were affected by nutrient
treatment, and the effect on C:N interacted with temperature
(Figure 2C). Belowground C:N ratios significantly increased
between 25 and 100% nutrient treatments at 20◦C, while
belowground C:P ratios increased 4-fold between those
nutrient treatments at the same temperature (P < 0.01;
Figure 2D).

Elemental Contents

Accompanied by the changes in aboveground C:N ratio,
temperature seemed to affect aboveground N content (Table 1).
However, no differences between any of the temperature
treatments could be detected in post-hoc comparisons (Figure
S5B). Belowground carbon content was affected by temperature,
and halved between 10 and 25◦C in the lowest sediment nutrient
treatments (12.5 and 25%; P < 0.05). No effects of temperature
on aboveground C and P content were observed, nor on
belowground N and P contents (Table 1).

FIGURE 1 | Above—(A) and belowground (B) biomass of Elodea

nuttallii grown at different temperatures and sediment nutrient

content. Temperature treatments include 10 (�), 15 (•), 20 (N) and 25 (�)◦C.

Dots represent means and error bars standard error of the mean (n = 5).

Capital and lower case letters indicate post-hoc differences between

temperature and nutrient treatments, respectively.

Sediment nutrient content affected aboveground P content,
with a 3-fold increase over the entire range of nutrient treatments
(P< 0.05; Figure S5C). No effect on aboveground C or N content
was observed for nutrient content (Figures S5A,B). Belowground
C content significantly increased 14% over the entire range
of nutrient treatments at 25◦C (P < 0.01; Figure S5D), while
belowground N and P content were not affected by nutrient
treatment (Table 1).

Abiotic Conditions

Temperature affected dissolved nutrient concentrations
in the pore water, and this effect interacted with nutrient
treatment (Table 1). Temperature effects on pore water DIN
concentrations were strongest at intermediate sediment
nutrient content (50%), where values significantly doubled
from 10 to 15◦C, and decreased at higher temperatures
(P < 0.01, Tukey post-hoc comparison; Figure 3A). Pore
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FIGURE 2 | Above—(A,B) and belowground (C,D) carbon:nutrient stoichiometry of Elodea nuttallii in response to sediment nutrient content, with (A,C)

C:N and (B,D) C:P ratios. Temperature treatments include 10 (�), 15 (•), 20 (N) and 25 (�)◦C. Dots represent means and error bars standard error of the mean.

Capital and lower case letters indicate post-hoc differences between temperature and nutrient treatments, respectively.

water DIP concentrations were significantly higher at 15◦C
than other temperature treatments in the highest nutrient
treatment (P < 0.01; Figure 3B). This response was less
pronounced in other nutrient treatments. Similarly to
temperature, sediment nutrient content affected DIN and
DIP concentrations in the pore water. Pore water DIN and
DIP increased 7- and 16-fold, respectively, from the 12.5 to
50% nutrient treatment irrespective of temperature (P < 0.01;
Figures 3A,B).

Meta-Analysis
Effects of Elevated Temperature on Carbon:Nutrient

Stoichiometry

No significant effects of elevated temperature were observed on
aboveground C:N and C:P ratios (Figure 4), nor on aboveground
C, N and P contents (Figure S6A) or belowground N and P
contents (Figure S6B). Sample sizes were too low to analyze
effects of elevated temperature on aboveground growth rates (n
= 0), on belowground C:N and C:P ratios and C content (n =

1) or on potential differences between marine and freshwater
ecosystems (n= 1 and 2 respectively).

Effects of Nutrient Addition on Carbon:Nutrient

Stoichiometry

Nutrient addition significantly decreased aboveground
carbon:nutrient ratios, with 24.7 and 21.9% for C:N and C:P
ratios, respectively (Figure 5A). This decrease in aboveground
carbon:nutrient ratios was accompanied by a 23.5% increase
in aboveground N content and a tendency for increased P
content (with 20.6%, P = 0.06), while C content remained
unaffected (Figure S6C). Furthermore, aboveground growth
rates tended to increase 83.1% with nutrient addition, but this
effect was not significant (P = 0.08, Figure 5A). Similar to
aboveground responses, belowground C:N ratio also declined
15.6% with nutrient addition, while no effect on belowground
C:P ratios was observed (Figure 5B). This decline in C:N ratio
was accompanied by an 18.2% increase in belowground N
content (Figure S6D).

Aboveground carbon:nutrient stoichiometry of marine and
freshwater plants responded qualitatively similar to nutrient
addition, though the number of studies in the latter group was far
lower (Figure 6). Quantitatively, responses in C:N and C:P were
stronger for freshwater compared to marine plants (P < 0.001).
Sample sizes were too low to analyze differences in aboveground
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FIGURE 3 | Dissolved nutrient concentrations in the pore water in

response to sediment nutrient content, with dissolved inorganic nitrogen

(DIN) (A) and dissolved inorganic phosphorus (DIP) (B) at the end of the

experiment. Temperature treatments include 10 (�), 15 (•), 20 (N) and 25

(�)◦C. Dots represent means and error bars standard error of the mean.

Capital and lower case letters indicate post-hoc differences between

temperature and nutrient treatments, respectively.

growth rates between freshwater and marine plants (n = 0 for
freshwater plants).

DISCUSSION

To address the impacts of temperature and nutrient availability
on the growth and carbon:nutrient stoichiometry of aquatic
plants, we performed a microcosm experiment and a meta-
analysis. In line with our first hypothesis, elevated temperatures
led to higher growth rates and standing stock biomass of the
freshwater plant Elodea nuttallii, with an optimal growth at 15◦C.
In contrast to the biomass-dilution effect (second hypothesis),
aboveground C:N ratios were negatively affected by temperature,
and this effect interacted with nutrient treatment. Aboveground
C:P ratios of E. nuttalliiwere lower with higher sediment nutrient
content, in line with our third hypothesis. The observed decrease

FIGURE 4 | Natural-log response ratios of aboveground

carbon:nutrient stoichiometry and plant growth rates (µ) to 3-6

degrees elevated temperature from the meta-analysis on submerged

aquatic plants. Values represent means, error bars 95% confidence intervals

and sample size is indicated between brackets. No response ratios were

significantly different from zero. N.A., indicates that data were not available.

in aboveground C:P ratio coincided with an increase in P content,
confirming our fourth hypothesis. However, in contrast to our
third and fourth hypotheses, belowground C:N and C:P ratios as
well as belowground C content increased with higher sediment
nutrient content.

In the meta-analysis, elevated temperature did not lead to
enhanced growth rates or increased carbon:nutrient ratios of
submerged aquatic plants in general, in contrast to our first and
second hypotheses. However, it should be noted that overall
sample sizes were very low (n = 3), which may (partly) explain
the lack of effect. In line with our first hypothesis, nutrient
(e.g., nitrogen and phosphorus) addition tended to increase plant
growth rates, though this effect was not significant. Nutrient
addition led to decreased C:N and C:P ratios and increased N
content, in agreement with the third and fourth hypotheses. The
carbon:nutrient ratio declined in both marine and freshwater
plants upon nutrient addition, although the absolute level of the
response was stronger in freshwater systems.

Effects of Temperature on Plant
Carbon:Nutrient Stoichiometry
Aboveground C:N ratio of E. nuttallii decreased moderately
with increasing temperatures in our experiment. This is in
direct contrast with the hypothesis of enhanced nutrient-use
efficiency with elevated temperatures (2), which would lead to
increased carbon:nutrient ratios [as is observed for other aquatic
plants such as Zostera marina (Kaldy, 2014)]. The decrease in
C:N ratios was most pronounced between 10 and 25◦C, even
though the aboveground biomass did not differ between those
temperatures. Thus, temperature does not seem to indirectly
affect C:N ratios through changes in biomass. Accompanied by
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FIGURE 5 | Natural-log response ratios of carbon:nutrient

stoichiometry and plant growth rates (µ) to nutrient (nitrogen and

phosphorus) addition in (A) above- and (B) belowground biomass of

submerged aquatic plants. Values represent means, error bars 95%

confidence intervals and sample size is indicated between brackets. Response

ratios significantly different from zero are indicated as follows: ***P < 0.001,
**P < 0.01, *P < 0.05 and ·P < 0.10. N.A., indicates that data were not

available.

the decreased C:N ratios in our Elodea experiment with higher
temperatures, N contents tended to be higher as well, but this
effect was not significant. Increased N content over similar
temperature ranges has been documented for E. canadensis
(Ventura et al., 2008) and Ruppia drepanensis (Santamaria and
Hootsmans, 1998) and could indicate resource allocation to
nitrogen-rich compounds such as chlorophyll-a (Santamaria
and Hootsmans, 1998). Furthermore, elevated temperature can
increase nitrogen availability in the sediment pore water through
enhanced nitrogen mobilization (Alsterberg et al., 2012), thereby
indirectly leading to higher nitrogen availability for plant
growth. In our experiment, the temperature treatments with
highest aboveground biomass of E. nuttallii (e.g., 15 and 20◦C)
varied considerably in their pore water nitrogen availability,
indicating that those are not directly related. Furthermore, as
the temperature effect on C:N ratios was most pronounced
at intermediate sediment nutrient content (as indicated by
the temperature × nutrient interaction term), these results
indicate that stoichiometric responses of plants to changes in

FIGURE 6 | Natural-log response ratios of aboveground

carbon:nutrient stoichiometry and growth rates (µ) to nutrient (nitrogen

and phosphorus) addition in freshwater (open circles) and marine

(closed circles) submerged aquatic plants. Values represent means, error

bars 95% confidence intervals and sample size is indicated between brackets.

Significance levels are indicated as follows: ***P < 0.001, **P < 0.01, *P <

0.05 and ·P < 0.10. N.A., indicates that data were not available.

temperature may be directly and indirectly altered by nutrient
availability.

In our meta-analysis, we observed no overall effect of an 3–
6◦C elevated temperature on carbon:nutrient ratios of submerged
aquatic plants, which contradicts findings in other groups of
primary producers, such as phytoplankton (Toseland et al.,
2013; De Senerpont Domis et al., 2014) and terrestrial plants
(An et al., 2005). The number of studies in our analysis was
rather low (n = 3) and included a positive (Zhang et al., 2016),
negative (Ventura et al., 2008), and neutral (Touchette et al.,
2003) response. The different directions of responses indicate
that effects of temperature on the carbon:nutrient stoichiometry
of aquatic plants are not necessarily linked to the temperature
increments they are exposed to. Thus, it may indicate species-
specific responses or possibly even a phylogenetic relationship
considering the similar response of E. nuttallii in our experiment
and E. canadensis (Ventura et al., 2008), which both have
an optimal growth temperature of around 15◦C (Olesen and
Madsen, 2000). However, due to the limited sample size of each
species (n= 1), we currently cannot distinguish between species-
specific and study-specific responses (such as experimental set-up
and environmental conditions) of carbon:nutrient stoichiometry
in our analysis.

Effects of Nutrient Addition on
Carbon:Nutrient Tissue Stoichiometry
Aboveground C:P ratios decreased about 4-fold with increasing
sediment nutrient content in the Elodea experiment, confirming
our third hypothesis. However, in contrast to this hypothesis,
belowground C:P ratios of E. nuttallii and carbon content
rather increased with sediment nutrient availability. Higher
belowground carbon content can indicate thicker cell walls and
thicker roots. Possibly, with sufficient nutrient availability, Elodea
may shift from investment in root structures for nutrient uptake
to thicker roots for anchorage in the sediment (Sand-Jensen
and Madsen, 1991). In the meta-analysis, nutrient addition
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led to a 25% and 22% decrease in aboveground C:N and
C:P ratios of submerged aquatic plants, consistent with the
results from the Elodea experiment. While some variability in
response can be detected at the species level, responses are
consistently either absent or negative (Figure S7). Similar to
the aboveground responses, nutrient addition led to a 16%
decrease in belowground C:N ratios. These decreases in above-
and belowground carbon:nutrient ratios were accompanied
by increased tissue N and P contents and demonstrate the
flexibility in carbon:nutrient stoichiometry of aquatic plants
under fluctuating nutrient availability (Sardans et al., 2012).

Increased plant nutrient content as observed in our meta-
analysis and Elodea experiment may have resulted from excess
or luxurious uptake of nutrients (Millard, 1988), as terrestrial
plants can store excess P in cell vacuoles (Bieleski, 1973) and N
in specialized storage organs (Aerts and Chapin, 2000). Similar
to our results, meta-analytic studies on terrestrial plants observed
elevated foliar N and P contents in response to nutrient addition
(Yuan and Chen, 2015) and a decrease in C:N in photosynthetic
tissues to N addition (Sardans et al., 2012). Combined with our
results, this indicates that these effects are not ecosystem specific,
but can be seen as a general qualitative response of primary
producers to nutrient addition.

Our analysis indeed indicated qualitatively similar responses
to nutrient addition in both marine and freshwater submerged
plants, though the responses were stronger in the latter group.
Sample sizes for freshwater plants were far lower than for marine
plants, highlighting the potential for freshwater research to learn
from physiological studies on marine plants. Mean C:N ratios
of freshwater plants are lower than marine plants (Bakker et al.,
2016) and could result from higher levels of fertilization as
nutrient levels in freshwater are generally considered higher
than in marine systems (Smith et al., 1999). However, as
these ecosystems differ greatly in retention time, sediment
characteristics and osmotic stress from salinity (Short et al.,
2016), caution must be taken when interpreting these differences.

Possible Implications for Carbon Cycling
and Food-Web Dynamics
Changes in plant carbon:nutrient stoichiometry in aquatic
systems can have consequences for carbon cycling. In our meta-
analysis, nutrient addition tended to increase plant growth
rates, with positive (Murray et al., 1992; Udy et al., 1999;
Peralta et al., 2003) and neutral (Erftemeijer et al., 1994;
Holzer and McGlathery, 2016) responses reported. Thus, carbon
sequestration in the form of plant standing stock biomass can be
enhanced by nutrient addition (Armitage and Fourqurean, 2016).
Furthermore, changes in carbon:nutrient stoichiometry can have
consequences for the energy transfer to higher trophic levels as
elevated nutrient content in aquatic plants can lead to increased
herbivore grazing rates (Bakker and Nolet, 2014) and subsequent
reduction in standing-stock biomass (van Altena et al., 2016).
This may counteract positive effects of fertilization on plant
growth rates and carbon sequestration. Furthermore, eutrophic
conditions can enhance plant litter quality (Emsens et al., 2016)
and plants with lower carbon:nutrient ratios decompose faster

than those with higher ratios (Wang et al., 2017), indicating
an accelerated release of sequestered carbon and nutrients.
We therefore hypothesize that eutrophication can affect carbon
stocks in submerged aquatic vegetation, through changes in their
nutritional quality (e.g., reduced carbon:nutrient stoichiometry)
and subsequent effects on grazing and decomposition. Given
the current knowledge about the effects of temperature on
carbon:nutrient stoichiometry of aquatic plants presented in
this study, we cannot draw any general conclusions on the
effect of global warming on aquatic carbon cycling. However,
our results suggest species-specific responses, which indicates
that given the community composition in an ecosystem, effects
may be substantial. Our current analysis focuses on individual
plant responses and their stoichiometric flexibility. On a
community level, interspecific variability can drive changes in
C:N:P stoichiometry (Frost and Hicks, 2012), with consequences
for community composition under elevated nutrient availability
and temperature. For instance, elevated temperature can shift
aquatic plant community composition toward floating vegetation
(Netten et al., 2010), while nutrient addition can lead to a decline
in overall plant abundance at the expense of algae (Scheffer et al.,
1993; Short and Neckles, 1999). Therefore, hypotheses on an
ecosystem level should also take these changes into account.

CONCLUSION

We conclude that nutrient (e.g., nitrogen and phosphorus)
addition decreases carbon:nutrient stoichiometry in submerged
aquatic plants, while no consistent effects of elevated temperature
on these ratios were observed. The latter could be an effect
of low sample size or could indicate species-specific responses
in carbon:nutrient stoichiometry to global warming, which is
an interesting avenue for future research. Furthermore, our
experiment shows that the impact of temperature on aquatic
plant stoichiometry depends on the availability of nutrients for
plant growth, which is seldom taken into account. The impact
of temperature may thus be modified by nutrient availability.
The observed decline in carbon:nutrient stoichiometry of aquatic
plants in response to nutrient addition can stimulate the
further energy transfer to herbivores and decomposers, leading
to reduced carbon stocks. With ongoing global warming,
the knowledge gap of temperature effects on carbon:nutrient
stoichiometry of submerged aquatic plants is in urgent need for
further investigation.
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A continuing challenge for scientists is to understand how multiple interactive stressor

factors affect biological interactions, and subsequently, ecosystems–in ways not easily

predicted by single factor studies. In this review, we have compiled and analyzed available

research on how multiple stressor pairs composed of temperature (T), light (L), ultraviolet

radiation (UVR), nutrients (Nut), carbon dioxide (CO2), dissolved organic carbon (DOC),

and salinity (S) impact the stoichiometry of autotrophs which in turn shapes the nature of

their ecological interactions within lower trophic levels in streams, lakes and oceans. Our

analysis from 66 studies with 320 observations of 11 stressor pairs, demonstrated that

non-additive responses predominate across aquatic ecosystems and their net interactive

effect depends on the stressor pair at play. Across systems, there was a prevalence of

antagonism in freshwater (60–67% vs. 47% in marine systems) compared to marine

systems where synergism was more common (49% vs. 33–40% in freshwaters). While

the lack of data impeded comparisons among all of the paired stressors, we found

pronounced system differences for the L × Nut interactions. For this interaction, our

data for C:P and N:P is consistent with the initial hypothesis that the interaction was

primarily synergistic in the oceans, but not for C:N. Our study found a wide range

of variability in the net effects of the interactions in freshwater systems, with some

observations supporting antagonism, and others synergism. Our results suggest that

the nature of the stressor pairs interactions on C:N:P ratios regulates the “continuum”

commensalistic-competitive-predatory relationship between algae and bacteria and the

food chain efficiency at the algae-herbivore interface. Overall, the scarce number of

studies with even more fewer replications in each study that are available for freshwater

systems have prevented a more detailed, insightful analysis. Our findings highlighting

the preponderance of antagonistic and synergistic effects of stressor interactions in

aquatic ecosystems—effects that play key roles in the functioning of feedback loops in

the biosphere—also stress the need for further studies evaluating the interactive effects

of multiple stressors in a rapidly changing world facing a confluence of tipping points.
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INTRODUCTION

“An ecosystem is greater than the sum of its parts.”
–Eugene P. Odum (1964)

A paramount theme in the scientific and political arena is to
better understand and predict the impact of human activities
on the functioning of ecosystems, such as modification of
biogeochemical cycles, climate change or species harvest and
biodiversity loss (Carpenter et al., 2008; Cheung et al., 2009). We
have greatly advanced our knowledge about the molecular and
cellular basis of these impacts, but are still blind to the effects on
the higher levels of integration of populations and ecosystems.
Much of the higher complexity that arises as we scale up to
higher trophic levels is a consequence of the interaction of species
within their biotic and abiotic environment (Krebs, 2009; Boyd
and Hutchins, 2012). While ecologists have traditionally focused
on a particular level of integration (population, community,
or ecosystem ecology), modern ecology is no longer viewed as
isolated parts anymore, instead seeks to theoretically connect
all levels of integration. One theoretical approach that has
greatly advanced our knowledge on this systematic integration
is Ecological Stoichiometry (ES). In short, ES is the scientific
study of the balance of multiple chemical elements in ecological
interactions (Sterner and Elser, 2002). Although, it can be lightly
classified as a highly reductionistic approach, implications of
stoichiometry span from atoms to all higher levels of integration:
growth and reproduction rates, nutrient recycle, interspecific
interactions or food quality and energy transfer in food webs
are all subject to the limitations imposed by the availability and
stoichiometry of elements. A core pillar of stoichiometry is that
chemical composition is variable and reflects that of the available
substrate in plants but is relatively tight in their consumer
heterotrophs (Sterner and Elser, 2002). Herbivores with high
somatic demands for nutrients face a world where plants are
for the most part poor food quality resources (Hessen, 1992).
As a result, nutrients and energy that flow through consumer-
resource interactions obey to the fundamental constraints of a
mass balance reaction and thermodynamics, with a myriad of
consequences for organism’s growth, population dynamics and
ecological processes (Sterner and Elser, 2002).

Global change is happening now and has already affected
numerous species and ecosystem processes (Pace et al., 2015).
Relevant global factors include increased atmospheric CO2 with
consequences for global warming, alterations in biochemical
cycles (e.g., N and P), local and regional eutrophication, habitat
use and land use alterations or increased UV radiation, among
others. A fundamental strength of ES in the study of global
change is that the multiplicity of human activities and natural
perturbations have an impact at the base of food webs because
the elemental composition of algae and plants in general, reflect
the resource availability in their environment, and can be traced
as they indirectly influence secondary producers and predators
at higher levels (Sterner and Elser, 2002). In fact, numerous
observations suggest that the indirect-food chainmediated effects
of a stressor can be far more significant than direct effects on
organisms at any given trophic level (e.g., Durif et al., 2015).

There is an increasing awareness among scientists that realistic
scenarios of global changes need holistic approaches that include
multiple interactive factors (Folt et al., 1999). For example,
current climate change due to rising CO2 concentrations are
likely having an effect on photosynthetic rates in plants. At
the same time, the associated rise in temperature can stimulate
growth of many species, but enhance stratification of the
water column, which can itself exacerbate nutrient exhaustion
in surface waters leading to community changes and greater
sensitivity to photosynthesis and UVR. Organisms are exposed
to multiple stressors simultaneously, whose interactions can
enhance or decrease the effect of a given stressor (Folt et al., 1999;
Crain et al., 2008; Boyd et al., 2015). However, while numerous
studies have documented how environmental conditions affect
the elemental composition of primary producers, there is far less
information on the combined effects of multiple global stressors,
and even fewer studies have examined the role of stoichiometry
on howmultiple interactive effects impact ecological interactions.
If examining the role of interactive effects on stoichiometry
is not a trivial task, establishing the carry-on consequences of
these effects on ecological interactions is even more difficult
as it demands thorough work explicitly gauging cause-effect
relationships. Studies on this incipient research area would be
immensely valuable in our path to an improved predictive
framework for interactive effects in nature.

The initial convention distinguished between interactions that
increased stress or “synergistic” from those that decreased stress
or “antagonistic” (Folt et al., 1999; Gunderson et al., 2016). While
the study of interactions has been extremely active of late [see for
example recent reviews by Jackson et al. (2015) and Piggott et al.
(2015)], still a consensus is lacking in the literature regarding an
operational definition of interactions. Our intention in this study
is not to examine the appropriateness of a given classification
method for the effects of multiple stressors. Instead, we adhered
to a basic definition of synergism and antagonism to illustrate the
nature of the net effect of multiple stressors in ecosystems with
the purpose of improving our understanding of the mechanisms
behind multiple stress effects and the habitat-specific prevalence
of the various types of interactions in nature. On the basis of a
literature survey, Crain et al. (2008) and Jackson et al. (2015)
found that while the effect of paired stressors were consistently
antagonistic or additive in freshwater systems, there was a greater
prevalence of synergistic interactions in marine systems.

In this review, we hierarchically examine progress in these
areas of ecological interactions and stoichiometry by answering
several fundamentally related questions: What are the interactive
effects of multiple stressors on the elemental composition of
primary producers in aquatic ecosystems? Are there habitat
differences in the prevalence of synergistic, antagonistic or
additive responses? To address these questions, we will first
compile field and laboratory investigations that examine the
effect of paired stressors on the elemental stoichiometry of
autotrophs in aquatic ecosystems and classify them as synergistic
or antagonistic according to a modification of Allgeier et al.’s
interaction effect index (IEI) (Allgeier et al., 2011), which
compares the cumulative mean size effect of two paired stressors
with the sum of their individual effects (see methods for further
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explanation). With the resulting database, we will test whether
patterns in the prevalence of a given interaction differ across
systems and, more specifically, the general hypothesis that
interactive effects across paired stressors are primarily synergistic
in marine systems, but antagonistic or additive in freshwater
ecosystems.

Finally, we discuss recent progress about the relevance of the
effects of paired environmental drivers in fundamental food web
relationships (microbial loop, algae-herbivore), identify gaps in
the research of multiple stressors, and suggest new avenues for
stressor interactions research.

DATA EXTRACTION AND STATISTICAL
ANALYSES

Experimental literature on the impacts of multiple stressors
on C:N:P ratios was searched using Web of Science (review
to January 2017). The following criteria were applied to select
articles:

1. Published studies on the research topic were identified using
the following search keywords: “stoichiometry,” “interactive
effect∗,” “C:N∗,” and “C:P∗.” For each extracted study,
we examined the cited references in search of additional
suitable data, and used ResearchGate and Google Scholar as
supplementary research tools in addition to Web of Science.

2. The dataset covered laboratory and in situ experiments in
which the effects of paired stressors on the C:N:P composition
of the autotrophs in aquatic food webs (plankton, epilithon or
periphyton) were reported. Macrophytes were excluded from
this analysis. As in Crain et al. (2008), a stressor was defined
in a broad sense as any environmental global driver that can
potentially exceed natural levels of variation.

3. The study belonged to any of habitat categories of streams,
lakes (reservoirs or lakes) and marine systems, regardless of
whether these were field or controlled laboratory studies using
species from their natural habitats.

Sixty-six studies met the study selection criteria outlined
above (full list in Table S1). Our database compiled a total
of 320 observations, since most studies reported more than
one observation. We investigated a total of 11 stressor pairs
(Figure 1). Whenever possible, we obtained C:N:P values from
the result section of the study. A PlotDigitizer software (Free
Software Foundation, 2001) was used to acquire numbers from
the figures when data were not readily available in the results.
Care was taken to differentiate between observations testing the
interactive effects of an increase or decrease in the main stressor.
For example, studies covering L × Nut effects on C:N:P ratios
were classified in two broad categories depending on whether
experiments tested the increase (↑L × Nut) by supplementing
light conditions or decrease (↓L × Nut) by shading or reducing
light supplementation relative to that received by the organisms
in their habitat (field research) or optimal level (laboratory
assays). Also decreased or increased stressor scenarios could help
differentiate between future and past scenarios in the various
ratios, as well as future opposed predictions for a given stressor.

For example, most studies agree upon lower-than-today CO2

levels (∼150 ppm) for past glacial events and higher-than-today
CO2 levels for future CO2 scenarios (500–1,000 ppm), although
there is the potential for future scenarios of deprived CO2 in local
environments of markedly increased photosynthesis.

To illustrate the overall nature of the interactive effects of
multiple stressor on C:N:P ratios, we modified the Interaction
Effect Index (IEI) proposed by Allgeier et al. (2011) according to
the following equation:

IEI = ln [Abs(effect AB/(effect A + effect B))]

where A and B are the two stressors, “Abs” indicates absolute
value, “effect AB” is the combined effect of AB calculated
as (treatmentA+B−control), “effect A” is the main effect of A
calculated as (treatmentA−control), and “effect B” is the main
effect of B calculated as (treatmentB−control).

Taking the effect ratio as the natural logarithm of the absolute
quotient between combined (effect AB) and additive effects
(effect A+ effect B), has important advantages compared to other
forms of evaluating interactive effects: (i) it allows calculation
of IEI for all integer numbers (negative, zero, and positive
numbers), (ii) includes standardization of the responses, what
reduces variability in the interactive effects and grants the use of
parametric analysis for comparative purposes, and (iii) centers
IEI values around zero. We used IEI in this study to identify the
three broad categories of interactions types (as defined in Folt
et al., 1999) on C:N:P ratios (see Figure 2). IEI values above one
were defined as cases in which the interaction was synergistic,
whereas IEI values below one indicated antagonistic interaction,
whereas values non distinguishable from zero indicated the
occurrence of an additive effect or the absence of a net interactive
effect.

The frequency of interaction types was calculated for the
various subsets corresponding with the C:N, C:P, and N:P
ratios in the studied species. This graphic representation of
these data in Figure 3 contributed to identify differences in the
prevailing interaction type among systems and C:N:P ratios.
Finally, one-sample t-tests were used to evaluate whether mean
C:N:P-IEI differed from zero for each stressor pair and system
(Figure 4). If the null hypothesis is rejected, it demonstrates
an interactive effect (antagonisms or synergisms). On the other
hand, non-rejection of the null hypothesis was interpreted as
the absence of significant interaction, which does not necessarily
mean the presence of an additive effect because observations
with opposing interactive effects could compensate each other
such that their mean might not significantly differ from
zero.

Significant differences in C:N:P-IEI between habitats and
drivers were tested using one-way ANOVA, followed by post-hoc
comparison of the means using Tukey’s HSD (Sokal and Rohlf,
1995). Normality was test by Kolmogorov-Smirnov test and
homocedasticity by Cochran’s and Levene’s tests. Although care
was taken to differentiate data that originally tested interactions
in our illustrations (see different bar colors in Figures S1–S6), we
chose to include all observations in our intersystem comparison
in order to increase the statistical confidence of our findings.
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FIGURE 1 | Scheme illustrating the potential effects of stressor pairs in food web interactions via changes in C:N:P stochiometry. Eleven stressor-pairs were analyzed

in this study. L, light; Nut, nutrients; UVR, ultraviolet radiation; T, temperature; Sal, salinity; CO2, carbon dioxide; DOC, dissolved organic carbon. Question marks

indicate pathways lacking information. In brackets is number of studies found for each stressor pair.

FIGURE 2 | Scheme illustrating the interpretation of the Interactive Effect Index

(IEI) for each stressor pair. IEI was calculated as Ln [ABS (Combined/Additive

effects)] (see statistical methods for details). The IEI in the y-axis reflects the

nature of the interactive effect for C:N:P ratios, with values > 0 indicating a

synergistic interaction, values < 0 indicating an antagonistic interaction, and

values = 0 indicating the absence of a net interactive effect or the occurrence

of an additive effect. Stressor pairs are shown in x-axis.

IBM SPSS Statistics (version 24) was used for all data analyses
and a statistical significance level of p < 0.05 was applied to all
tests.

INTERACTIVE EFFECTS OF GLOBAL
CHANGE STRESSORS ON AUTOTROPH
C:N:P RATIOS

Light × Nutrients
The key role of light and nutrients in the structure and
functioning of ecosystems was first identified in a benchmark
contribution by Lindeman (1942). Since then, numerous
experimental and observational studies have shown that the
production of algae and biomass of pelagic herbivores increases
with nutrient enrichment (Murdoch et al., 1998). Aquatic
autotrophs might also “compete” for the light availability.
Therefore, the nutrient-phytoplankton coupled dynamics as
well as changes in the mixing depth due to global warming
are expected to have important consequences for the light
availability in the upper layers of the water column (Carrillo
et al., 2015). We now know that light and nutrient availability
not only affect production of algae but also their C:nutrient
ratio. This idea was elegantly formulated by Sterner et al. (1997)
as the Light:nutrient hypothesis which predicts that low light
conditions decrease not only production in primary producers
but also their C:nutrient ratio, and potentially offsets the negative
effects of decreased food availability for their pelagic consumers.
Simultaneous algal controlled assays provided with experimental
evidence for the chief role of these two factors on the elemental
composition of phytoplankton (Urabe and Sterner, 1996). In
addition, global change research has reported strong changes
in the biogeochemical cycles of N, P, and C (Falkowski et al.,
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FIGURE 3 | Mean frequencies (%) of C:N:P-IEI interaction types for streams, lakes and oceans for the different stressor pairs tested in this study.

2000) and predict changes in the solar radiation underwater
mainly due to increased temperature or land alterations and
droughts that might regionally increase dust emissions to the
atmosphere (IPCC, 2013). Therefore, anthropogenic impacts on
ecosystems can drive changes in light and nutrient availability
with consequences for the elemental composition of plants at the
base of food webs.

Light and nutrients was the only stressor pair for which we
found sufficient evidence to compare interactive effect among
streams, lakes and oceans (Figure S1). While most observations
consisted of antagonistic and synergistic effects, there were clear
differences in IEI among habitats and C:N:P ratios (Figure 3). In
an scenario of increased light and nutrients, IEI varied among
habitats in C:N ratio, but not in C:P and N:P ratios (Figure 3,
Table 1). More specifically, Post-hoc comparisons indicated that
the effect on C:N-IEI was different between lakes and oceans,
but neither of these habitats differed from streams (Figure 4). In
agreement with our general hypothesis of synergism prevalence
in oceanic systems, IEI was synergistic for C:P and N:P ratios
in the oceans, but not for C:N. As for streams and lakes, IEI
did not statistically differ from zero, which was a consequence
of the low number of evidences (n = 2 in rivers) or a situation
where stressor effects were opposing directions (i.e., synergism
and antagonism).

As for the scenario of increased light, the effect of interactive
effects of decreased light × nutrients on C:N deviated from our
initial prediction and was also antagonistic in oceans. As for C:P
and N:P ratios, we had no statistically discernible effects with
a single study that yielded a positive synergism (Figure 3). As
expected, interactive effects in both stream and lakes were either
additive for C:N and N:P or antagonistic for C:P (Figure 4).

CO2 × Nutrients
Climate change due to increased CO2 is the most notable
feature of global change. The extra CO2 can directly fuel
photosynthesis worldwide and indirectly impact the C:N:P
stoichiometry of plankton by decreasing the nutrient content
of autotrophs (increased C:P and C:N ratios) at the base of
trophic webs (Riebesell et al., 2007; Verschoor et al., 2013).
Elevated CO2 concentrations only seem to change phytoplankton
stoichiometry under specific conditions, for instance, at low
nutrient availability (Gervais and Riebesell, 2001; Leonardos
and Geider, 2005; Li et al., 2012) whereas rising CO2 levels
will increase phytoplankton biomass at high nutrient loads
(Verspagen et al., 2014). The enrichment of aquatic systems
with anthropogenic CO2 is already having consequences on
acidification and nutrient biogeochemistry (Gattuso et al., 2015).
Since biogeochemical cycles are intrinsically linked, the change
in carbon will have large consequences on the nitrogen cycle
through microbial mediated processes such as increases in N
fixation or denitrification and decreases in nitrification (Hutchins
et al., 2009). At the same time, humans are altering planet’s
biogeochemical cycles at unprecedented rates (Falkowski et al.,
2000). Consequently, the net impact of human on biochemical
cycles may change ratios of nutrients at big scales that can
unbalance the stoichiometry of ecological interactions and alter
natural andmanaged ecosystems across the globe (Peñuelas et al.,
2013). Anthropogenic alterations of N and P biochemical cycles
are nearly 10 and 40-fold higher those of C cycle (Falkowski et al.,
2000). Because the availability of N limits primary production
in much of the ocean (Moore et al., 2013) and continental
waters (Elser et al., 2007), human activities might be responsible
for much of the nitrogen fertilization via N2O emissions and

Frontiers in Microbiology | www.frontiersin.org January 2018 | Volume 9 | Article 69143

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Villar-Argaiz et al. Non-additive Effects in Aquatic Food Webs

FIGURE 4 | IEI for C:N:P ratios in streams, lakes and oceans. Values represent IEI mean ± 95% confidence intervals (see statistical methods for further detail). Values

> 0 indicate a synergistic interaction, values < 0 indicate an antagonistic interaction, and values = 0 indicate the absence of a net interactive effect or the occurrence

of an additive effect. Significant differences among systems are denoted by different case letters according to Tuckey’s post-hoc comparisons. Below letters and/or

symbols are results for one-sample t-test testing IEI differences from the test value = 0 (ns, not significant; na, not applicable with less than two observations;

*p < 0.05; **p < 0.01).

industrial, agriculture and wastewater discharges (Duce et al.,
2008). Similarly, there has been an increase in P inputs in
the biosphere due to mining of P compounds for fertilizer
(Falkowski et al., 2000).While there is uncertainty on whether the
higher mobilization of essential nutrient can boost up primary
production and help mitigate CO2 accumulation in Earth’s
atmosphere (Falkowski et al., 2000), there is still no conclusive
evidence of whether the combined effects of increased CO2 and
nutrients would lead to increase or decrease in C:N:P ratios
(Hutchins et al., 2009).

Only few studies in lakes and oceans covered the effects of
this stressor pair. In the scenario of increased CO2 there was a
general prevalence of synergistic effects in lakes but antagonistic
in oceans (Figures 3, 4). The only two studies to statistically test
the increased CO2 ×Nut effect were carried out in the ocean and
were consistent with the general appreciation for the prevalence
of antagonistic effects in the ocean, but only for the C:P and N:P
ratio (Figure S2). Not surprisingly, IEI did not differ from zero in
most comparisons due to the low number of observations.

While most studies to date examine the effects of future CO2

levels, low CO2 concentration represents a potential scenario
for past glacial ages where this gas diminished on a global scale
(Sigman and Boyle, 2000). Also decreased CO2 availability is
a likely future scenario in sites where nutrient eutrophication

could boost autotroph growth depriving the concentration of
this photosynthetic resource. Under the scenario of decreased
CO2, there was an antagonistic interaction on C:N (Table 1), but
indistinguishable from zero in the rest of the cases, indicating
that the effect of decreased CO2 on C:nutrient ratio was not
necessarily affected by nutrient availability (Figures 3, 4).

CO2 × Light
Phytoplankton have an essential role in sequestering CO2 at
global scales, and therefore play a key role in the partitioning of
CO2 between the atmosphere and the hydrosphere (Leonardos
and Geider, 2005). However, the capacity of the ocean as a
carbon sink is determined not only by CO2 levels, but also by
other environmental variables that affect photosynthesis CO2

fixation such as nutrient availability or light. Light conditions can
drastically vary in the future due to global changes in the upper
mixed layer depth (Carrillo et al., 2015), and a crucial question is
whether this might exacerbate ormitigate the effects of increasing
CO2 in the physiology of phytoplankton.

For this stressor pair, only ocean observations were available in
the literature. The prevailing interactions for both the scenarios
of increased and decreased CO2 were synergistic, although
some additive observations were observed (Figure S3, Figure 3).
Overall, the synergistic interactions were statistically significantly
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TABLE 1 | Results of ANOVA testing whether interactive effects for C:N:P ratios

[ln (combined effect/additive effects)] differ across systems (streams, lakes and

oceans).

Interactive

effect

Factor 1 C: nutrient d.f. Sum of

squares

F p-value

L × Nut ↑ Light C:N 2, 13 20.77 4.80 0.028

C:P 2, 11 7.60 1.05 0.383

N:P 2, 9 2.24 0.41 0.677

↓ Light C:N 2, 15 11.26 5.31 0.012

C:P 2, 20 1.23 0.43 0.658

N:P 2, 14 0.61 1.20 0.323

CO2 × Nut ↑ CO2 C:N 1, 2 0.06 0.016 0.912

C:P 1, 2 2.12 2.35 0.265

N:P 1, 2 2.69 10.69 0.082

↓ CO2 C:N 1, 1 1.21 297.78 0.037

C:P 1, 2 0.04 0.071 0.815

N:P 1, 1 0.13 27.00 0.121

T × Nut ↑ T C:N 1, 7 0.17 0.11 0.748

C:P 1, 10 0.07 0.08 0.778

N:P – – – –

UVB × Nut UVB C:N – – – –

C:P 1, 4 0.17 16.30 0.016

N:P – – – –

UVR × Nut UVR C:N 1, 2 0.16 0.28 0.648

C:P 1, 8 0.02 0.42 0.535

N:P 1, 3 0.001 0.012 0.920

Only stressor pairs with observations for at least two systems (streams, lakes, oceans)

were included in this analysis. In bold are significant differences.

different from zero only for C:P ratio in the scenario of increased
CO2, but indistinguishable from additive effect for the rest of
comparisons (Figure 4).

Temperature × Nutrients
Recent unprecedented increase in atmospheric CO2 is
responsible for warming of lake and oceanic surface waters
around the globe (Schlüter et al., 2014). Mean temperatures
and heat waves that are expected to increase can have profound
effects on autotrophs and heterotrophs, and thus ecosystem
functioning (IPCC, 2013). Temperature is an all-embracing
environmental factor that affects the growth, reproduction
and survival of organisms, and the interactions among species
(Kingsolver, 2009). Rising temperatures per ser can have an
effect on organisms chemical composition (Woods et al., 2003),
and favor the dense blooms of toxic cyanobacteria (Johnk et al.,
2008). Additionally, higher temperatures can alter ambient
conditions by reducing the duration of ice (IPCC, 2013),
decreasing lake water levels (Hanrahan et al., 2010), changing
patterns in phenology (Menzel et al., 2006) and reducing
nutrient fluxes from the hypolimnion due to the greater stability
of the stratification process (Huisman et al., 2006). The study
of the joint effect of temperature and nutrients on autotrophs

is of particular importance. First, these are two factors where
pronounced global changes have already been detected (IPCC,
2013). Second, evidence exists that warming can reduce the
effects of eutrophication on periphyton by altering C:N ratios
(Shurin et al., 2012). However, while nutrient availability may
decrease in C:N ratio, this effect could be counterbalanced by
depletion of nutrients due to strengthening stratification as a
result of global warming (van de Waal et al., 2010).

For this stressor pair, the small sample size only allowed for
the comparison of differential responses on C:N and C:P between
lakes and oceans in the scenario of increased temperature,
in which no differences were detected (Table 1). In addition,
IEI values for most ratios were equally distributed between
antagonistic and synergistic cases (Figure S4, Figure 3), resulted
in values of mean IEI that did not significantly differ from zero
(Figure 4).

Temperature × Other Stressors
Future shifts in the chemical composition of algae are also
anticipated given the continuous changes in environmental
drivers that interact with temperature (Passow and Laws, 2015).
For example, some studies have documented temperature pair
interactions with salinity, light or CO2 on the stoichiometry of
marine phytoplankton yielding contrasting responses. Thus, for
the temperature salinity stressor pair, the effects were antagonistic
for C:N, but synergistic for C:P and N:P (Figure S5, Figure 3).
As for the only study covering temperature and light effects,
the interactions switched from synergistic for C:N to additive
for C:P and antagonistic for N:P (Figure S5, Figure 3). We
identified eight studies that focus on the temperature-CO2

stressor pair in the ocean, which yielded a similar distribution
of synergistic and antagonistic responses for C:N and C:P ratios,
and a dominant, and significant synergistic response for N:P
ratio (Figures 3, 4, Table 1). Only one study in lakes covered the
interactive effects of increased temperature and DOC availability
yielding inconclusive findings for the nature of the interactions
on the algal stoichiometry due to the low number of observations
and their opposing interactive signs (Figure 3).

UVR × Nutrients
Compared to photosynthetically active radiation (PAR), exposure
to UVR increases C:nutrient ratios in algae (Xenopoulos et al.,
2002; Carrillo et al., 2008a; Korbee et al., 2012). As a result, the
net outcome of the two opposing effects of UVR and PAR on
algal composition depends on the optical properties of the water
column (Hessen et al., 2008), as well as factors like nutrients that
promote phytoplankton growth influencing the light climate in
the water column.

Although empirical evidence for the nature of the combined
effects of UVR radiation and nutrients on elemental ratio of
autotrophs remains very limited, the compiled dataset allowed
us to distinguish among the interactive effects of distinct spectral
regions of UVR and nutrients. Thus, the combined effects of
UVA and nutrients on algal C:P ratios in lakes, frequencies
of interactions varied between synergistic and antagonistic
(Figure S6, Figure 3). The only stream observation in the
dataset for the effects of UVB and nutrients yielded antagonistic
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effects on all C:N:P ratios (Figure 3), which differed from
the additive effect found for C:P in lakes (Table 1). Finally,
the type of interactions for UVR paired with nutrients did
not significantly differ between lakes and oceans and were
predominantly antagonistic (Figures 3, 4, Table 1).

PROPAGATION OF INTERACTIVE EFFECTS
ON FOOD WEBS

As we have seen, few studies have evaluated the impact of
multiple stressors on the elemental composition of planktonic
organisms (Table S1), but barely a handful of them examined
the carry-on consequences of multiple interactive effects on the
role of stoichiometry on ecological interactions. Unraveling the
“ecological surprises” (sensu Jackson et al., 2015) that arise from
the interactive impacts of multiple environmental stressors on
C:N:P is a thrilling challenge that can help understand ecological
responses to environmental change. In this section we will
examine the few available studies to assess how multiple stressors
impact ecological interactions within the microbial and grazing
food chains via stoichiometry.

Microbial Food Web
The coevolution of algae and bacteria has shaped life on
Earth in many aspects and their interaction has, not only
defined the structure of their habitats (Ashen and Goff,
2000), but is responsible for the productivity of the biosphere
(Ramanan et al., 2016). Numerous lines of evidence indicate
that the long coevolution of algae and bacteria has given
rise to diverse types of associations including mutualism,
commensalism, competition or parasitism (Ramanan et al., 2016,
and references therein). A significant step in the study of the
relationship between algae and bacteria is the insight that their
complex association points to a relation continuum, where the
relationship between organisms transits from a commensal (one
organism benefits with no detriment to the partner’s fitness)
to mutualistic (two organisms that benefit one another) to
predatory/parasitic (one organisms benefits at the expense of the
other) relationship. But what is the role of C:N:P ratios in shaping
this continuum?

A first level of approach stems from one-factor experimental
studies adding nutrients at definite N:P ratios in highly UVR-
exposed systems, which changed algal and bacterial N:P ratios
and modulated their interaction with consequences for the
development of the microbial loop (Carrillo et al., 2008b).
Variations in algal and bacterial N:P ratios revealed a shift from
their commensalistic-mutualistic relationship to a competitive
one for the available P when bacterial P-deficiency increased
(N:P > 20–24). Hence, the bacterial N:P ratio proved to be a
key factor in understanding the algae—bacteria relationship. The
development of ciliates occurred only when bacteria remained
P-rich (N:P < 20) and algae was close to Redfield proportions
indicating that bacterial N:P ratio also served as an essential
predictor for the ciliate and microbial loop development (Villar-
Argaiz et al., 2002; Carrillo et al., 2008b).

A second level of approach stems from two-factor
experimental studies manipulating resource N:P (by adding
nutrients at definite N:P ratios) and another global-change
stressor. Thus, Medina-Sánchez et al. (2006) set up three
resource N:P treatments (N:P > 180, N:P = 16, and N:P = 5)
in presence vs. absence of UVR in two contrasting unbalanced
scenarios in the algal and bacterial N:P ratio in a high mountain
lake (i.e., middle of ice-free period: P-poor algae and P-sufficient
bacteria; late ice-free period: P-rich algae and P-poor bacteria).
Under such scenarios, these authors found antagonistic UVR
× P effects (i.e., the effect of P enrichment attenuated the effect
of UVR) that decreased autotroph N:P ratio, increased the
excretion of organic carbon by algae, and in turn reinforced
the commensalistic-predatory relationship between algae and
bacteria (Figure 5A). This dual control exerted by mixotrophic
algae implies a shift in the paradigm of the functioning of
microbial food web in lakes (Medina-Sánchez et al., 2004;
Cabrerizo et al., 2017), recently extended to marine ecosystems
(Ptacnik et al., 2016). In a different experiment, Wohlers-Zöllner
et al. (2011) set up two resource N:P treatments (N:P = 9 as
“N-deficient” vs. N:P = 30 as “N-replete”) and a temperature
gradient simulating weak to strong warming predicted for winter
in the Baltic Sea region at 2100. The pelagic algal-bacterial
assemblage showed a synergistic interactive effect on autotroph
N:P ratio which enhanced utilization of organic matter and
bacterial growth and, ultimately, reinforced the development
of the microbial food web (Figure 5B). These studies illustrate
the key role of resource stoichiometry in determining how
paired stressors modulate the interaction between algae and
bacteria.

A third level of approach stems from experimental two-factor
studies, manipulating UVR (presence vs. absence) and nutrient
availability in mid to long term scales (days to months) and
reporting pronounced changes in the autotrophs stoichiometry
(N:P). For example, Delgado-Molina et al. (2009) showed that the
antagonistic interaction between UVR and nutrients generated
a gradual decrease in the algal N:P ratio that ultimately leads
to unimodal responses in the heterotrophic microbial food web
(bacteria, ciliates, and viruses), where the effect of UVR is
maximum at intermediate P concentrations (Medina-Sánchez
et al., 2013).

Grazing Food Web
The plant-herbivore interface is the level at which nutrient
imbalances are among the highest in nature (Sterner and
Elser, 2002), constraining the energy transfer and production
of higher trophic levels in food webs (Power, 1992). Several
potential factors affect the food quality for herbivores, and
research has extensively addressed the carryover consequences
of single stressors, primarily nutrient availability, on herbivore
performance mediated through changes in plant chemical
composition. To date, most research has covered freshwater
species (DeMott et al., 1998; Villar-Argaiz and Sterner, 2002), but
also included stream (Stelzer and Lamberti, 2002) and marine
species (Schoo et al., 2010). We examine the few studies to
systematically evaluate the interactive effect of paired stressors at
the plant-herbivore interface.
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FIGURE 5 | Conceptual diagram illustrating the nature of the interactive effect between (A) UVR × Nut, (B) T × Nut, (C) UVR × Nut, and (D) L × Nut on autotroph

C:N:P ratios and its propagation in microbial and grazing food chains. The figure summarizes the main food web effects analyzed in this study. In parenthesis are

studies cited in the manuscript (a, Medina-Sánchez et al., 2004; b, Cabrerizo et al., 2017; c, Villar-Argaiz et al., 2012) or supplementary references (41, 6, 20, and 25).

Arrow thinkness is proportional to magnitude of the effect. EOC, excretion of organic carbon, DOC, dissolved organic carbon, FCE, food chain efficiency. (*)Type of

interactive effect calculated for N:P ratio from Figure 2 in reference 41.

Food Quality × Temperature
Several studies have examined the joint role of food quality,
as cultured algae to a nutrient replete or limited state, and
temperature on zooplankton performance (McFeeters and Frost,
2011; Persson et al., 2011; Malzahn et al., 2016). These
works generally agreed upon the conclusion that low food
quality constraints on herbivore growth were strongest at low
temperatures and decreased at high temperatures. In other
words, the highest herbivore growth at low diet C:P ratios
(high P availability) and elevated temperature demonstrated
that P food quality and temperature synergistically increased
herbivore performance. Studies like these, provide a very
valuable perspective on how temperature can indirectly affect
species worldwide by enhancing their likelihood to face P
limitation.

Temperature × DOC
One test of the importance of multiple stressors on herbivore
communities comes from the study by Weidman et al.
(2014) in alpine lakes, where zooplankton were expected to
respond strongly to increased water temperature. The effects of
temperature × DOC on particulate C:P ratios were antagonistic
on these lakes (see reference 46 in Figure S5). As for the carryover
effects on zooplankton, while warming alone stimulated the
growth of the cladoceran and suppressed that of the calanoid
copepod, the combined effect of warming and DOC reversed
these results. Therefore, the addition of DOC suppressed

the detrimental effect of temperature on copepod and total
zooplankton biomass. These findings imply that the antagonistic
temperature × DOC effects resulted in food changes that
contributed to overcome the negative effect of temperature on
zooplankton in the alpine lakes.

UVR × Nutrients
In a field study using mesocosms, Carrillo et al. (2008a)
demonstrated that the interactive UVR × Nut effects on seston
C:P ratio were antagonistic, i.e., the addition of nutrients
ameliorated the effect of UVR decreasing C:P and hence
improving food quality for herbivores (see reference 37 in Figure
S6). Villar-Argaiz et al. (2012) subsequently tested the effects of
these two stressors on the growth of three species of zooplankton
with contrasting life history traits in field-coupled bioassays.
Their results, that allowed discrimination between food quality
and food quantity, showed that interactive effects of UVR × Nut
on algal C:P ratio were antagonistic, i.e., the addition of nutrients
dampened the detrimental effects of UVR on the growth of
herbivorous zooplankton (Figure 5C).

Light × Nutrients
Dickman et al. (2008) manipulated light and nutrients to
test the general hypothesis that food chain efficiency (and
hence herbivore production) was constrained by the nutritional
quality of the food. The combined effect of light and nutrients
yielded synergistic effects on seston C:N and C:P ratios in
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treatments without fish (see reference 6 in Figure S1), which
resulted in increased food quality that favored the production of
zooplankton (Figure 5D). In a similar study, Plum et al. (2015)
found that the nature of the interactive effects of light and
nutrients on algal C:P and N:P ratios were mostly synergistic
(four out of five algal bioassays; see reference 20 in Figure S1),
and it was under high light and N reduced conditions when
the highest copepod biomass was attained. Further, in a recent
study, Rock et al. (2016) identified that carnivores can affect the
mediated effects of light and nutrients on aquatic food chain
efficiency. Interestingly, if we examine their carnivore-bluegill
treatment (see reference 25 in Figure S1), the effects of light
and nutrient on seston C:P were synergistic, and under these
conditions herbivore efficiency was at its highest. Our analysis
of the above studies suggest that synergistic effects of L × Nut
resulted in enhanced food quality (decreased autotroph C:P) for
zooplankton herbivores (Figure 5D).

From the heterogeneous paired-stressor studies analyzed
above, the idea emerges that the identity of the stressor might
mediate on the nature of the interaction with a second stressor,
and in turn on herbivore performance. Thus, the harmful
UVR antagonistic interaction with nutrients, and the synergistic
interaction of light with nutrients on autotrophs, could both
benefit zooplankton by decreasing C:P ratios in their food
resources (Figures 5C,D). Altogether, these studies strongly
highlight the importance of considering both the direction and
magnitude of interactive impacts when evaluating ecological
interactions if we are to advance in the theory of food chain in
nature.

DISCUSSION AND CONCLUSION

Across all stressor pairs considered in the present study the
following patterns emerged: (1) Antagonisms were the prevalent
interaction in freshwaters, both streams and lakes, (2) both
synergisms and antagonisms were co-dominant in marine
systems with synergisms being slightly more common, and (3)
overall non-additive effects were the dominant interactions in all
aquatic ecosystems studied.

While the lack of data impeded comparisons among all
of the paired stressors, we found pronounced system-specific
differences. For example, with regards to the L × Nut
interactions, our data for C:P andN:P is consistent with the initial
hypothesis that the interaction was primarily synergistic in the
oceans, but not in freshwater systems where interactions were
more evenly distributed between synergism and antagonism. As
for C:N, the present study showed no differences between stream
and lakes, but a sharp contrast between freshwater systems and
the ocean. We suggest that this could possibly be associated
with differences in the nutrient limiting freshwater and marine
systems (e.g., Moore et al., 2013). The inherent similarities
that we find for freshwater systems are possibly due to the
similar stoichiometric principles that apply in “green” autotroph-
based food webs and the “brown” detritus-based systems that
dominante in lakes and streams, respectively (Evans-White and
Halvorson, 2017).

While discussing the interactive effects of changing
precipitation, decreasing DOC (“sun screen”), increasing UV-
penetration, and continuing acid-rain deposition/mobilization
from sediments in the Canadian Shield Lakes, Gorham (1996)
made the following observation: “Most of our diverse impacts
on the environment are studied as separate problems, and
only rarely do scientists examine appropriately their many and
complex physical, chemical and biological interactions.” As is
now revealed by the analyses of interaction of stressors (Crain
et al., 2008; Jackson et al., 2015, present study), non-additive
responses predominate across aquatic ecosystems. Our study
finds strong evidence that the nature of the interactive effect
depends on the stressor pair at play, with a wide range of
variability in the net effects of the interactions, with some
observations supporting antagonism while others synergism.

Interesting questions arise from these observations regarding
the basis for the commonalities as well as differences across
ecosystems: Why are non-additive interactions prevalent across
such a wide variety of aquatic ecosystems? Could the inherent
heterogeneity of freshwater systems versus the relative uniformity
of marine systems, and/or variability in the type and magnitude
of stressor pairs, be responsible for the observed inter-ecosystem
differences? How do we ascribe specific interaction effects of
stressor pairs (e.g., light and nutrients on EOC-production
in phytoplankton) with specific ecological phenomena (e.g.,
microbial growth and respiration)? Finally, how do we go about
studying the interactive effects of all the stressors that are acting
on an ecosystem at a given time?

Our findings highlight the importance of non-additive
effects of interacting stressors on ecosystem processes and the
need for further studies evaluating the interactive effects for
developing a more rigorous comparative ecology. Serving as key
feedback loops in ecosystems, the balance between these sensitive
antagonistic and synergistic responses affects everything from
small scale phenomena such as food chain efficiency to large
scale phenomena such as ecosystem carbon and nutrient cycling
(Schlesinger and Bernhardt, 2013). Of recent, there has been a
resurgence of interest in role of multiple stressors on aquatic
ecosystems (Allan et al., 2012). However, very few studies have
explored the possibility of untangling the issue of interactions
among these stressors (2 factor and more) on higher-order
phenomena (Jackson et al., 2015; present study). The findings
from our study suggesting how interactions of multiple stressors
may result in subtle shifts in the net responses (synergistic or
antagonistic) point to the importance of stressor interaction
studies in the future. Today, ecologists are being challenged to
predict dynamic tipping points of ecosystems shifting thresholds
under a confluence of conditions where interactive effects play a
key role (Scheffer et al., 2012; Duarte, 2014; Steffen et al., 2015;
Costanza, 2017). As Odum (1964) pointed out decades ago, the
challenging study of the emergent properties of ecosystems is the
new ecology. If non-additive effects of interactions should be the
norm in ecosystems, it now appears that an ecosystem is more
than even the sum of its interactions. In a rapidly changing world,
gaining a better understanding of how multiple stressors interact
and the predictive modeling of their complex outcomes, should
be an urgent interdisciplinary priority.
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Phytoplankton may respond both to elevated temperatures and reduced nutrients by
changing their cellular stoichiometry and cell sizes. Since increased temperatures often
cause increased thermal stratification and reduced vertical flux of nutrients into the mixed
zone, it is difficult to disentangle these drivers in nature. In this study, we used a factorial
design with high and low levels of phosphorus (P) and high and low temperature to
assess responses in cellular stoichiometry, levels of RNA, and alkaline phosphatase
activity (APA) in the chlorophyte Chlamydomonas reinhardtii. Growth rate, C:P, C:N, N:P,
RNA, and APA all responded primarily to P treatment, but except for N:P and APA, also
temperature contributed significantly. For RNA, the contribution from temperature was
particularly strong with higher cellular levels of RNA at low temperatures, suggesting
a compensatory allocation to ribosomes to maintain protein synthesis and growth.
These experiments suggest that although P-limitation is the major determinant of growth
rate and cellular stoichiometry, there are pronounced effects of temperature also via
interaction with P. At the ecosystem level, nutrients and temperature will thus interact,
but temperatures would likely exert a stronger impact on these phytoplankton traits
indirectly via its force on stratification regimes and vertical nutrient fluxes.

Keywords: alkaline phosphatase, cell size, growth, phosphorus, phytoplankton, RNA, stoichiometry, temperature

INTRODUCTION

Elemental composition and temperature are key factors that affect growth and stoichiometry in
algae. The ambient concentrations and ratios of key elements, such as carbon (C), nitrogen (N),
and phosphorus (P) will have major impacts of phytoplankton elemental ratios and thus growth
(Sterner and Elser, 2002; Klausmeier et al., 2008). Nutrient uptake and demands in autotrophs
do also depend on ambient temperatures. The direct responses of temperature related to growth
rate and stoichiometry are primarily governed by kinetic responses, i.e., enzyme activity, cell
division, and nutrient uptake that may occur at higher rates with elevated temperature. However,
also macromolecular make-up, rate of protein synthesis, and storage of elements may respond to
temperature, which in this way also indirectly affect growth and cellular stoichiometry (Woods
et al., 2003; Klausmeier et al., 2004; Toseland et al., 2013).
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In higher plants and multicellular algae, there has been
observed a general decline in specific N and P contents when
moving from cold, high latitudes, toward the warmer, equatorial
regions (Reich and Oleksyn, 2004; Borer et al., 2013). The
decrease in P content with elevated temperatures is higher
than that of N, however, causing an increase in the overall
N:P ratio with increased temperature (or decreased latitude).
Several studies have revealed a similar positive correlation
between the overall N:P ratio of marine phytoplankton and global
temperature (Martiny et al., 2013; Toseland et al., 2013; Yvon-
Durocher et al., 2015), but there are few comparative lake studies,
despite the fact that a strong increase in lake temperatures has
been recorded worldwide (O’Reilly et al., 2015). A higher N:P
with elevated temperature is likely associated with the increased
enzyme efficiency at higher temperatures that cause a lower
cellular density of P-rich ribosomes because fewer ribosomes
are then needed to maintain a certain level of protein synthesis
(Toseland et al., 2013; Thrane et al., 2016, 2017). If true, levels
of RNA would also be reduced with elevated temperature, but
again this response could be confounded by ambient nutrient
concentrations.

Decreased phytoplankton cell size is another proposed
response to warming (Atkinson et al., 2003; Daufresne et al., 2009;
Sheridan and Bickford, 2011; Forster et al., 2012). The causality
for smaller cell size, notably at the intraspecific level, remains
obscure however. Experimental studies on phytoplankton
indicate contributions both from ambient nutrient levels and
temperature per se to cell size (Peter and Sommer, 2013, 2015),
but it is difficult to disentangle the drivers based on in situ studies
because warming also will affect thermal stratification, mixing
depth, and thus vertical nutrient fluxes in aquatic ecosystems
(Galbraith and Martiny, 2015). Reduced concentrations of
ambient nutrients in response of reduced mixing would promote
smaller cells owing to their higher surface-to-volume ratios and
thus higher nutrient affinities (Raven, 1998; Marañón et al.,
2012; Marañón, 2015). Hence in a “global change” context, both
temperature and nutrient fluxes will change, with expected effects
on the stoichiometry, growth and size of phytoplankton, yet likely
with several confounding interactions (Sommer et al., 2016).

With this study, we aim to disentangle the effects of
temperature and nutrients on phytoplankton growth and
stoichiometry under controlled experimental conditions. To
assess the responses in stoichiometry and growth, and the related
responses [RNA, alkaline phosphatase activity (APA), and cell
size] we conducted a factorial experiment with the chlorophyte
Chlamydomonas reinhardtii, under high and low temperatures
and high and low concentrations of phosphorus.

MATERIALS AND METHODS

For the experiments, we used the unicellular chlorophyte
C. reinhardtii (strain CC-1690 wild type mt+) obtained from
the Chlamydomonas Resource Centre (University of Minnesota).
The species, and notably this strain, is widely used for
experimental studies. While this species clearly may not be
representative for all phytoplankton responses, it is commonly

found across a variety of freshwater habitats and widely used also
in ecologically relevant experiments.

The experiment was designed as a cross factorial setup with
two P treatments (5 µmol P L−1 or 25 µmol P L−1), hereafter
low P (LP) and high P (HP), and two temperature treatments (13
or 19◦C), designated low temperature (LT) and high temperature
(HT), respectively. While the concentrations of P only differ by
a factor of 5, the use of chemostats and turbidostats produced
P-limited and P-sufficient cultures by design (see details below),
and hence the actual P-concentrations were not critical in this
context. A wider temperature gradient would likely provide
stronger temperature responses, but the applied temperature
represent a “realistic” span in epilimnetic summer temperatures
of temperate lakes. Each treatment had three replicates. The
experiments were run as semicontinuous cultures in 40 ml
tissue bottles (Nunclon Delta filtercap, Thermo Scientific). We
used a modified version of Guillard and Lorenzen’s (1972) WC
medium with filtered water from a high-alkalinity lake as a
base to minimize the risk of CO2-deficiency. Excess N was
ensured by keeping N:P well above Redfield ratio (Redfield,
1958). A concentration of 1000 µmol NO3 was used in both
the high and LP treatments yielding molar N:P-ratios of 40:1
and 200:1, respectively. The lake water was initially filtered
on Whatman GF/F and then sterile filtered (0.2 µm pore
width) prior to additions of macronutrients, trace elements, and
vitamins according to the WC medium recipe.

The algae were cultivated in two climate-controlled rooms of
LT and HT (13 and 19◦C, respectively) with a 12:12 h light-
dark cycle and a light insity of approximately 85 µE m−2 s−1

of PAR (both cool and warm white light). For the LP treatment,
a semicontinuous culture with a fixed dilution of 50% 3 days
per week was applied. In this chemostat-type of dilution the
algae are kept in a stationary growth phase below the carrying
capacity. For the HP treatment we used a turbidostat-type of
dilution where the culture was diluted to a fixed cell number
(50,000 cells ml−1) 3 days per week. The turbidostat design is
beneficial by a maintaining a fixed density of algae in a non-
limited condition with regard to nutrients, light and CO2, thus
avoiding the pitfalls of high-nutrient chemostats.

For all dilutions, the cultures were transferred to new bottles to
avoid or minimize “bottle effects” like wall growth. Analysis of cell
number (for growth estimates) and cell size were done at each day
of dilution (3 days a week), samples for elemental ratios (C:N:P)
were taken 14 days after inoculation, while samples for RNA and
APA were taken 21 days after inoculation. However, because the
APA results for two of the replicates in the HT × LP treatment
had to be discarded due to a mistake made in the experimental
procedure, we included a second sampling and analysis both for
APA and RNA.

The cell number and size was measured by an electronic
cell counter (CASY TT, Schärfe, Germany). A regular 12:12 h
light:dark cycle was applied to synchronize cell division, and
samples for estimations of cell densities and sizes were taken at
the same time point each harvesting day. The specific growth rate
was determined as the ln of relative change in cell abundance
between two points in time (see Supplement for formula), and
averaged for the duration of the experiment. As measures of cell
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size, we recorded both the mean and the peak (mode) of the size
distribution of the algal samples.

For analysis of particulate C and N content, algae were
collected on a GF/C filter (Whatman, Sigma-Aldrich), and
analyzed using an element analyzer (Thermo Finnegan EA
1112 series flash, Thermo Fisher scientific). P-content was
estimated by digesting the samples in a solution of potassium
peroxydisulfate (K2S2O8) before colorimetric analyses using an
autoanalyzer (Bran Luebbe, Norderstedt Germany). In this case,
the samples were soaked in 10 ml of a 1% solution of potassium
peroxydisulfate for 30 min at 120◦C.

Cellular contents of RNA were included in the study both as
a proxy of growth rate and to judge the effect of P-limitation.
In addition, the total RNA serves as an indicator of the amount
of ribosomal RNA in the cell (Flynn et al., 2010). For the
RNA analyses, we applied a modified version of the RiboGreen
fluorescence protocol (Turner BioSystems) (cf. Gorokhova and
Kyle, 2002). Depending on cell density, we sampled 1–4 ml from
each culture. The sampled volume was filtered on a nitrocellulose
membrane (0.65 µm DAWP, Millipore) and the filter stored in
nuclease tubes before snap-frozen in liquid N. Prior to analysis,
120 µl of the extraction buffer was added (1% sarcosyl, Sigma)
and, while still frozen, the samples were homogenized by ice-
cold sonification (Branson Sonifier) for 2 min. The samples were
again put on ice and diluted with TE buffer in a 1:5 ratio (10 mM
Tris-HCL, 1 mM EDTA, pH 7.5). For each sample, we extracted
2 × 75 µl into two separate slots of a 96-well plate (655076
Greiner Bio-one, USA). The duplicates were inserted pairwise in
the columns following the first, which was reserved for standard.
In the first set of duplicate samples, we added a total of 20 µl
RNase-free water (Gibco BRL1071), and in the other set of
duplicates 20 µl of 0.1% RNase A (A7973, Promega). Immediately
after the RNase mixture was added, the well plate was incubated
at 37◦C on a shaking table with the output 400RPM to ensure
homogenous dispatch of the RNase and digestion of RNA. After
the incubation, 75 µl of 100 × diluted RiboGreen dye (R-11490,
Molecular Probes, USA) was added to each well by the use of
an automatic eight-channel pipette. The RNA content was then
analyzed by the use of a fluorescence microplate reader (Synergy
MX, BioTek Instruments, USA) with an excitation wavelength of
480 nm and an emission wavelength of 525 nm.

Alkaline phosphatase activity was included in the study
as an independent biomarker for P-limitation (Thingstad and
Mantoura, 2005; Litchman and Nguyen, 2008; Wang and
Liang, 2014). This enzyme is used to split the ester bound
in phosphomonoesters, thus removing phosphate groups from
macromolecules scaled with the degree of P-deficiency (Hoppe,
2003). APA was analyzed by the CDP-star chemo-luminescence
method according to the protocol of Wojewodzic et al. (2011).
Samples for APA were collected as in the RNA analysis and stored
at −80◦C prior to analysis. For analysis, 0.3 ml of Triton X-
100 solution (T8787, Sigma) was added to each sample (while
kept on ice) and then sonified corresponding to the RNA
procedure described above. The standards for the calibration
curve were then prepared by using a concentration gradient AP
type VII-S from bovine intestinal mucosa (P5521, Sigma). After
the preparation of the standards, 20 µl of both the standards and

FIGURE 1 | Mean growth rates for the three replicates in each of the
experimental treatments.

the samples was transferred to a pyrophosphate-free 96-well plate
(Nunc, 236105) kept on ice. Next 20 µl of the 0.4 mM CDP-
star solution was dispensed with and automatic eight-channel
pipette to all the wells. The APA contents of the cells were then
analyzed using a fluorescence microplate reader (Synergy Mx,
BioTek Instruments, USA). All statistical analysis and plotting
were performed in the R programming environment v3.2 (R
Development Core Team, 2016). The full script with additional
data is given in the Supplementary Material.

RESULTS

We found an overall strong effect of P-treatment on growth
rates of algae, but with temperature and the interaction between
P-treatment and temperature as important explanatory factors
contributing to differences in growth (Figure 1; Table 1). At
HP × HT, growth rates stabilized at ca. 1.2 d−1, dropped to 0.77
d−1 at HP× LT, and further to 0.32 d−1 in the LP treatments. The
growth rate responses remained stable during the 3 weeks course
of the experiments (see Supplementary Figure S1).

The cell-specific content of C, N, and P all responded to P
treatments, yet in different fashions (Figure 2; Table 2). The
response in cell-specific C was modest, yet with somewhat lower
C-content at LP × HT (Figure 2A). The same pattern was
seen for cellular N, although in this case response was stronger,
notably at HT, where cell-specific N was twice as high in the
HP-treatment (Figure 2B), and for cellular P the differences
were even stronger (Figure 2C). For N and P, there was also a
positive interaction with temperature, where HP × HT yielded
the highest cell-specific content of nutrients. This effect was most
prominent for P. Since the cell sizes differed somewhat between

Frontiers in Microbiology | www.frontiersin.org January 2017 | Volume 8 | Article 18154

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-00018 January 19, 2017 Time: 16:40 # 4

Hessen et al. Phytoplankton Stoichiometric Responses to Temperature and Phosphorus

TABLE 1 | Fraction of total variance explained by temperature and P
limitation treatments, and their interaction.

Variable Growth rate
(per day)

RNA
(mg/ww)

Alkaline phosphatase
activity (APA)

(pU/ww)

P treatment 0.83 0.47 0.94

Temperature 0.08 0.21 –

P treatment × Temp. 0.08 – –

R2 0.99 0.68 0.94

w:w = weight fraction of wet weight (mg:mg), with wet weight estimated from total
biovolume under the assumption of density = 1 g/cm3. 1 pU = the amount of AP
enzyme required to hydrolyse 1 pmol of 4-nitrophenyl phosphate per minute at pH
9.8 at 37◦C. The analysis of RNA and APA includes the results from two sampling
times, and the two response variables are in both cases corrected for cell size. See
supplementary for the full ANOVA table.

treatments, and notably with reduced cell size at HT × HP (cf.
Supplementary Figure S5), the estimates of cell specific elemental
contents were corrected for cell size (using the mean of the cell
size distribution). The correction was also applied for the other
cell-specific responses (RNA and APA). The cell-specific results
(not corrected for size) are given in the supplementary in the plot
to the left in Supplementary Figures S6–S8 and S13 and S14. The
size correction considerably changed the patterns for the C, N,
and P contents, whereas RNA and APA basically displayed the
same patterns as the non-corrected.

These responses to the T × P treatments yielded strong
responses in elemental ratios, and unsurprisingly with the largest
deviation in C:P, primarily in response to P-treatment, and for
C:N and C:P also with modest contribution from temperature
(Figures 3A–C; Table 2). The responses in N:P was consistent
across temperature treatments with a fourfold decrease in N:P
in the HP treatments. Also C:N responded strongly with lower
ratios in the HP treatments, likely as a response to higher
N-demands for protein synthesis with high access to P. In this
case temperature also contributed, notably in the LP treatment
with elevated C:N.

Cellular RNA responded strongly both to temperature and
phosphorus with higher levels at HP and LT (Figure 4A; Table 1).
While RNA corresponded well with cellular P (Figure 2C), it

deviated from the growth rate responses (cf. Figure 1). Note that
despite higher growth rates at HT (19◦C), the RNA-concentration
was higher at LT (13◦C). APA ranged almost two orders of
magnitude in response to P-treatment, with almost negligible
contributions from temperature (Figure 4B; Table 1).

The combined response for all variables to temperature
and phosphorus treatments can be summarized by a principal
component analysis (Figure 5). The analysis clearly supports that
P treatment was the experimental factor that explained most of
the variation in RNA and nutrient contents (the separation of
points along PCA axis 1, which captures 82% of the variance,
primarily reflects P treatment). Growth rate and APA activity
is included in the plot as passive variables (i.e., they did not
influence the ordination) and clearly convey a strong positive
relationship between P availability and growth rate, and a
negative one between P availability and APA.

DISCUSSION

The overall conclusion from these experiments is that
P-limitation is the major determinant of growth rate as
well as stoichiometry and indicators thereof (RNA and APA),
but that temperature also exerted a significant impact on
most parameters. The cultures were maintained as chemostats
(although semicontinuous) and turbidostats for the LP and
HP treatments, respectively, to ensure chronically P-deficient
and P-saturated cells. The APA analysis clearly showed that
these premises were fulfilled with a striking deviation between
HP and LP cultures under both temperatures. While APA
only marginally responded to temperature, suggesting that
this enzymatic response is not sensitive to a temperature
span from 13 to 19◦C, cellular RNA was much elevated
at LT under both HP and LP, indicating a compensatory
mechanism to maintain the rate of protein synthesis and
thus growth at reduced temperature. Still growth rates were
consistently lower at LT for the HP treatment (while not
for LP).

The responses in RNA were also reflected in the cell quotas
of P, and hence also the cellular stoichiometry. It is however

FIGURE 2 | Volume corrected contents of carbon (A), nitrogen (B), and phosphorus (C) expressed as fraction of wet weight for each of the three replicates (gray
circles) in the four experimental treatments. Points in black and dashed horizontal lines denote the mean in each group.
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TABLE 2 | The proportion of variance explained (significantly) by the experimental variables.

Variable C content (mg/ww) N content (mg/ww) P content (mg/ww) C:N (molar) C:P (molar) N:P (molar)

P treatment 0.47 0.82 0.96 0.79 0.93 0.97

Temperature – 0.01 0.01 0.03 0.03 –

P treatment × Temp. – 0.08 0.03 0.08 0.04 –

R2 0.47 0.91 0.99 0.90 0.99 0.97

See supplementary for the full ANOVA table. The nutrient contents are corrected for cell size (ww, wet weight), and the nutrients ratios are in molar units.

FIGURE 3 | The elemental ratios for carbon:nitrogen (A), carbon:phosphorus (B), and nitrogen:phosphorus (C) for each of the three replicates (gray circles) in
the four experimental treatments. Points in black and dashed horizontal lines denote the mean in each group. All ratios in molar units.

FIGURE 4 | Volume corrected RNA contents (A) and alkaline phosphatase activity (APA)/enzyme content (B) expressed as fraction of wet weight for two
sampling times. Points in black and dashed horizontal lines denote the mean in each group (vertical lines = standard deviation).

noteworthy that the response in C:P was not only related to
cellular quotas of P, but also of C (Figure 2A). The fact that
also C:N were impacted by elevated P likely reflects its effect
on growth and protein synthesis. Cellular processes, such as
transcription and translation require a coupling of N and P, where
P is needed for mRNA synthesis while N is required for protein
synthesis.

The causal relationship between the close correlations
typically found between growth rate, P-content and RNA in

small heterotrophs, such as bacteria, crustacean zooplankton, and
other invertebrates (Elser et al., 2000), is not straightforward,
i.e., high growth rate could promote high RNA-content, but also
be a consequence of other factors promoting elevated growth
rates (in both cases this presupposes that sufficient P is available
for making RNA). Also the availability of N would modify the
relationship between RNA and growth rate, since the rate of
protein synthesis may be constrained by the access to N (amino
acids).
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FIGURE 5 | Principal component analysis for responses related to RNA and elemental content (size corrected) with growth rate and APA as passive
variables.

The contrasting temperature responses we found between cell-
specific P-content relative to that of RNA is striking, however,
and with the proviso that we here only tested one species, and
that cryophilic species might respond differently, this support the
“RNA-efficiency” hypothesis (cf. Woods et al., 2003; Cotner et al.,
2006). This means higher demands of RNA at low temperature
to maintain the levels of protein synthesis. This may further
result in decreased N:P-ratios at lower temperatures, or thus vice
versa as a response of warming (Martiny et al., 2013; Toseland
et al., 2013; Yvon-Durocher et al., 2015), which is supported by
the observed trend of decreased N:P in foliage or macroalgae
when moving pole-wards (Reich and Oleksyn, 2004; Borer
et al., 2013). For pelagic autotrophs, however, the stoichiometric
responses may be confounded by the aforementioned change in
mixing regimes along temperature gradients, and our study on
Chlamydomonas suggest no impact at all of temperature on N:P.
The chlorophyte Chlamydomonas may, however, not necessarily
be representative of responses in other taxa. Different species
and taxa of phytoplankton may have different strategies and
responses with regard to N and P acquisition together with the
N:P ratio of nutrient availability (Klausmeier et al., 2004; Thrane
et al., 2016). In a more detailed assay with the same strain of
Chlamydomonas grown in microwells along a wide gradient of

temperatures and ambient N:P in the media, the optimum N:P
ratio shifted from 27 to 37 (atomic ratio) over a temperature
gradient from 11 to 18◦C (Thrane et al., 2017). Yet, as pointed
out in their paper, there are differences in measured optimal
demand ratios for maximum growth and the ratio of total cellular
pools of N:P in cells. Very strong deviations in N:P should
basically not be expected, however, due to the mutual demands
for N and P under transcription and translation as well as other
cellular processes. I.e., also APA may ultimately be influenced
by N-availability (Marklein and Houlton, 2012), and while
photosynthetic capacity may be limited by the high N-demands
of the photosynthetic machinery, so may P-limitation constrain
the production of Rubisco (Reich et al., 2009). Corresponding
temperature responses in stoichiometry and RNA has been
observed in heterotrophic bacteria (Cotner et al., 2006).

Among the parameters tested in this study, RNA gave
the strongest temperature response with elevated cellular
concentrations at LT, but also growth rate and C:P showed
a relatively strong response to temperature. Since growth
rate was positively related to temperature, especially at HP
(Figure 1), this does indeed suggest a stronger allocation
of P to RNA under low temperature. The fact that it
did not result in a corresponding decrease in N:P suggest

Frontiers in Microbiology | www.frontiersin.org January 2017 | Volume 8 | Article 18157

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-00018 January 19, 2017 Time: 16:40 # 7

Hessen et al. Phytoplankton Stoichiometric Responses to Temperature and Phosphorus

that N-uptake and protein synthesis kept pace with P-uptake
and RNA synthesis. RNA did not correspond well with growth
rate across temperatures, and to which extent the growth rate
hypothesis (GRH) holds for autotrophs is still a matter of
controversy (Ågren, 2004; Matzek and Vitousek, 2009; Flynn
et al., 2010). It is, however, important to note that the GRH was
explicitly formulated to hold within temperatures (Elser et al.,
2000), hence within temperature (either 13 or 19◦C) growth rate
clearly match RNA content (and P).

Whether or not temperature per se affect cell size, or indirectly
via lower ambient nutrient concentrations, is an issue of major
concern in the context of global warming. In our experiments,
smaller cells were found under HP×HT, but this response likely
reflects the higher rate of cell division in this treatment. Still this
implies that systems with higher temperatures could give smaller
cells, but only when sufficient nutrients are available to promote
strong growth.

Although temperature poses a direct impact on phytoplankton
traits, notably on growth rate and cellular RNA, judged from
these experiments, temperature would be expected to exert the
strongest impact on phytoplankton indirectly via changes in
stratification regimes and vertical nutrient fluxes.
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From Ecological Stoichiometry to
Biochemical Composition: Variation
in N and P Supply Alters Key
Biosynthetic Rates in Marine
Phytoplankton
Julia Grosse1*†, Amanda Burson2, Maayke Stomp2, Jef Huisman2 and
Henricus T. S. Boschker1†

1 Department of Marine Microbiology and Biogeochemistry, Royal Netherlands Institute for Sea Research, and Utrecht
University, Den Burg, Netherlands, 2 Department of Aquatic Microbiology, Institute for Biodiversity and Ecosystem Dynamics,
University of Amsterdam, Amsterdam, Netherlands

One of the major challenges in ecological stoichiometry is to establish how
environmental changes in resource availability may affect both the biochemical
composition of organisms and the species composition of communities. This is a
pressing issue in many coastal waters, where anthropogenic activities have caused
large changes in riverine nutrient inputs. Here we investigate variation in the biochemical
composition and synthesis of amino acids, fatty acids (FA), and carbohydrates in
mixed phytoplankton communities sampled from the North Sea. The communities were
cultured in chemostats supplied with different concentrations of dissolved inorganic
nitrogen (DIN) and phosphorus (DIP) to establish four different types of resource
limitations. Diatoms dominated under N-limited, N+P limited and P-limited conditions.
Cyanobacteria became dominant in one of the N-limited chemostats and green algae
dominated in the one P-limited chemostat and under light-limited conditions. Changes
in nutrient availability directly affected amino acid content, which was lowest under N
and N+P limitation, higher under P-limitation and highest when light was the limiting
factor. Storage carbohydrate content showed the opposite trend and storage FA
content seemed to be co-dependent on community composition. The synthesis of
essential amino acids was affected under N and N+P limitation, as the transformation
from non-essential to essential amino acids decreased at DIN:DIP ≤ 6. The simple
community structure and clearly identifiable nutrient limitations confirm and clarify
previous field findings in the North Sea. Our results show that different phytoplankton
groups are capable of adapting their key biosynthetic rates and hence their biochemical
composition to different degrees when experiencing shifts in nutrient availability. This will
have implications for phytoplankton growth, community structure, and the nutritional
quality of phytoplankton as food for higher trophic levels.

Keywords: marine phytoplankton, compound specific isotope analysis, nutrient competition, N:P ratios,
13C-labeling, ecological stoichiometry
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INTRODUCTION

Changes in nutrient availability affect the C:N:P ratio of primary
producers, both through physiological acclimation and shifts
in species composition. In turn, these shifts in the elemental
composition of primary producers can have major implications
for nutrient cycling and their quality as food for herbivores, which
are key focal research areas of the rapidly expanding field of
ecological stoichiometry (Sterner and Elser, 2002; Hessen et al.,
2004; Vrede et al., 2004; Persson et al., 2010). However, although
C:N:P ratios are easily measured, an often voiced criticism is
that they do not provide detailed information on changes in
the biochemical composition of primary producers in terms
of, e.g., amino acids (AA), fatty acids (FA) and carbohydrates
(CH), DNA and RNA (Anderson et al., 2004; Raubenheimer
et al., 2009). The biochemical composition of primary producers
is important for their own growth and survival, and plays a
key role in many plant-herbivore interactions. For instance,
most herbivores cannot synthesize all AA and FA themselves,
but rely on the provision of essential AA and FA from the
primary producers in their diet (Müller-Navarra, 1995; Fink
et al., 2011). Therefore, a deeper understanding of how changes
in environmental nutrient availability affect the biochemical
composition of primary producers would be a major next step.

Many coastal waters have witnessed major changes in nutrient
input during the past several decades. The North Sea provides
a good example. Between the early 1960s and mid-1980s mean
annual concentration of dissolved inorganic N tripled, while at
the same time P concentrations doubled, resulting in coastal
eutrophication (Hickel et al., 1993). Effects of eutrophication
included an increase in phytoplankton biomass (Cadée and
Hegeman, 2002), shifts in species composition (Philippart et al.,
2000), the formation of toxic algal blooms (Riegman et al., 1992;
Lancelot et al., 2007), changed trophic food web structures (Van
Beusekom and Diel-Christiansen, 2009) and the development
of hypoxia (Westernhagen and Dethlefsen, 1983). In response,
members of the OSPAR Convention (Oslo/Paris Convention
for the Protection of the Marine Environment of the North-
East Atlantic) agreed to lower riverine N and P inputs to
the North Sea by at least 50% compared to the year 1985
(OSPAR, 1988). Nutrient reduction efforts resulted in an effective
P removal from domestic and industrial wastewater. By 2002,
many countries reached and even exceeded the goal for P, by
decreasing P inputs by 50–70%. However, decreasing N inputs
was less successful and N loads were only lowered by 20–30%
(Lenhart et al., 2010; OSPAR, 2010; Passy et al., 2013). As
a consequence, riverine N:P inputs to the coastal North Sea
currently greatly exceed the Redfield ratio of 16:1 (Radach and
Pätsch, 2007; Thieu et al., 2010; Grizzetti et al., 2012; Burson et al.,
2016).

Similar patterns have been observed in other coastal waters.
Effective P removal in combination with a global increase in
the application of N fertilizers has increased the N:P ratios of
many riverine nutrient inputs to coastal waters (Turner et al.,
2003; Grizzetti et al., 2012; Glibert et al., 2014). Consequently,
P limitation is currently becoming more prevalent in river-
influenced coastal seas, not only in the North Sea (Burson

et al., 2016) but also in, e.g., the Gulf of Mexico and the South
China Sea (Sylvan et al., 2007; Xu et al., 2008), challenging
the classical view that N is the main limiting nutrient in
marine coastal systems (Hecky and Kilham, 1988; Howarth
and Marino, 2006). In the North Sea, this pattern is further
confirmed by high nearshore POC:POP ratios (400–700) during
the phytoplankton spring bloom, indicative of severe P deficiency
of coastal phytoplankton (Burson et al., 2016). Lab studies have
shown that P-deficient phytoplankton may cause lower growth
rates in marine zooplankton (Malzahn et al., 2007; Malzahn and
Boersma, 2012; Schoo et al., 2013), and that the elevated C:P
ratios of this zooplankton can, in turn, have detrimental effects
on larval growth of economically valuable species such as herring
(Malzahn et al., 2007) and European lobster (Schoo et al., 2014).
So far, however, little is known about the implications of these
changes in nutrient limitation for the biochemical composition
of marine phytoplankton.

In recent years, advances in compound-specific isotope
analysis by either gas chromatography (GC) or liquid
chromatography (LC) in combination with isotopic ratio
mass spectrometry (IRMS) have made it possible to obtain
specific isotope information from a wide range of biomolecules
in complex mixtures (e.g., McCullagh et al., 2006; Boschker
et al., 2008; Veuger et al., 2012). Now, 13C stable isotopes can be
used in the same way as in primary production measurements
but on a more detailed compound-specific level, by measuring
the incorporation of photosynthetically fixed carbon into
individual FA, AA, and CH (Grosse et al., 2015, 2017). This
opens up opportunities to study the biochemical composition
and nutritional quality of phytoplankton in much further detail.

In this study, we explore how changes in N and P loads may
potentially affect the biochemical composition of coastal marine
phytoplankton. As model system, we inoculated laboratory
chemostats with mixed phytoplankton communities sampled
from the North Sea. This experimental approach enabled a
systematic investigation of the effects of different N:P supply
ratios on resource limitation, biochemical composition and
biosynthesis rates of the phytoplankton community using
compound-specific isotope analysis.

MATERIALS AND METHODS

Collection of Inoculum
Samples for field inoculum were taken from eight stations along a
450 km long transect from the Dutch coast towards the center of
the North Sea between 15 and 22 March 2013 onboard the Dutch
research vessel RV Pelagia (Grosse et al., 2017). At each station
a 20 L carboy was rinsed and filled with water collected at 7 m
depth. Water was passed through a 200 µm mesh then bubbled
for 30 min each with CO2 and N2 gas to eliminate grazers.
The carboys were kept at 4◦C until initiation of chemostat
experiments at the University of Amsterdam. Equal portions of
water from each station were combined, resulting in a single
inoculum for the chemostat experiments containing a mix of
phytoplankton from all eight stations along the entire 450 km
transect (for additional details, see Burson et al. (2016).
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TABLE 1 | Concentrations and ratios of nutrients in the different media and in chemostats when phytoplankton communities reached steady state conditions.

MNHP LNHP MNMP LNLP HNHP HNMP HNLP

Nutrients

DIN:DIPMedium 1.28 0.512 16 16 16 200 500

DINMedium (µM) 160 64 160 64 2000 2000 2000

DIPMedium (µM) 125 125 10 4 125 10 4

DIN:DIPChemostat 0.04 0.04 1 2 6 275 2380

DINChemostat (µM) 2 2 3 4 181 825 1190

DIPChemostat (µM) 49 46 3 2 29 3 0.5

Community Composition

Diatoms (%) 23 81 84 86 38 6 86

Green algae (%) 15 4 5 1 57 87 9

Cyanobacteria (%) 62 15 11 13 5 6 5

Light penetration Iout (µmol photons m−2 s−1) 17 24 19 26 0.4 9.5 23

Biochemical parameters

POC (mM) 8.21 3.46 9.63 3.04 26.31 13.35 3.81

PON (mM) 0.334 0.180 0.365 0.127 3.152 1.144 0.485

POP (mM) 0.011 0.010 0.007 0.004 0.060 0.010 0.003

POC:PON 25 19 26 24 8 12 8

POC:POP 746 346 1376 760 439 1335 1270

PON:POP 30 18 52 32 53 114 162

C-fixation (nmol C µmol POC−1 d−1) 44 73 52 56 83 109 191

DIN requirement (nmol DIN µmol POC−1 d−1) 1.8 3.8 2.0 2.3 9.9 9.3 24.3

DIP requirement (nmol DIP µmol POC−1 d−1) 0.06 0.22 0.04 0.07 0.19 0.08 0.14

Chemostats are sorted left to right by increasing DIN:DIPChemostat ratios. Contribution of the different phytoplankton groups to total biovolume is also shown, with the
highest contributing group in bold. Light penetration indicates light availability and particulate organic carbon (POC), nitrogen (PON), and phosphorus (POP) and their
ratios are shown. DIN and DIP requirements were calculated using C-fixation rates, POC:PON and POC:POP ratios.

Chemostat Set-Up
Within 2 days after the cruise ended, seven flat-walled chemostats
(mixing depth: 5 cm) were set up according to Huisman et al.
(2002), using full-spectra white fluorescent bulbs as light sources
and magnetic stir bars to minimize accumulation of sticky and
heavy species. The incident light intensity at the front surface of
each chemostat was set at 40 µmol photons m−2 s−1 and the
dilution rate at 0.2 d−1. Irradiance passing through the chemostat
vessel (Iout) was measured with a light meter (LI-250 LI-COR,
NE, United States) at ten regularly spaced positions at the back
surface of the chemostat. The seawater inoculum was added to fill
half the chemostat’s volume (0.5 L) and was topped off with one
of seven artificial seawater media using peristaltic pumps. Media
exhibited different combinations of dissolved inorganic nitrogen
(DINMedium) and phosphate (DIPMedium) at low (LN/LP),
medium (MN/MP), or high (HN/HP) concentrations, hence also
differed in their DIN:DIPMedium ratios (Table 1 and Figure 1).
Inorganic carbon was added in two ways; as sodium bicarbonate
to media (0.5 mM final concentration) and as CO2 in filtered
air, which was bubbled through the chemostats. The chemostats
were run as a competition experiment until phytoplankton
communities established steady state conditions (91 days) and
were then harvested for the carbon fixation experiment.

Carbon Fixation Experiment
Chemostats were harvested by transferring 1 L of culture
into 1.2 L culture flasks. From there, initial and unlabeled

FIGURE 1 | Bar graphs show the relative distribution of nutrient
concentrations (DINChemostat, DIPChemostat) and light penetration (Iout) in the
seven chemostat experiments. ∗above bars indicate the resulting resource
limitation. Experimental set-up is based on three levels of dissolved inorganic
nitrogen (DINMedium) and phosphorus (DIPMedium) in the mineral medium
supplied to the chemostats.

subsamples were taken for dissolved inorganic carbon (DIC),
nutrient concentrations, particulate organic C, N, and P (POC,
PON, POP), and biomolecules (AA, FA, CH). Nutrient samples
were filtered through a 0.2 µm Acrodisc filter and stored at
4◦C until analysis. DIC samples were also filtered through a
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0.2 µm Acrodisc filter, sealed bubble-free in a 10 mL crimp
vial and stored at 4◦C until analysis. Samples for POC/PON,
POP and biomolecules were taken by filtering 30–100 mL
per analysis (depending on biomass) over pre-combusted GF/F
filters (Whatman, 4 h at 450◦C). POC/PON and POP filters
were stored at –20◦C and biomolecule filters were stored at
−80◦C.

Carbon fixation experiments had to be carried out in
batch cultures because 13C-DIC labeling levels throughout
the experiment had to be kept constant, which is difficult
to achieve in air-flushed chemostats. Because the remaining
culture in the flasks could not be air-bubbled for the same
reason, we added additional unlabeled sodium bicarbonate to a
final concentration of 2 mM in order to avoid DIC-limitation
during the experiment. Thereafter, all culture flasks (volume
between 450 and 650 mL) were enriched with 13C-sodium
bicarbonate (99% 13C) to a final labeling concentration of∼5% of
total DIC concentration. Concentrations and absolute 13C-DIC
enrichment were measured as previously described (Grosse et al.,
2015). Culture flasks were closed airtight and incubated for 24 h
at a constant rotation (60 rpm), 20◦C and 40 µmol photons m−2

s−1 light intensity, assuring conditions resembling those of the
chemostats. After 24 h samples were taken stable isotope analysis
of DIC, POC/PON, and biomolecules and stored as described
above until analysis.

Laboratory Analysis and Biomolecule
Extractions
Dissolved inorganic nitrogen (DIN = nitrate + nitrite) and
DIP (phosphate) concentrations were analyzed using standard
colorimetric methods (Grasshoff et al., 1983).

Detailed descriptions of POC/PON analysis, extraction
protocols for biomolecules (CH, AA, and FA), EA-, LC-, and
GC/C-IRMS systems as well as compound separation protocols
and conditions have been published in detail elsewhere (Grosse
et al., 2015 and references therein). In short, frozen POC/PON
filters were lyophilized overnight, acidified, and subsequently
packed into tin cups before the analysis of organic carbon
and nitrogen content and δ13C values by EA-IRMS. The
POP content was quantified with inductive coupled plasma
spectroscopy after digestion with 10 mL of 65% HNO3 (ICPOES;
Perkin Elmer Optima 3300 DV; Nieuwenhuize and Poley-Vos,
1989). CH samples were acid hydrolyzed and analyzed for
concentrations and 13C-labeling of individual CH by LC/IRMS
using an Aminex HPX-87H column, which separates glucose
from all other carbohydrates, while galactose, xylose, mannose,
and fructose co-elute in a second peak. A third peak contains
fucose, arabinose, and ribose. Glucose is also part of storage
compounds and was therefore reported separately from all
other CH, which are hereafter referred to as structural CH.
AA samples were acid hydrolyzed and analyzed by LC/IRMS
using a Primsep A column, which separates a total of 17
individual AA (McCullagh et al., 2006). Due to the analytical
procedures glutamate and glutamine co-elute as do aspartate
and asparagine, formed one peak each. Other detected AA
included threonine, valine, methionine, isoleucine, leucine,

lysine, histine, phenylalanine, argin, serine, glycine, alanine,
proline, cystine, and tyrosine. Because of their very low
concentrations, cysteine and methionine were excluded in the
data analysis.

Fatty acid samples were extracted following the protocol of
Bligh and Dyer (1959) and subsequently separated into storage
lipids (triglycerides), glycolipids and phospholipids by silicate
column chromatography. However, it has been shown that the
phospholipid fraction also contains other non-P containing
intact polar lipids (Heinzelmann et al., 2014). The glycolipid-
and phospholipid fractions were therefore combined and are
further referred to as structural, membrane-derived lipids. After
derivatization to fatty acid methyl esters, they were analyzed
and the 13C measured by GC/C-IRMS using the column
BPX-70.

Biosynthesis rates of each individual compound were
calculated from 13C incorporation rates according to Grosse
et al. (2015), and were added up in order to obtain values
for each biomolecule group (essential and non-essential AA,
storage and structural FA, and storage (glucose) and structural
CH) (see Supplementary Materials for details). Throughout
this text, biomolecule concentrations and biosynthesis rates
were reported relative to cumulative POC concentrations and
C-fixation rates (AA + FA + CH = 100%), respectively.
Unidentified biomolecules were included only in total POC
concentrations and bulk C-fixation rates.

Statistical Analysis
To explore differences in amino acid composition between
different nutrient limitations and communities, principle
component analysis (PCA) was performed using AA data.
Data for the relative contribution (%) of (i) individual
AA concentrations to total AA concentrations (nmol C
µmol POC−1) and (ii) individual AA synthesis to total AA
synthesis (nmol C µmol POC−1 d−1) was used. The package
CRAN:factoMineR in the open source software R was used for
the PCA analysis using a correlation matrix.

RESULTS

Resource Limitation
Both the MNHP and LNHP chemostats received media with low
DIN:DIP ratios of 1.28 and 0.5, respectively. Their communities
decreased the DIN concentrations from 160 µM (MNHP) and
64 µM (LNHP) in the medium to 2 µM in the steady-state
chemostat, while the DIP concentrations remained high at 49
and 46 µM, respectively. DIN:DIP ratios in both chemostats were
decreased to 0.04, indicating that the communities were limited
by N (Table 1 and Figure 1).

The HNMP and HNLP chemostats received media with
high DIN:DIP ratios of 200 and 500, respectively. Nutrient
uptake by the phytoplankton increased DIN:DIP ratios in the
chemostats further to 275 and 2380, respectively (Table 1).
The DIP concentrations decreased from 10 µM (HNMP) and
4 µM (HNLP) in the medium to 3 and 0.5 µM, respectively, in
the steady-state chemostats, while DIN concentrations remained
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high at 825 and 1190 µM. The high DIN:DIP ratios, as well as
the low DIP concentrations, point at P-limitation in these two
chemostats (Figure 1).

Three chemostats received media with DIN:DIP ratios
of 16 (LNLP, MNMP, HNHP) and nutrient uptake by the
phytoplankton reduced the DIN:DIP ratios in the chemostats
to 1, 2, and 6 for LNLP, MNMP, and HNHP, respectively.
Although those ratios might be interpreted as N-limitation, both
DIN and DIP concentrations were very low in the LNLP and
MNMP chemostats (Table 1), and therefore suggested N+P
co-limitation (Figure 1). In contrast, nutrients in the HNHP
chemostat remained high with 181 µM DIN and 29 µM DIP
(Table 1). At the same time, the high biomass (26.3 mM POC)
decreased light levels, inducing light-limitation in this chemostat
(Figure 1).

Phytoplankton biomass ranged from 3.0 to 26.3 mM POC
and increased with increasing DIN and DIP concentrations in
the mineral medium (Figure 2A and Table 1). POC:PON ratios
in N-limited and N+P co-limited chemostats ranged between
19 and 26 and were lower in light- and P-limited chemostats
(Table 1). Extremely high POC:POP ratios (>1000) were found
in the P-limited chemostats. The MNMP chemostat also showed
extremely high POC:POP ratios, consistent with the idea that
this community was co-limited by N and P (Table 1). PON:POP
ratios were >100 in P-limited chemostats and ranged between 18
and 53 in all others.

Based on these POC:PON and POC:POP ratios and total
C-fixation rates, we calculated daily DIN and DIP requirements.

The N-limited and N+P co-limited chemostats had lowest DIN
requirements of only 1.8 nmol DIN µmol POC−1 d−1 for the
MNHM chemostat and slightly higher values for the LNLP,
LNHP and MNMP chemostats. The P-limited HNLP required
24.3 nmol DIN µmol POC−1 d−1. The HNHP and HNMP
chemostats required similar amounts of DIN with 9.9 and
9.3 nmol DIN µmol POC−1 d−1.

Phytoplankton in the P-limited and N+P co-limited
chemostats had DIP requirements ranging from 0.04 to
0.14 nmol DIP µmol POC−1 d−1. The DIP-requirements in
the other chemostats ranged from 0.06 to 0.22 nmol DIP µmol
POC−1 d−1 (Table 1).

Community Composition
Differences in DIN and DIP concentrations in media, and
resulting DIN:DIP ratios shaped the community structure in
all seven chemostats. Based on microscopic observations and
flow cytometry (Accuri C6 flow cytometer, BD Biosciences,
San Jose, CA, United States) at least five species could be
distinguished in the steady-state chemostats, representing three
phytoplankton phyla. Green algae were represented by aChlorella
sp., while unicellular cyanobacteria (Synechococcus spp.) and
diatoms (Nitzschia agnita and N. pusilla) were represented by
at least two taxa each. Chlorella sp. and the two strains of
Synechococcus spp. were distinguished by differences in their
chlorophyll and phycocyanin fluorescence as well as their cell
size, using flow cytometry. The two diatom species were identified
microscopically.

FIGURE 2 | Overview of biomolecule composition of biomass (A) and biosynthesis (B) sorted by DIN:DIP ratios in the chemostats before the 13C addition
experiment. Biomass concentrations are added to panel A as total particulate organic carbon (POC), and both bulk and cumulative carbon fixation are added to
panel B.
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Mixed communities developed in all chemostats. Diatoms
dominated one of the N-limited chemostats (LNHP), both N+P
co-limited chemostats (LNLP, MNMP), and one of the P-limited
chemostats (HNLP), where N. agnita was more abundant under
N-limited conditions and N. pusilla under P-limited conditions.
Cyanobacteria dominated in the other N-limited chemostat with
diatoms being second most abundant (MNHP). Green algae
dominated in the other P-limited chemostat (HNMP), while
the light-limited chemostat (HNHP) showed a more even co-
dominance of green algae and diatoms (Table 1).

Biochemical Composition and Synthesis
AA contribution to biomass was highest in the light
limited HNHP chemostat where it contributed 64% of POC
concentration, intermediate in the P-limited HNMP and HNLP
chemostats contributing 42% and 50% of POC concentration,
respectively, and lowest in the remaining four N-(co-)limited
chemostats (16–26% of POC concentration, Figure 2A). Glucose
concentrations showed an opposite trend to that of total AA and
contributed between 7 and 42% to POC concentration.

Storage FA contributions varied considerably (1.6–33% of
POC concentration), being lowest in the HNHP chemostat and
highest in the MNMP chemostat. However, no DIN:DIP ratio
dependent increase or decrease was observed. Structural CH and
structural FA showed little variation. Structural CH contributed
14 ± 2% to POC concentrations and structural FA contributed
6 ± 1% to POC concentration (averages ± standard deviation,
n= 7).

With the dilution rate set to 0.2 d−1, we would have expected
to find biomass specific C-fixation rates to be ∼200 nmol C
µmol POC−1 d−1. However, only the HNLP chemostat showed
expected value, while C-fixation rates of all other chemostats
were considerably lower (Figure 2B). One likely explanation is
the contribution of dead material to the biomass, leading to
an underestimation of biomass specific C-fixation rates. The
24 h incubation of the C-fixation experiment induced further
nutrient depletion, which may have also been a contributing
factor to the decreased specific C-fixation rates. Alternatively,
nutrient-stressed phytoplankton can exudate photosynthetically
fixed carbon as DOC (Myklestad, 2000; Nagata, 2000), a pool that
we have not quantified in this study.

The synthesis rates of all investigated biomolecules summed
up to between 61% (MNMP) and 91% (LNHP) of bulk C-fixation
(Figure 2B). This range was similar to field findings (Grosse et al.,
2015) and suggested that 9–32% of bulk carbon fixation ends up
in biomolecules that were not investigated in this study, such
as nucleic acids (DNA and RNA) or pigments. In the HNLP
chemostat, we found a value slightly above 100% (116%). This
was also in accordance with field findings of P-limited, diatom-
dominated stations in the North Sea (Grosse et al., 2015, 2017)
and suggests that the de-novo synthesis of nucleic acids and
pigments may have been low. Additionally, the diatoms also
formed sticky aggregates and the subsequent splitting of the
cultures into equal parts was difficult, which could have caused
an experimental error.

With the exception of the HNLP chemostat, the majority of
fixed C was still in the glucose fraction after 24 h (43–69% of

C-fixation). AA synthesis was highest in the HNLP chemostat
contributing 55% of C-fixation and decreased to values between 6
and 10% of C-fixation in chemostats with DIN:DIP ratios below
≤2. The HNHP chemostat also showed decreased AA synthesis,
accounting for 21% of C-fixation (Figure 2B).

We investigated whether the contribution of biomolecules to
biomass (% of POC concentration) was correlated with their
contribution to biosynthesis (% of C-fixation). The contribution
of total AA to biomass was not significantly correlated with
the contribution of AA to biosynthesis (R2

= 0.46, n = 7, n.s.;
Figure 3A). The data suggest that the light-limited chemostat
(HNHP) was an outlier, however. Possibly the N concentration
was depleted during the 24 h incubation for the C-fixation
measurements, thereby suppressing AA synthesis. Removal of
this outlier resulted in a significant correlation between the
AA contribution to biomass and to biosynthesis (R2

= 0.90,
n = 6, p < 0.01; Figure 3A). Structural FA showed a
significant correlation between its contribution to biomass and
its contribution to biosynthesis (R2

= 0.73, n = 7, p < 0.05;
Figure 3B). By contrast, structural CH did not show a significant
correlation (R2

= 0.07, n = 7, n.s.; Figure 3C). Instead,
the contribution of structural CH to biomass did not show
much variation (mean ± SD of 16 ± 4%), indicating that a
fixed proportion of the phytoplankton biomass was invested in
structural CH irrespective of nutrient availability. Storage CH
(glucose) and storage FA both showed a significant correlation
between their contribution to biomass and their contribution to
biosynthesis (glucose: R2

= 0.71, n = 7, p < 0.05, Figure 3D;
storage FA: R2

= 0.79, n= 7, p < 0.01; Figure 3E).

Individual Amino Acids
Principle component analysis of the relative contribution
of individual AA to total AA concentration and C-fixation
rates revealed differences between phytoplankton groups as
well as nutrient limitations (Figure 4). PCA analysis of AA
concentrations indicated that 62% of the variation was explained
by the first two axes. The first axis separates the AA lysine, histine,
proline, glutamate/glutamine, aspartate/asparagine, and alanine
from all others and caused a separation of chemostats dominated
by diatoms and cyanobacteria from chemostats dominated
by green algae (HNHP, HNMP, Figure 4A), demonstrating a
phytoplankton group specific separation of AA. The second
axis showed that lysine, histine, and proline were associated
with the HNHP chemostats, whereas glutamate/glutamine,
aspartate/asparagine and alanine were associated with the
HNMP chemostat, demonstrating a nutrient specific effect on
AA distribution in chemostats with green algae dominance.
A nutrient related separation was less distinct in diatom
and cyanobacteria dominated chemostats, however, N-limited
chemostats seemed to associate with serine and alanine, while
the N+P-co-limited MNMP chemostat drifted towards Lys
(Figure 4A).

A pronounced nutrient specific separation was visible in
the AA biosynthesis data (Figure 4B). The first two axes in
the PCA of AA biosynthesis explained 82% of the variation
within the samples. A separation between nutrient limitations
was visible, along the first axis. The P-limited chemostats
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FIGURE 3 | Correlation between the contribution of biomolecules to biomass (% of POC concentration) and their contribution to biosynthesis (% of C-fixation), for
amino acids (A), structural fatty acids (B), structural carbohydrates (C), glucose (D), and storage fatty acids (E). The prevailing nutrient limitation is indicated by
symbol color, the dominant phytoplankton group is indicated by symbol shape. ∗the light-limited chemostat was treated as an outlier in panel A.

(HNLP, HNMP) were associated with all essential AA and
proline, while all other chemostats were associated with all non-
essential AA (except proline). A separation along the second axis
occurred as well; chemostats with DIN:DIP ratios of 0.04 and
2 (LNHP, MNHP, LNLP) associated with glutamate/glutamine
and aspartate/asparagine and chemostats with DIN:DIP ratios
of 1 and 6 (MNMP, HNHP) associated with alanine, serine, and
glycine.

DISCUSSION

Effects on Phytoplankton Stoichiometry
Although chemostat experiments cannot reproduce the full
complexity of marine ecosystems, they provide an excellent tool
to study the response of marine phytoplankton to different N and
P levels under highly controlled conditions. In our study, four
different limitations were encountered among the chemostats
(Figure 1). Chemostats receiving media with low DIN:DIP ratios
became N-limited, whereas chemostats receiving media with
high DIN:DIP ratios became P-limited. Chemostats that received
DIN:DIP ratios at the optimal Redfield ratio (Redfield et al.,
1963) developed a co-limitation by N+P at low and medium
DIN and DIP concentrations. The relatively low DIN:DIP ratios

in these two chemostats indicate that the N+P co-limitation
might be tending somewhat more to N- than to P-limitation.
The chemostat that received high DIN and DIP concentrations
developed a high biomass that induced light-limitation through
self-shading (Brauer et al., 2012).

Phytoplankton PON:POP ratios and POC:POP ratios in the
HNMP and HNLP chemostats were very high, supporting the
conclusion that these cultures were P-limited. Interestingly,
though, storage CH (glucose) and storage FA contents of
the phytoplankton were lower in these P-limited chemostats
(Figure 2A) than in the N+P co-limited chemostat MNMP,
which showed similar POC:POP ratios. This may indicate that
the high POC:POP ratios under solely P-limited conditions were
mainly due to low cellular P contents, while the high POC:POP
ratio in the MNMP chemostat was additionally determined by
a higher accumulation of C-rich storage compounds. Overall,
P-deficient phytoplankton tend to have a low nutritional value
for a variety of herbivorous zooplankton (Plath and Boersma,
2001), which can negatively affect growth rates of zooplankton
and larvae of fish and shellfish (Malzahn and Boersma, 2012;
Schoo et al., 2014) and consequently induces changes in the entire
food web (Sterner et al., 1993).

Conversely, PON:POP ratios were lowest in the MNHP and
LNHP chemostats but do not point at a severe N limitation, since
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FIGURE 4 | Principle component analysis (PCA) biplot of relative contribution of individual AA to total AA concentration in POC (A) and total AA synthesis (B).
Symbol color indicates limitation, symbol shape refers to dominant phytoplankton group. The analysis included 15 amino acids: glutamate/glutamine (Glux),
aspartate/asparagine (Aspx), threonine (Thr), valine (Val), isoleucine (Ile), leucine (Leu), lysine (Lys), histidine (His), phenylalanine (Phe), argin (Arg), serine (Ser), glycine
(Gly), alanine (Ala), proline (Pro), and tyrosine (Tyr).

PON:POP ratios of 18 to 30 can also be found under nutrient
replete conditions or in communities transitioning from N to P
limitation (Geider and LaRoche, 2002). The depletion of DIN did,
however, cause an accumulation of C-rich storage CH (glucose)
and storage FA, and increased the POC:PON ratio to values
typical for N-limited phytoplankton (Geider and LaRoche, 2002).

Biomolecule Dynamics under Different
Resource Limitations
It should be noted that no nutrients were added during the
13C-incubations, which will have resulted in a decrease of
available nutrients (compared to chemostat conditions) and may
have affected the outcome of these carbon fixation experiments
to some extent. While the biomolecule concentration of cultures
was determined by the conditions in the chemostats (long-
term adaptation), the biomolecule synthesis rates will have
been affected immediately by decreasing nutrient availabilities
during the 13C-incubations. N-, P-, and N+P co-limited cultures
probably became exhausted of DIN and/or DIP. The light
limited HNHP culture may have also exhausted the DIN
concentration and probably became co-limited by N and light
during the incubation experiments. This was most evident in AA
biosynthesis rates, which were much lower than expected (see
the outlier in Figure 3A). AA will be mainly used in protein
synthesis, and nitrogen limitation causes changes in the levels of
transcription and translation (Yang et al., 2011; Alipanah et al.,
2015). Several studies have demonstrated that gene expression,
especially of the photosystem and ribosomal genes, starts to
change within a few hours after removal or addition of nitrogen
(Morey et al., 2011; Krasikov et al., 2012), indicating that AA
synthesis may indeed decline rapidly in response to a decrease
in N availability.

AA contents and synthesis rates were closely linked to N
availability. In particular, in N-limited and N+P co-limited
phytoplankton AA contributions to POC and C-fixation were
very low, whereas AA contents and synthesis rates were much
higher under light-limited and P-limited conditions (Figure 2).
The reduction of AA synthesis under N-limited conditions
appears at odds with model predictions of Klausmeier et al.
(2004), where both N-limited and P-limited phytoplankton invest
in nutrient uptake proteins and hence have relatively high
N:P ratios. Instead, our findings are more in agreement with
the model of Loladze and Elser (2011), which predicts that
N limitation slows down AA synthesis and thereby lowers
organismal N:P ratios, whereas P limitation does not constrain
AA synthesis and results in high cellular N:P ratios.

The correlation trendline between AA contribution to POC
concentrations and AA contribution to C-fixation crosses the
x-axis at a value of ∼12% (Figure 3A), which can be interpreted
as the minimum AA concentration necessary in the POC under
N-starvation. In other words, this is the minimum amount of AA
needed to maintain cell functions under zero growth. We found
slightly higher values in the North Sea, where required minimum
concentrations of AA in POC were ∼17% (Grosse et al., 2017).
The small difference between our laboratory results and these
field observations may have been caused by the contribution of
micro- and mesozooplankton and debris in the field, which can
also be sources of AA.

Accumulation of storage CH (glucose) showed a pattern
opposite to AA synthesis. CH contents were lowest under light-
limited and P-limited conditions whereas high levels of storage
CH accumulated in N-limited phytoplankton. A similar contrast
between AA synthesis and CH accumulation was obtained in
short-term experiments with natural phytoplankton during a
series of research cruises on the North Sea, where N addition
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increased AA synthesis of N-limited phytoplankton within 24 h
while CH storage decreased concomitantly (Grosse et al., 2017).

A direct relationship between P availability and rRNA
synthesis has been established previously (Hessen et al., 2004;
Van Mooy and Devol, 2008) and with evidence of P-limitation
becoming more prevalent in coastal seas (Sylvan et al., 2007;
Xu et al., 2008; Burson et al., 2016) measurements of nucleic
acids concentrations and biosynthesis should be included into
future studies of biomolecule dynamics. A method to detect
13C incorporation into DNA and RNA nucleotides recently
became available (Moerdijk-Poortvliet et al., 2014). Biomass
requirements for this method, however, are much higher than
for the biomolecules investigated here and the culture volumes
in our chemostats did not allow for the additional sampling of
this parameter.

Effects on Amino Acid Composition
The different nutrient treatments in our experiments had
considerable effects not only on the AA content, but also
on the AA composition of marine phytoplankton. Similar
results were found in a recent field study in the North Sea,
where N-limited communities were associated especially with
glutamate/glutamine and aspartate/asparagine, while P-limited
communities were characterized by higher contributions of
essential AA (Grosse, 2016). Together, these findings provide an
interesting new perspective on individual AA dynamics in the
water column. Previous studies on the geochemical composition
of particulate organic matter assumed that the AA composition
of marine phytoplankton is more or less constant (e.g., Dauwe
et al., 1999). In contrast, our lab experiments and recent field
study (Grosse, 2016) point at consistent variation in the AA
composition of marine phytoplankton depending on the growth
conditions.

Proline showed high contributions to the POC concentration
in the light limited chemostat (HNHP, Supplementary Table S1).
Under N-replete conditions, proline can be used as an
osmoprotectant, which is replaced by compounds such as
dimethylsulfoniopropionate under N-depleted conditions
(Bromke et al., 2013), and only the HNHP chemostat had
sufficient DIN available to suggest proline may have been
important for osmoregulation. Glutamate/glutamine and
aspartate/asparagine are directly synthesized from glycolysis
and TCA intermediates, and thereby, constitute precursors for
the synthesis of AA with longer synthesis pathways (especially
essential AA). They were therefore first affected by changing
N availabilities. The other non-essential AA (serine, alanine,
and glycine) had higher contribution to C-fixation than they
had in biomass (over-synthesis), indicating the transformation
into AA “down the line” was not completed after 24 h, which
was confirmed by all essential AA showing lower synthesis
compared to their percentage contribution in biomass (under-
synthesis). The results also showed that the degree of “over-”
or “under-synthesis” was greater under N-limitation than
under P-limitation, suggesting AA synthesis from non-essential
to essential AA occurred slower under N-limitation. For
example, the non-essential alanine contributed 12% to total
AA synthesis in the two P-limited chemostats, whereas the

synthesis contribution increased in N-limited phytoplankton to
between 17 and 29% (Supplementary Table S1). Similarly, large
differences were found in glutamate/glutamine, serine, glycine,
and leucine, while differences in other AA were observed but
at a much lower scale. N and P-limitation affected biosynthesis
of total AA and in addition turnover times of precursor may be
longer because the conversion of non-essential to essential AA
relies on numerous additional enzymes, proteins themselves,
and their production may be reduced under N-limitation as
well.

The distribution of individual FA was also analyzed but
we did not find any nutrient-dependent relationships. These
were most likely concealed by pronounced differences in FA
composition between different phytoplankton groups (Dijkman
and Kromkamp, 2006).

CONCLUSION

The chemostat experiments showed that changes in N and
P supply lead to substantial changes in the biochemical
composition as well as species composition of phytoplankton
communities. Although natural phytoplankton communities are
clearly more complex than laboratory chemostats, the nutrient-
dependent shifts in biomolecule composition and biosynthesis
from these simplified chemostat experiments are generally in
agreement with results from natural phytoplankton communities
in the North Sea (Grosse, 2016; Grosse et al., 2017). In particular,
our experimental results show that shifts from N limitation
to P limitation, as observed in coastal waters like the North
Sea, will not only increase the N:P and C:P stoichiometry of
phytoplankton but will also increase their total amino acid
content, alter their amino acid composition and reduce their
cellular carbohydrate storage.

Future studies may build on this work, by expanding
beyond the elemental stoichiometry of phytoplankton to further
elucidate the range of adaptations in biochemical composition
of different phytoplankton species, and their implications for,
e.g., phytoplankton growth rates, DOM production, microbial
loop activity, the production of secondary metabolites and the
nutritional quality of phytoplankton as food for higher trophic
levels.
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Global stores of important resources such as phosphorus (P) are being rapidly depleted,
while the excessive use of nutrients has led to the enrichment of surface waters
worldwide. Ideally, nutrients would be recovered from wastewater, which will not only
prevent eutrophication but also provide access to alternative nutrient stores. Current
state-of-the-art wastewater treatment technologies are effective in removing these
nutrients from wastewater, yet they can only recover P and often in an insufficient
way. Microalgae, however, can effectively assimilate P and nitrogen (N), as well as
other macro- and micronutrients, allowing these nutrients to be recovered into valuable
products that can be used to close nutrient cycles (e.g., fertilizer, bioplastics, color dyes,
and bulk chemicals). Here, we show that the green alga Chlorella sorokiniana is able to
remove all inorganic N and P present in concentrated toilet wastewater (i.e., black water)
with N:P ratios ranging between 15 and 26. However, the N and P uptake by the algae
is imbalanced relative to the wastewater N:P stoichiometry, resulting in a rapid removal
of P but relatively slower removal of N. Here, we discuss how ecological principles such
as ecological stoichiometry and resource-ratio theory may help optimize N:P removal
and allow for more effective recovery of N and P from black water.

Keywords: decentralized black water treatment, algal photobioreactor, nutrient removal, Chlorella, nitrogen,
phosphorus

INTRODUCTION

Welcome to the world of tomorrow, where waste no longer exists. In this world waste is converted
into resources that can be reused. Today, essential resources are being depleted, literally flushed
down our toilets. Among the main examples is phosphorus (P), which is a major element in life for
it is involved in energy transfer (ATP), cellular structures (phospholipids), and storage and transfer
of genetic information (DNA/RNA) (Sterner and Elser, 2002). Human waste contributes to 68%
of the total P present in domestic wastewater (Kujawa-Roeleveld and Zeeman, 2006). If we were
able to recover that P, human excreta could supply 22% of the global P demand (Mihelcic et al.,
2011). This is particularly important because global reserves of P are becoming increasingly scarce,
expensive, and unevenly distributed, which will have important societal consequences (Elser and
Bennett, 2011; Cordell and White, 2014). Human waste contains between 1.8 and 10 g P kg−1 (Roy,
2017), but also many valuable macro- and micronutrients. Recovery of these elements alongside P
may improve fertilizer quality (de Graaff et al., 2011).
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Current wastewater treatment plants can effectively remove
nitrogen (N) and P from wastewater, therefore preventing
the enrichment of surface waters with nutrients. Despite this
removal, actual recovery of increasingly important resources,
such as P, is practically non-existent. In the few cases that P
is recovered, as for example by struvite precipitation, this is
often inefficient (Hao et al., 2013; Egle et al., 2016). Microalgae
can effectively assimilate P, but also N, and other macro-
/micronutrients that are present in the wastewater, allowing these
nutrients to be utilized for the production of valuable products
such as biofuels, bioplastics, dyes, and bulk chemicals (Wijffels
and Barbosa, 2010; Wijffels et al., 2010; Zeller et al., 2013; Suganya
et al., 2016). Microalgae can also be used as an enriched fertilizer,
as they include a wide range of micronutrients (Mg, Fe, Co,
etc.). These micronutrients are often missing in commonly used
artificial fertilizers, leading to nutrient depletion of agricultural
soils (Udo de Haes et al., 2012). Moreover, microalgae fertilizer
can improve soil structure and water retention capacity (Metting,
1990; Maurya et al., 2015).

Wastewater N:P ratios depend on the origin of the wastewater.
Municipal wastewater, which includes domestic wastewater
with minor contributions of industrial wastewater (common in
industrialized countries), have N:P ratios of approximately 10
(Henze and Comeau, 2008). Wastewater with animal manure and
human excreta can reach N:P ratios up to 40 (Kumar et al., 2010;
Tuantet et al., 2013). In concentrated toilet wastewater (i.e., black
water), the N:P ratio usually varies from 20 to 30 (Vasconcelos
Fernandes et al., 2015). Earlier work has demonstrated how
the microalga Chlorella sorokiniana can fully remove N and P
from black water with 76 mmol NH+4 L−1 and 3.4 mmol PO3−

4 ,
yielding an N:P ratio of 22. All P was removed from the black
water in 4 days, but another 8 days were needed for all N to be
removed (Vasconcelos Fernandes et al., 2015). This may be due
to the high N:P ratio of the black water, as well as due to a low
N relative to P removal and recovery by the microalgae. Here,
we first tested how black water N:P stoichiometry can affect N:P
removal and recovery ratios by the green alga C. sorokiniana.
Additionally, we highlight how microalgae may optimize nutrient
removal from wastewater by applying the ecological principles of
ecological stoichiometry (Sterner and Elser, 2002) and resource-
ratio theory (Tilman, 1982).

MATERIALS AND METHODS

Chlorella sorokiniana was cultivated in anaerobically treated
black water (AnBW) with different initial N:P ratios (15, 17, 20,
23, and 26). The lower N:P ratios were achieved by addition
of PO3−

4 . AnBW was collected from an upflow anaerobic
sludge blanket (UASB) reactor fed with vacuum collected black
water and operated at 35◦C and a hydraulic retention time of
8 days. AnBW was thermally pre-treated at 55◦C for 4 days
to eliminate the interference of bacteria on C, N, and P
uptake. The inoculum density of the experimental cultures
was 0.5 g dry weight L−1. The experiment was performed in
400 mL flat panel photobioreactors (PBRs) with a light path of
14 mm. The PBRs were illuminated with a maximum incident

light intensity of 1,500 µmol photons m−2 s−1, an average
in situ light intensity of 945 µmol photons m−2 s−1, and a
light:dark cycle of 16 h:8 h. Temperature was set at 37◦C and
controlled by a water jacket placed between the light source
and bioreactor. The pH was kept at 6.8 ± 0.1 by automated
acid/base additions to prevent the conversion of ammonium
ions (NH+4 ) to gaseous ammonia (NH3), which is harmful to
green microalgae (Abeliovich, 2005). The culture was mixed by
aeration with compressed air (enriched with 10% CO2) at a flow
of 400 mL min−1. Daily samples were analyzed for biomass
and dissolved inorganic nutrients. Particulate C, N, and P were
assessed at day 4 and at the end of each treatment (between days 9
and 18). Biomass was determined by dry weight. NH+4 and PO3−

4
were analyzed by a Seal QuAAtro Auto Analyzer (Seal Analytical
Inc., Netherlands). Particulate N and C were measured on a
FLASH 2000 NC Elemental Analyzer (Brechbuhler Incorporated,
Interscience B.V., Netherlands). Particulate P was first combusted
at 550◦C for 30 min, then digested with persulfate (2.5%) at 121◦C
for 30 min, and subsequently analyzed on the Seal QuAAtro
Auto Analyzer. The ratio at which N and P were removed from
the black water was calculated from the linear relation between
dissolved inorganic N and P concentrations over the first 4 days
of the experiment.

RESULTS AND DISCUSSION

Algal biomass increased similarly in the different black water
N:P ratio treatments, reaching stationary phase in about 10 days
(Figure 1A). Almost all dissolved inorganic N and P were
removed via algal assimilation, showing similar dynamics
irrespective of initial wastewater N:P ratios, with full removal
of P within 4 days and subsequent removal of remaining N in
another 5–10 days (Figure 1B and Supplementary Figure 1). The
N:P removal ratio, i.e., the ratio at which N and P were removed
from the black water, was about 13 during the first 4 days of each
treatment (i.e., the P replete phase), and lower than the initial
black water N:P (Figure 1C). The N:P recovery, i.e., the cellular
N:P of Chlorella, largely followed the N:P removal during the
initial 4 days (see circles in Figure 1D). During the subsequent
P deplete phase, algae continued to grow for another 3–6 days,
which lead to increased N:P ratios at the end of each treatment
compared to day 4 (compare triangles to circles in Figure 1D). An
increase in cellular N:P as well as C:P ratios upon P limitation is
commonly observed in phytoplankton (Klausmeier et al., 2004a;
Hillebrand et al., 2013), and is caused by a continued uptake and
assimilation of N and C after P is limited (Sterner and Elser, 2002;
Supplementary Figure 2).

Our results show that both the initial N:P removal and N:P
recovery ratio are independent of the initial black water N:P
ratios, and demonstrate further cellular uptake and removal of
N after P has been depleted from the medium. Overall, the
observed biomass increase and nutrient removal from black
water were very effective, with a final mean biomass yield of
12 g dry weight L−1 (Figure 1A), final mean biomass C:N:P
ratio of 125:14:1, and mean biomass yield per light photon of
0.20 g dry weight (mol photon)−1. The recovery efficiencies of
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FIGURE 1 | Dynamics of biomass (A), dissolved inorganic nitrogen (DIN) and phosphorus (DIP) (B), N:P removal (C), and N:P recovery (D) by Chlorella sorokiniana
at different initial black water N:P ratios (green shades, darker colors represent higher N:P). Symbols in (A) and (B) indicate daily measurements. In (B) the highest N
and P concentrations of the beginning of the experiment are at the top right corner. Symbols in (C) indicate the integrated N:P removal rates during the first 4 days of
each experiment, and circles and triangles in (D) show the cellular N:P after the first 4 days and the end of the experiment, respectively.

N and P from the black water by algal assimilation were 75 and
100%, respectively. The lower recovery of N is presumably due
to volatilization of N as NH3 and N2O (Fagerstone et al., 2011;
Mezzari et al., 2013) and release of dissolved organic nitrogen
compounds by the microalgae (Sipler and Bronk, 2015). Thus,
all P and most of the N from the wastewater were converted into
algal biomass.

The average nutrient removal rates over the period of
P-sufficiency to P-depletion (i.e., day 0 to day 4) were
7.6 mmol N L−1 d−1 and 0.9 mmol P L−1 d−1, respectively.
Compared to an earlier study with continuous light, the observed
yield of biomass on light, N removal rates, and P removal
rates increased by about 25, 34, and 81%, respectively. This
suggests that despite the high microalgal biomass and associated
self-shading, the availability of light was not limiting and a
shorter light:dark cycle even promoted a higher biomass yield
on light. These findings support the application of microalgae
for wastewater treatment using natural light with day:night
cycling. The delayed removal of N relative to P, however,
imposes a great challenge to the application of microalgae for
treatment of wastewater with high N:P ratios. For instance,

on a small-scale decentralized black water treatment system
for ∼250 people where only 1 L of flush water is used, a
5-day delayed N removal is associated with a black water
accumulation of 2–10 m3 for each treatment cycle (depending
on toilet usage – office or household). In practical terms, such
a delay would lead to the need of a large AnBW storage
capacity, which adds complexity to the treatment system. Thus,
higher N:P removal and consequently N:P recovery ratios are
essential for a more effective use of microalgae in wastewater
treatment.

Previous studies have shown how ecological approaches
(e.g., complementarity in resource use) may support industrial
scale biomass, crop, and diesel production (Smith et al., 2010;
Stockenreiter et al., 2012; Shurin et al., 2013). Comparable
principles will apply to the removal and recovery of nutrients
from wastewater. The rate at which nutrients can be removed
and recovered from the wastewater is directly associated to key
physiological traits of alga species, such as growth rate and
nutrient demands. Higher growth rates are generally associated
with higher nutrient uptake rates, and thereby result in faster
removal of nutrients from wastewater. Yet, algal species with
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high growth rates may also have higher P demands, and thereby
lower N:P ratios (Geider and LaRoche, 2002; but see Flynn et al.,
2010). Thus, although selection of single species with higher
growth rates may enhance the overall removal rate of nutrients,
it may not enhance the N:P removal ratio. On the other hand,
selection of a single species with N:P uptake ratios resembling
the N:P of the wastewater may accelerate the combined removal
of N and P (Figure 2A). In our study, the cellular microalgal
N:P ratio was 13 during the P replete phase of the experiment,
which was lower compared to the black water. Phytoplankton
species with higher optimal N:P ratios [i.e., N:P ratios under
nutrient sufficient maximum growth rates (Klausmeier et al.,
2004b)] should lead to higher N:P removal ratios and overall
N removal rates. The black water N:P ratios are at the higher
end of reported optimal phytoplankton N:P ratios (Geider and
LaRoche, 2002), and are found in some species of cyanobacteria
and green algae (Hillebrand et al., 2013). Thus, further screening
of particularly these groups may provide the best chances at
finding species with N:P ratios resembling that of black water
and thus optimizing N:P removal and recovery from wastewater
(Figure 2A).

Besides optimized N:P removal by selection of a single species,
enhanced N:P removal and N:P recovery ratios could also be
achieved using phytoplankton communities, where each species
has a complementary N:P uptake ratio. In competition for two
nutrients at steady state in a continuous culture system (e.g.,
a chemostat), trade-offs may lead to stable coexistence of two
species, where both resources are depleted to the minimum
requirements of either species (Tilman, 1982). This minimum
required is indicated by R∗, and gives the amount of a resource
where growth and losses are balanced (i.e., zero-net-growth-
isoclines, Figure 2B). Thus, growth will be positive (biomass
will increase) at concentrations above the R∗ value, while
growth will be negative (biomass will decrease) at concentrations
below R∗. The R∗ for a nutrient will generally be lower for

species with a high affinity (i.e., a low half-saturation constant
K1/2) and high uptake rate for a particular nutrient (Litchman
et al., 2007). For instance, if one species has a high affinity
and uptake rate for N, it will likely have a low R∗ for N
as well, and will be a better competitor for N. A trade-off
between competitive abilities for N and P between different
species may facilitate coexistence at intermediate nutrient supply
ratios, where neither species can competitively exclude the other
(Figure 2B).

The chance for coexistence, and thereby optimized removal
of both N and P, will increase with the number of species
exhibiting trade-offs between the competitive abilities for N
and P. Indeed, although mixtures of multiple algal species
showed differential effects on algal production (Schmidtke
et al., 2010; Shurin et al., 2013, 2014), enhanced diversity did
show reduced residual concentrations of nutrients in various
systems (Cardinale et al., 2006; Shurin et al., 2013) and may
support higher nutrient use efficiencies (Ptacnik et al., 2008),
and overall nutrient uptake rates (Cardinale, 2011). Thus,
an enhanced functional trait diversity in algal mixtures, and
thereby a higher complementarity in nutrient use, may favor
the increased removal of nutrients compared to single algal
cultures.

Mixtures of species with complementary light harvesting
strategies may allow a more effective use of the light
spectrum. For instance, green and red cyanobacterial
species were shown to coexist in white-light (Stomp
et al., 2004). Thus, co-culturing of distinct green algae
and cyanobacteria together with red algal species (e.g.,
Haematococcus) would likely enhance the N:P removal and
N:P recovery ratio, and further increase the biomass yield
from wastewater. Moreover, a higher algal diversity may
enhance the resilience of a system against variations in
growth conditions, top-down control, and pathogen infections
(Shurin et al., 2013).

FIGURE 2 | Schematic representation of current N and P removal with Chlorella (A) and expected removal with multiple species in a continuous culture system (B),
where horizontal and vertical lines indicate zero net growth isoclines or R∗ values, with colors denoting different species and the black circles indicating equilibrium
points where two species can coexist. The gray areas in (B) indicate hypothesized ranges in consumption vectors, or N:P uptake ratios, of species coexisting at the
associated equilibrium point. The diagonal dashed arrows indicate an optimized higher N:P removal ratio.
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Application of ecological principles for technological
microalgal application is still in its infancy, particularly
for wastewater treatment. Here, we highlighted how our
understanding of trade-offs and complementarity in resource
acquisition and demands may support optimized N:P removal
ratios and ultimately greater recovery of nutrients from
wastewater. Connecting wastewater nutrient reuse to product
cycles will support a more sustainable future, where a full
understanding of phytoplankton eco-physiology provides an
overarching guide to effective nutrient removal, recovery, and
the production of valuable algal biomass-based products from
wastewater.
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Eric K. Moody 1*, Amanda T. Rugenski 1, John L. Sabo 1, Benjamin L. Turner 2 and

James J. Elser 1, 3
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The growth rate hypothesis predicts that organisms with higher maximum growth rates

will also have higher body percent phosphorus (P) due to the increased demand for

ribosomal RNA production needed to sustain rapid growth. However, this hypothesis

was formulated for invertebrates growing at the same temperature. Within a biologically

relevant temperature range, increased temperatures can lead to more rapid growth,

suggesting that organisms in warmer environments might also contain more P per

gram of dry mass. However, since higher growth rates at higher temperature can be

supported by more rapid protein synthesis per ribosome rather than increased ribosome

investment, increasing temperature might not lead to a positive relationship between

growth and percent P. We tested the growth rate hypothesis by examining two genera

of Neotropical stream grazers, the leptophlebiid mayfly Thraulodes and the bufonid

toad tadpole Rhinella. We measured the body percent P of field-collected Thraulodes

as well as the stoichiometry of periphyton resources in six Panamanian streams over

an elevational gradient spanning approximately 1,100m and 7◦C in mean annual

temperature. We also measured Thraulodes growth rates using in situ growth chambers

in two of these streams. Finally, we conducted temperature manipulation experiments

with both Thraulodes and Rhinella at the highest and lowest elevation sites andmeasured

differences in percent P and growth rates. Thraulodes body percent P increased with

temperature across the six streams, and average specific growth rate was higher in

the warmer lowland stream. In the temperature manipulation experiments, both taxa

exhibited higher growth rate and body percent P in the lowland experiments regardless

of experimental temperature, but growth rate and body percent P of individuals were not

correlated. Although we found that Thraulodes from warmer streams grew more rapidly

and had higher body percent P, our experimental results suggest that the growth rate

hypothesis does not apply across temperatures. Instead, our results indicate that factors

other than temperature drive variation in organismal percent P among sites.

Keywords: ecological stoichiometry, elemental phenotype, thermal gradient, Panamá, neotropical stream,

leptophlebiidae
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INTRODUCTION

Somatic growth rate is a fundamental trait that integrates the
effects of numerous environmental pressures (Arendt, 1997).
Growth capacity is a key component of organismal fitness and
as a result, is often strongly selected upon (Violle et al., 2007;
Dmitriew, 2011). However, an organism’s realized growth rate
in nature rarely reaches its maximum capacity (Calow, 1982;
Arendt, 1997). Realized growth rate varies with a number of
environmental factors including predation, disturbance, food
quality, and temperature (Reznick and Endler, 1982; Atkinson,
1994; Dmitriew, 2011). To achieve variation in realized growth
rate over gradients in these variables, organisms must also
vary in the biochemical processes that underlie growth. In
most organisms except for retroviruses, new tissue is formed
by the transcription of DNA into mRNA, which is then sent
to ribosomes for protein synthesis. Nucleic acids are relatively
phosphorus-rich molecules (8.7%; Sterner and Elser, 2002),
and thus variation in their abundance in organismal cells
could strongly affect phosphorus (P) demands. Although DNA
concentration does not vary appreciably among individuals, RNA
can vary considerably and thus represents a source of variation
in whole organismal %P (Sterner and Elser, 2002). As a result,
variation in growth capacity can lead to variation in organismal
elemental demands.

The growth rate hypothesis (GRH) states that differences in
maximum growth rate drive variation in organismal %P due to
greater allocation to P-rich ribosomal RNA needed to support
rapid growth (Elser et al., 1996, 2000a, 2003; Hessen et al.,
2013). The GRH has been supported by empirical tests in a wide
variety of organisms, particularly small invertebrates growing
under the same conditions (Elser et al., 2003, 2006; Gillooly
et al., 2005; see review in Hessen et al., 2013). However, the
GRH was formulated specifically for differences in invertebrate
consumer growth under P limitation and at constant temperature
(Elser et al., 2000a; Lukas et al., 2011; Hessen et al., 2013) and
has not been well-tested beyond these conditions. Ectotherms
generally achieve higher realized growth rates at warmer
temperatures (Atkinson, 1994); thus, their somatic %RNA and
%P might be expected to increase as well (Cross et al., 2015).
However, ectotherms also frequently exhibit countergradient
variation in which maximum growth rate (i.e., growth capacity)
is highest in organisms from cooler environments (Conover
and Schultz, 1995; Arendt, 1997). Further, rapid growth at
warmer temperatures is generally accomplished by more rapid
protein synthesis per ribosome rather than increased ribosomal
investment (Farewell and Neidhardt, 1998). As a result, %P
should not increase with growth rate over a natural gradient
in temperature. Supporting this hypothesis, RNA content of
many organisms is actually lower when acclimated to warmer
temperatures (Woods et al., 2003); thus, temperature-induced
growth rate variation may not be useful in predicting consumer
P demands under the growth rate hypothesis.

Changing thermal regimes could alter organismal %P through
mechanisms other than the linkage between RNA and growth
rate. Differences in temperature could alter P investment into
other types of tissues, which may decouple growth rate and

%P but could still lead to differences in somatic P storage
(Sardans et al., 2012; Cross et al., 2015). This is particularly
true in vertebrates, whose skeletal development involves a high
P demand (Hendrixson et al., 2007). For this reason, the GRH
was not expected to apply to vertebrates, a hypothesis supported
by empirical tests with developing frogs (Sterner and Elser,
2002; Liess et al., 2013). However, tadpoles reared at warmer
temperatures still had higher %P at metamorphosis, suggesting
that developmental temperature could affect skeletal ossification
(Liess et al., 2013). On the other hand, more rapidly growing fish
exhibit reduced skeletal ossification (Arendt and Wilson, 2000),
suggesting that warmer temperatures could reduce somatic %P in
vertebrates. Elucidating these effects is important as alterations to
the thermal regimes of aquatic ecosystems could lead to shifts in
P cycling through the consumer-mediated storage and transport
of this often limiting nutrient.

Animal consumers can play an important role in ecosystem
P dynamics through the storage, transport, and recycling of P
and other biologically important nutrients (Vanni et al., 2013).
Much empirical work on this topic has been conducted in tropical
streams, where grazers can substantially affect aquatic ecosystems
through their feeding, recycling, and storage of nutrients (e.g.,
Taylor et al., 2006; McIntyre et al., 2008; Capps and Flecker,
2013). However, these consumer-mediated impacts are sensitive
to changes in the biological community (Capps et al., 2015a).
Throughout the neotropics, for example, the species richness
and biomass of stream-dwelling amphibians have been drastically
reduced by disease-driven amphibian declines, particularly in
cooler highland streams (Lips, 1999). As a result, the dominant
grazers in these affected streams are now aquatic insects, such
as the immature stages of mayflies (Colón-Gaud et al., 2010;
Rantala et al., 2015). This community shift has altered ecosystem
function in affected streams (Connelly et al., 2008; Rugenski et al.,
2012; Whiles et al., 2013), and can also affect riparian ecosystems
through the movement of adults of both taxa to the terrestrial
environment (Vanni et al., 2013). As a result, differential growth
and P sequestration between aquatic insects and tadpoles in
response to thermal variation could further alter the trajectory
of stream and riparian ecosystems in the tropics affected by
amphibian decline.

Here we investigate the relationships of consumer somatic
%P with growth rate of grazing mayflies and development rate
of grazing tadpoles across a thermal gradient in Panamá to
test whether the growth rate hypothesis applies to temperature-
induced growth rate differences. We conducted a survey
of periphyton and consumer stoichiometry across a natural
thermal gradient in combination with controlled temperature
manipulation experiments. We predicted that organismal %P
would not increase with growth rate over a thermal gradient
based on the biochemical mechanisms by which more rapid
growth is achieved at warmer temperatures. We especially
did not expect this relationship in tadpoles, whose developing
bones represent a substantial P reservoir. This work expands
upon our understanding of the applicability of the growth
rate hypothesis and sheds light on the ways in which
temperature-induced growth rate differences may violate its
assumptions.
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METHODS

Study Sites
We conducted this study in six streams in Panamá ranging in
elevation from 52 to 1,156m and in mean temperature from
approximately 18–25◦C (Figure 1, Table 1, Table S1). The three
lowland streams were located in Parque Nacional Soberanía
near Gamboa (Mendoza, Macho, and Frijolito), while the three
higher elevation streams were located in Parque Nacional Omar
Torrijos (Guabal), Bosque Protector Palo Seco (Castillo), and
Reserva Forestal Fortuna (Chorro). We measured temperature
and light incidence hourly during the dry season of 2014
(February-May) at all sites using HOBO Pendant loggers (Onset
Computer Corporation; Bourne, MA). Organisms from two
streams, Río Frijolito and Quebrada Chorro, were studied
more extensively through in situ growth measurements and
temperature manipulation experiments.

Natural Thermal Gradient
At least six (range: 6–14) Thraulodesmayflies were collected from
each stream by a combination of kick sampling with a D-frame
net and hand searching on large rocks in riffles. The organisms
were transported on ice and then frozen prior to determination
of body %P. To examine whether variation in consumer %P
could be driven by variation in food quality, we also measured
carbon (C), nitrogen (N), and P concentrations of periphyton
growing on rocks from all streams. Periphyton was collected
from five replicate Loeb samples in both riffles and pools of each
stream, and values were then averaged using methods described
in Connelly et al. (2008) and Whiles et al. (2013).

We then measured in situ growth rates of Thraulodes using
clear acrylic cylindrical chambers with fine mesh (500 µm)
covering each end (described in Rugenski et al., 2012) in the two
streams that provided the source populations for our experiments
described below, Río Frijolito in Parque Nacional Soberanía
and Quebrada Chorro in Reserva Forestal Fortuna. Mayflies
were collected by hand by turning over rocks from stream
riffles and then were placed into chambers containing four
or five similar-sized individuals each with periphyton-covered
rocks from the stream. We deployed five chambers per stream.
Chambers were left in the stream for 4 days, after which mayflies
were collected and re-measured. The total body length excluding
cerci was measured to the nearest 0.1 mm from photographs
taken immediately before and after deploying and retrieving the
chambers using imageJ. Photographs were taken with a digital
camera (Olympus TG-620) mounted above a petri dish on a flat
surface. We then converted these values to dry mass using a
length-mass regression for Leptophlebiidae (Benke et al., 1999).
From these values we calculated specific growth rates (SGR) per
day using the formula:

SGR = (ln(Massfinal) − ln(Massinitial))/Time

Final sample size varied between sites based on number of
mayflies recovered. We recovered approximately 60% of the
mayflies initially placed into chambers at each site, but we
excluded two chambers from the Frijolito site from further

analysis because their corresponding labels were lost upon
recovery.

Temperature Manipulation
We conducted temperature manipulation experiments at two
sites with both Thraulodes and bufonid tadpoles in the genus
Rhinella from the lowland Río Frijolito and the highland
Quebrada Chorro. We collected organisms from each stream
with hand dip nets and transported them in buckets of stream
water via automobile to coolers filled with 45 L of aged tap water
(Frijolito) or aged stream water (Chorro). Water was aged by
filling coolers at least 24 h before adding organisms. For Frijolito
experiments, coolers were housed in a climate-controlled room
in Gamboa (ambient air temperatures were too high to maintain
cooler temperatures in pilot trials) with a 12:12 light:dark cycle
and on a covered outdoor patio at the Jorge L. Araúz research
station for Chorro experiments (Figure 2). Both locations were
located approximately 20 min driving from the source streams.
Light recordings inside coolers were also somewhat higher than
those recorded in-stream, where zero light was recorded for
13–14 h per day depending on weather.

We kept coolers either at ambient water temperature or
heated them using 100 watt aquarium heaters (Eheim; Deizisau,
Germany) to increase mean temperature by approximately 5◦C
for 3 days. To prevent acute thermal stress, temperature was
slowly increased over the course of 12 h after adding organisms to
heated treatments. We employed recirculating aquarium pumps
(Technological Aquatic Associated Manufacturing; Taiwan) to
homogenously heat the water and simulate stream flow in both
ambient and heated coolers. Heaters were unplugged several
hours after dark to mimic the slow overnight cooling of water
experienced by the ambient treatments and the natural streams
and then restarted in the morning after sunrise while pumps
ran continuously throughout the experiments (Figure 2). The
magnitude of the temperature manipulation was chosen based
on the average sensitivity of stream temperature to changes in
air temperature of 0.51/◦C (Luce et al., 2014) and the range of
predicted mean temperatures for Panamá under the A2 climate
change scenarios (28–31◦C, ensemble low and high, bottom
and top 10% of all model predictions respectively, 2080–2099,
World Bank Climate Change Knowledge Portal). Therefore, the
experiment represents a short-term exposure to thermal regimes
that these organisms may face for longer durations in the next
century. We monitored water temperatures in the coolers using
HOBO pendant loggers as above.

We placed five organisms in each cooler, conducting all
treatments for a given species and site simultaneously. Organisms
were fed periphyton ad libitum using either pre-colonized
unglazed ceramic tiles from the stream of collection (Soberanía)
or periphyton-covered rocks from the stream of collection
(Fortuna). We replaced these with fresh tiles or rocks before
starting with a new species and if periphyton appeared to
have been substantially consumed during an experiment so
that organisms could feed ad libitum and so the elemental
composition of periphyton would not differ substantially from
that in-stream. After 3 days, we measured change in body length
as above, and for tadpoles, Gosner developmental stage (Gosner,
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FIGURE 1 | Map of Panamá with stars indicating the locations of the six study streams. The color gradient shows mean annual air temperature from

WORLDCLIM at 30 arcsecond resolution, with green to red indicating colder to warmer. Sites are ranked from coldest to warmest and correspond to site numbers in

Tables 1, 3. Site 1 corresponds to where organisms were collected for Fortuna and Site 4 corresponds to where organisms were collected for Soberanía temperature

manipulation experiments.

TABLE 1 | Temperature, light incidence, and elevation of the six study

streams in Panamá.

Site Mean temp SD Mean light Elevation

(◦C) temp (lx) (m)

1. Quebrada Chorro 18.3 0.83 43.4 1,156

2. Río Guabal 21.2 0.54 242.6 679

3. Quebrada Castillo 21.3 0.87 156.0 533

4. Río Frijolito 24.7 0.93 156.5 52

5. Río Macho 25.1 0.60 373.8 134

6. Río Mendoza 25.3 0.86 370.0 80

1960). The Gosner developmental stage is based on the presence
and developmental extent of limb buds, limbs, and toes, which
we assessed visually under a dissecting scope after euthanizing
tadpoles. We held all organisms without food for approximately
1 h to minimize the effect of food content on body %P to
approximate the same methods used in field collections. We
then euthanized organisms using an overdose of MS-222 and
preserved them for determination of %P as described above.
Half of the organisms were preserved for P analysis, while half
were preserved for transcriptomic analysis (not included in this
manuscript). Recovery rates were somewhat lower than field
growth chambers. We recovered approximately 35% of mayflies
and 60% of tadpoles at the Soberanía site and 50% of mayflies and
90% of tadpoles at the Fortuna site. Our observations indicated
that both mortality and emergence of adults contributed to
our failure to recover all organisms. Most observed mortalities

occurred within 12 h of transport to coolers, thus we believe
these were likely due to handling stress rather than unfavorable
conditions within coolers.

Laboratory Analyses
To measure body %P, tissue was dried to a constant weight
at 50◦C. For mayflies and periphyton collected from streams,
we digested homogenized tissues in 1N hydrochloric acid and
then used inductively coupled plasma mass spectrometry to
measure %P (Thermo iCAP 6300; ThermoFisher Scientific,
Waltham, MA). Carbon and N concentrations of periphyton
were measured using a CHN analyzer (Thermo Flash 2000
CHNS/O Elemental Analyzer; CE Elantech, New Brunswick,
NJ). Body percent phosphorus of experimental organisms was
measured using a similar protocol, but we instead used the
colorimetric acid molybdate method following acid digestion
(APHA, 2005).

Statistical Analysis
We used Spearman’s rank correlation tests to test for differences
in periphyton stoichiometry with temperature among streams.
We then employed ANCOVA with body length as a covariate
to test how mayfly body %P varied with stream temperature.
As specific growth rate is age- and size-dependent, we also used
ANCOVAwith body length as a covariate to test whether it varied
in mayflies grown in chambers between the high-elevation cool
stream and the low-elevation warm stream. For the temperature
manipulation experiment, we tested whether consumer %P
varied among taxa, temperatures, sites, and the interaction of
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the latter two using ANOVA. We used separate ANOVAs for
tadpoles and mayflies to test whether growth or development
rates varied with temperature, site, and/or their interaction as the
growth metrics were not directly comparable between the two
genera. Although the metric for tadpoles is a measure more of
development rate than growth rate, we could not reliablymeasure
specific growth rate in developing tadpoles as they lost size
and mass at later Gosner stages. As faster rates of development
also necessitate faster rates of protein synthesis, we believe this
metric should produce results consistent with growth rate for the
responses of interest. We also tested for a correlation between
final Gosner stage and tadpole %P to test whether ontogenetic
variation could explain variation in %P. Finally, we tested for
significance of correlations between consumer %P and specific
growth rate (in mayflies) or development rate (in tadpoles) by
testing whether Pearson’s correlation coefficients differed from
zero using t-tests. For all analyses, we visually assessed normality
and heterogeneity of variance of model residuals using normal
quantile and residuals vs. fitted value plots, respectively, and log-
transformed data to meet assumptions as needed. All statistical
analyses were performed using R version 3.2.2 (R Core Team,
2015).

RESULTS

Natural Thermal Gradient
Mean water temperature during the dry season generally
increased with decreasing elevation among the study sites,
although the lowest site (Río Frijolito) was slightly cooler than

FIGURE 2 | Temperature regimes in source streams (black lines),

ambient treatments (blue lines), and heated treatments (red lines)

during the course of temperature manipulation experiments. For

experimental treatments, solid lines represent average temperatures and

dashed lines represent ± one standard deviation.

the other two lowland sites (Table 1). The standard deviation
of water temperature varied somewhat among streams but not
systematically with elevation or the mean temperature (Table 1).
Mean incident light also varied among streams but again there
was no evident pattern related to temperature or elevation
(Table 1).

Among the six study streams, Thraulodes body %P did not
vary with body size [F(2, 42) = 0.98, p= 0.382] but increased with
mean water temperature [F(1, 42) = 6.81, p = 0.013] (Figure 3).
Periphyton %C, %N, and %P were all negatively correlated
with water temperature (p < 0.05; Figure 4). Periphyton C:P
was positively correlated with water temperature (r = 0.39, S
= 17,951, p = 0.003), but periphyton C:N and N:P were not
significantly correlated with water temperature (p > 0.05). In the
in situ growth chambers, mean specific growth rate of mayflies
decreased with initial body size [Size, F(1, 11) = 17.08, p =

0.002], but for a given size did not differ among sites [Site,
F(1, 11) = 4.09, p = 0.068] (Figure 5). However, since mayflies
were smaller on average in Río Frijolito, their average specific
growth rate (0.059 mg∗d−1) was higher than those in Quebrada
Chorro (0.035 mg∗d−1). We found no interactive effect of body
size and stream site on specific growth rate [F(1, 11) = 0.03,
p= 0.872].

Temperature Manipulation
In mayflies, specific growth rate was higher at the warmer
lowland site Frijolito [Site, F(1, 20) = 8.93, p = 0.007) and
in the warmer temperature treatment [Treatment, F(1, 20)
= 8.56, p = 0.008]. Tadpoles used in the experiments
were initially at later Gosner developmental stages at the
lowland Frijolito site, and thus ultimately reached later Gosner
stages by the end of the experiment (Table 2). In tadpoles,
development rate was also higher at the lowland Frijolito
site [Site, F(1, 35) = 63.21, p < 0.001] as well as in the
warmed treatments [Treatment, F(1, 35) = 35.84, p < 0.001],

FIGURE 3 | Body %P by dry mass of six populations of Thraulodes

mayflies in Panamá. Streams are ordered from coolest to warmest.

Ln-transformed body %P did not vary with mayfly size [F (2, 42) = 0.98, p =

0.382] but did increase with increasing average water temperature [F (1, 42) =

6.81, p = 0.013]. This plot shows untransformed data for easier biological

interpretation. In the boxplot, the thick line represents the median, the edges of

the boxes represent the upper and lower quartiles, and the whiskers represent

1.5 times the interquartile range above and below the upper and lower

quartiles.
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FIGURE 4 | Variation in periphyton elemental concentrations with

temperature among streams. Spearman rank correlation coefficients

significantly different from zero are presented. Red points represent the

average value for each stream.

and there was also a significant interaction effect of site and
temperature [Interaction, F(1, 35) = 39.73, p < 0.001] such
that tadpoles developed more rapidly in warmer water at
Frijolito, but developmental rate did not vary with temperature at
Chorro.

Body %P was not significantly correlated with final Gosner
stage in tadpoles among sites and treatments (r= 0.40, t13 = 1.59,
p = 0.137). Similar to specific growth rate, body %P was higher
at the lowland Frijolito site in both taxa [Site, F(1, 25) = 20.83,
p < 0.001]. In contrast, body %P did not vary with temperature

FIGURE 5 | Specific growth rate of Thraulodes measured from in situ

chambers at two sites. Points in white are the lowland stream, Frijolito, and

points in black are the highland stream, Chorro. Each point is an individual

mayfly. There was a significant effect of the covariate initial dry mass [F (1, 11) =

17.08, p = 0.002], but no site effect on specific growth rate after controlling for

body size [F (1, 11) = 4.09, p = 0.068].

TABLE 2 | Gosner developmental stages of Rhinella tadpoles used in the

temperature manipulation experiments.

Site Temperature Initial avg. Initial range Final avg. Final range

Chorro Ambient 24.75 24–25 26.00 25–27

Chorro Warm 25.00 25–25 25.67 25–27

Frijolito Ambient 29.60 29–31 31.20 30–34

Frijolito Warm 30.75 29–32 33.67 31–36

TABLE 3 | Average elemental concentrations and ratios of periphyton

from the six sampled streams.

Site %C %N %P C:N C:P N:P

1. Quebrada Chorro 18.83 2.30 0.08 9.54 606.96 63.60

2. Río Guabal 9.04 0.90 0.11 11.71 211.92 18.10

3. Quebrada Castillo 14.45 1.69 0.21 9.97 177.44 17.80

4. Río Frijolito 16.07 1.86 0.12 10.07 345.33 34.29

5. Río Macho 8.33 0.79 0.03 12.29 716.01 58.25

6. Río Mendoza 10.65 1.03 0.12 12.05 228.86 18.99

Stoichiometric ratios are presented in molar form.

manipulation [Treatment, F(1, 25) = 2.72, p = 0.112] nor did it
vary between Thraulodes and Rhinella [Species, F(1, 25) = 0.01,
p = 0.904; Figure 6]. Body %P was not significantly correlated
with ln-transformed development rate in tadpoles (r= 0.32, t13 =
1.40, p= 0.238) or ln-transformed specific growth rate inmayflies
(r = 0.42, t10 = 1.47, p= 0.173; Figure 7).
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FIGURE 6 | Average body %P by dry mass and growth rate of Rhinella (left panels) and Thraulodes (right panels). Growth of Rhinella is represented as 1

Gosner stage * d−1, and for Thraulodes as specific growth rate based on body mass (mg * d−1). White points are heated temperature treatments and black points

are ambient temperature treatments. Error bars are ± one standard error. Letters above points represent significant differences in the response variable among sites

and asterisks next to letters represent significant effects of temperature treatment at that site.

DISCUSSION

Variation in the somatic %P of invertebrates is well-explained
by variation in rRNA production needed for protein synthesis
to achieve somatic growth under the growth rate hypothesis
(GRH), but the limits to its applicability, particularly in regards
to developing vertebrates, have not been fully tested. In this
study we sought to test the GRH in vertebrate and invertebrate
benthic grazers over a thermal gradient in Panamá. Although
our results meet predictions of the growth rate hypothesis,
they do not support its application in explaining somatic %P
variation with temperature. Across the six streams, average %P
of Thraulodes increased with average water temperature. Since
average SGR of Thraulodes were also higher in the warmer
lowland Río Frijolito than the cooler highland Quebrada Chorro,
these data conform to the predicted relationship between growth
rate and somatic %P under the GRH. However, body %P did not
increase with temperature in the manipulative experiment even
though growth and developmental rates did in most cases. In
fact, both body %P and growth/developmental rates were higher
in the lowland Frijolito experiments regardless of temperature

treatment (Figure 6). Our results suggest, at least in Thraulodes,
body %P increases with growth rate among sites but thermal
effects on growth rate did not drive this effect. This result
supports the assumption of the GRH that it does not apply to
growth rate variation driven by varying temperatures. Instead, we
suggest that other factors drive variation in growth rate and body
%P among sites.

The GRH was formulated with an assumption that organisms
were growing at the same temperature (Elser et al., 1996,
2000a). We know from previously published work examining
temperature-induced growth variation that it might not lead
to variation in somatic %P if individual ribosomes synthesize
proteins more rapidly, requiring a lower amount of ribosomal
RNA to support rapid protein synthesis at higher temperatures
(Farewell and Neidhardt, 1998; Gillooly et al., 2005). In fact,
eukaryotic RNA content tends to decrease in warm-acclimated
organisms (Woods et al., 2003). Therefore, in taxa for which
RNA is the primary pool of somatic P, including the mayflies
and early-stage tadpoles we studied, it is unlikely that increasing
growth rates with warming temperatures will lead to higher
somatic %P. If grazer P requirements do not change with
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FIGURE 7 | Correlations of body %P with growth rate in Rhinella (A) and Thraulodes (B) from temperature manipulation experiments. For Rhinella, growth is

represented as 1 Gosner stage * day−1, while in Thraulodes it is represented as specific growth rate based on body mass. Neither correlation coefficients were

significantly different from zero (p > 0.05).

warming temperatures, this will buffer them from potential
P-limitation due to increased algal C:P with warming (Yvon-
Durocher et al., 2010), a phenomenon we also observed with
increasing temperature among streams in our study (Figure 4).
Further, the storage of P by consumers can represent a substantial
P sink in aquatic ecosystems, particularly when those consumers
have biphasic life cycles and migrate to terrestrial ecosystems
as adults (Vanni et al., 2013; Tiegs et al., 2016); thus, this
finding has implications for ecosystem-scale fluxes of P in these
streams. However, growth rate and %P of these grazers did vary
among streams both in field collections and in our experiment;
thus, it is important to discuss what may have driven this
variation.

While it may be clear that temperature-driven effects did
not affect the somatic %P of the grazers we studied, it
is less clear why body %P and growth rate of both taxa
varied among sites. As site-specific differences in %P were
consistent in the temperature manipulation experiment in both
Thraulodes and Rhinella, they may reflect some other important
difference between lowland (<200 m) and highland (>500
m) streams (Figure 3). For example, the amphibian pathogen
Batrachochytridium dendrobatidis is present across this entire
elevational gradient, but has only led to catastrophic amphibian
declines in highland streams (La Marca et al., 2005; Kilburn
et al., 2010). If insect grazer densities increase in highland
streams following amphibian declines, more intense intraspecific
competition could lead to reduced individual growth rates.
However, after reductions in tadpole densities following declines
in one of our study streams, Río Guabal, densities of Thraulodes
and other grazing invertebrate taxa did not significantly change
(Colón-Gaud et al., 2010). Since Thraulodes should have less

competition for algal resources in post-decline streams, we
believe this would lead to increased growth rates if it affected
them at all. Differences in the severity of amphibian decline do
not effectively explainThraulodes growth differences among sites,
but other differences, such as disturbance frequency, resource
quality, and predation pressure among streams may provide
more insights.

The presence or absence of fishes was a defining characteristic
between the upland and lowland streams in this study. The
lowland streams in our study host diverse insectivorous fish
communities including the aquatic insect-feeding genera
Astyanax, Brycon, Andinoacara, Geophagus, Pimelodella,
Trichomycterus, and Gobiomorus (Kramer and Bryant, 1995),
while the upland streams either lack fish (Chorro and Castillo)
or host only the primarily terrestrial insectivore Brachyrhaphis
(Guabal) (Colón-Gaud et al., 2010). While all streams host
predatory invertebrates such as pseudothelphusid crabs,
dragonflies, and dobsonflies (Colón-Gaud et al., 2010; Múrria
et al., 2015), fish and invertebrate predators can often invoke
contrasting responses in prey due to differences in predator
feeding strategies (Peckarsky and McIntosh, 1998; Touchon and
Warkentin, 2008).Many fishes are visual predators and feedmore
actively during daylight hours while many of the invertebrate
predators such as crabs and odonates are nocturnally active and
rely more heavily on olfactory and tactile cues (Flecker, 1992;
Peckarsky and McIntosh, 1998; Maitland, 2003). Unfortunately,
which predators have greater effects on prey fitness is highly
prey species-specific (e.g., Touchon and Vonesh, 2016), and
we have insufficient data to infer whether fish predators have
stronger fitness costs than invertebrate predators in Thraulodes
and Rhinella.
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Elevated predation pressure selects for more rapid growth and
development to maturity in many organisms including mayflies
and amphibians (Reznick and Endler, 1982; Peckarsky et al.,
2001; Vonesh and Warkentin, 2006), so variation in predation
pressure could explain higher growth rate and %P of lowland
taxa if fish predators induce stronger selection for rapid growth.
Selection for rapid growth and development to maturity in Arctic
Daphnia populations developing under short growing seasons
explained higher %P in those populations relative to temperate
populations when reared at the same temperature (Elser et al.,
2000b), and a similar scenario induced by predation risk may
have occurred in our study. Although predation pressure is
not a strong predictor of variation in body stoichiometry in
Trinidadian guppies (El-Sabaawi et al., 2012), its effects on
somatic %P via growth rate may be stronger in invertebrates
and tadpoles. The latter develops P-rich bones only at later
Gosner stages. As the streams we studied host genetically isolated
populations of Thraulodes (Múrria et al., 2015), these effects
could represent a potential evolutionary tradeoff in response to
exposure to fish predators and merit further study.

Another possibility for the elevated %P of consumers at the
lowland Frijolito site is that it is an artifact of our experimental
design. Unfortunately, some methodological differences did
occur among sites due to the remote location of the highland
streams. In particular, our experiments at the highland Chorro
site were kept on an open patio as opposed to in a climate-
controlled room, which allowed temperatures to vary more than
at the lowland Frijolito site (Figure 2). Thermal fluctuations often
lead to more rapid development in ectotherms (e.g., Czarnoleski
et al., 2013), yet we observed lower growth and developmental
rates in organisms from Chorro. As a result, we do not believe
this strongly affected our results. A further difference is that
tadpoles at the lowland Frijolito site developed more rapidly and
reached later stages by the end of our study (Table 2; Figure 6);
thus, ontogenetic variation could explain variation in %P (Main
et al., 1997; Pilati and Vanni, 2007). This is particularly true of
developing Anurans, which exhibit extreme ontogenetic changes
in %P as bone ossification begins at later Gosner stages (Tiegs
et al., 2016). In the related European toad (Bufo bufo), tadpole
bones begin ossification at Gosner stage 38 (Dunlap and Sanchiz,
1996). Some tadpoles at the lowland Frijolito site reached Gosner
stage 38 by the end of the experiment, but we only included
%P values for tadpoles at stages <38 in our analysis. The stage
at which Rhinella alata or R. marina begin ossification is not
known, but the fact that %P was not significantly correlated with
final Gosner stage indicates that minimal ossification may occur
before stage 38 in these species. Even if ontogenetic variation
did not strongly influence our results, however, these changes
are likely to affect the %P of developing tadpoles in natural
ecosystems.

While our results provide insight into stoichiometric theory,
they also have implications for Neotropical stream ecosystems
facing disease-driven amphibian declines and future climatic
change. The effects of the loss of amphibian communities on
aquatic ecosystem functions have been well-studied (Connelly
et al., 2008; Rugenski et al., 2012; Whiles et al., 2013; Rantala
et al., 2015), but both amphibians and many aquatic insects
have terrestrial adult stages. The movement of organisms from

aquatic ecosystems to the terrestrial environment can represent a
significant nutrient sink to aquatic ecosystems and an important
subsidy to their surrounding terrestrial counterparts (Sabo and
Power, 2002; Vanni et al., 2013; Capps et al., 2015b). Variation
in %P among populations of Rhinella and Thraulodes can lead
to variation in P export to the surrounding terrestrial ecosystem.
However, the biphasic life cycles of these organisms could lead
to dramatic changes in the %P of adults (Tiegs et al., 2016),
which we did not consider in this study. Rhinella metamorphs
in particular may exhibit strong differences in %P from pre-
ossification tadpoles if bone density is unrelated to tadpole
growth rates. Further, since the total consumer biomass remains
significantly lower in post-decline streams (Whiles et al., 2013),
this variation is unlikely to offset the P fluxes lost to amphibian
extirpations.

One final caveat is that dietary stoichiometry of the study
organisms likely varied among sites following variation in
periphyton elemental concentrations (Table 3, Figure 4). The
GRH is only successful at predicting somatic %P variation
under P-limited consumer growth, because consumers can
store P in tissues aside from ribosomal RNA when excess P
is available (Hessen et al., 2013). This is particularly true of
some vertebrates, in which bone tissues may serve as a flexible
pool of body P (Benstead et al., 2014). Although periphyton
C:P generally increased with water temperature (Figure 4), the
highlandChorro site also had a relatively high average periphyton
C:P. As a result, the particularly high C:P ratio of periphyton in
the highland Chorro experiments relative to that in the lowland
Frijolito experiments could explain why somatic %P of both
taxa was not significantly correlated with growth rate (Figure 7)
if consumer growth were limited by P in Chorro experiments
and C in Frijolito experiments. A more detailed investigation of
how threshold elemental ratios (TERs; Sterner and Hessen, 1994)
vary with temperature is required to examine this mechanism.
Variation in ontogeny and resource stoichiometry contributed
to variation in consumer %P among sites in this study; thus,
a carefully controlled study examining the effects of reduced
competition for resources and predation pressure on the %P of
these grazers is needed to understand the mechanisms behind the
patterns we observed.

Although global climate change is expected to have a number
of effects on stream ecosystems (Cross et al., 2015), our results do
not provide any evidence that warming temperatures will alter
nutrient storage and export by individual consumers. Instead,
a mechanistic understanding of the drivers of variation in
these stoichiometric traits is needed to predict how they will
respond over environmental gradients. We suggest that more
work investigating the drivers of growth rate variation and
the relationship between juvenile growth and adult elemental
composition in these taxa is needed to elucidate how consumers
with biphasic life cycles such as these will alter nutrient dynamics
in changing ecosystems.
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Food quality is highly dynamic within lake ecosystems and varies spatially and temporally

over the growing season. Consumers may need to continuously adjust their metabolism

in response to this variation in dietary nutrient content. However, the rates of metabolic

responses to changes in food nutrient content has received little direct study. Here, we

examine responses in two metabolic phosphorus (P) pools, ribonucleic acids (RNA) and

adenosine triphosphate (ATP), along with body mass and body P content in Daphnia

magna exposed to chronic and acute dietary P-limitation. First, we examined food

quality effects on animals consuming different food carbon (C):P quality over a 14 day

period. Then, we raised daphnids on one food quality for 4 days, switched them to

contrasting dietary treatments, and measured changes in their metabolic responses at

shorter time-scales (over 48 h). Animal P, RNA, and ATP content all changed through

ontogeny with adults containing relatively less of these pools with increasing body mass.

Irrespective of age, Daphnia consuming high C:P diets had lower body %P, %RNA,

%ATP, and mass compared to animals eating low C:P diets. Diet switching experiments

revealed diet dependent changes in body %P, %RNA, %ATP, and animal mass within

48 h. We found that Daphnia switched from low to high C:P diets had some metabolic

buffering capacity with decreases in body %P occurring after 24 h but mass remaining

similar to initial diet conditions for 36 h after the diet switch. Switching Daphnia from low

to high C:P diets caused a decrease in the RNA:P ratio after 48 h. Daphnia switched from

high to low C:P diets increased their body P, RNA, and ATP content within 8–24 h. This

switch from high to low C:P diets also led to increased RNA:P ratios in animal bodies.

Overall, our study revealed that consumer P metabolism reflects both current and past

diet due to more dynamic and rapid changes in P biochemistry than total body mass.

This metabolic flexibility is likely linked to resource integration in D. magna, which reduces

the negative effects of short-term or variable exposure to nutrient-deficient foods.

Keywords: Daphnia physiology, ecological stoichiometry, diet heterogeneity, P metabolite pools
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INTRODUCTION

Consumers frequently face nutritional limitation in aquatic
environments due to imbalances between limited supplies of
elemental resources and the metabolic demands of consumers
(Frost et al., 2005). Within lakes, the nutritional quality of seston
(i.e., suspended particulate organic matter) varies across both
short (e.g., weekly and possibly daily) and long (e.g., seasonally)
timescales (Kreeger et al., 1997; Hessen et al., 2005). This
variation in food quality should lead to fluctuating imbalances
and elemental constraints on organismal performance and life-
histories particularly for high-phosphorus (P) taxa such as
Daphnia. Despite this, it remains unclear whether or how animals
adjust metabolically to short- vs. long-term nutrient stress or how
these adjustments would relate to consumer growth and body
stoichiometry.

One well established effect of sustained periods of elemental
limitation on consumers is slower growth rates as rates of P
acquisition fail to match metabolic requirements to build new
body tissues (Frost et al., 2005). However, when faced with
heterogeneous dietary P supply, Daphnia appear to employ
one of two growth mechanisms: growth or resource integration
(Hood and Sterner, 2010). Growth integration is thought to occur
in more homeostatic Daphnia species, where their growth rate
is a function of the average C:P ratio of their fluctuating diets.
This indicates when Daphnia encounter increasing or decreasing
dietary nutrients their growth rates will match the supply of
dietary P quickly (Hood and Sterner, 2010). Resource integration,
on the other hand, may be used by less homeostatic Daphnia
species, which possibly retain P when feeding on low C:P ratio
diets for use when dietary C:P ratios subsequently increase
(Hood and Sterner, 2010). Under this mechanism, growth will
remain stable for a period of time after the nutrient quality
of food is changed. For example, when switching from a low
C:P to a high C:P diet, resource integrators should maintain
growth for a period of time using stored nutrient pools to
fuel growth. Once these pools are exhausted, growth integrators
should decrease their growth to the new nutrient conditions.
However, it is unknown howDaphnia carry over P from favorable
environments as they are apparently unable to store significant
quantities of P in vacuoles as documented for plants, algae, and
bacteria (Frost et al., 2005).

One possible location of surplus P retention is within daphnid
metabolic P pools, which may be adjustable over both long
(days) and short (minutes to hours) time scales. These temporary
pools could decouple animal nutrient content from growth
requirements and alleviate growth constraints imposed by P
deficient diets. Longer-term P retention might be achieved by
altering tissue content of larger P pools such as ribosomes.
As body ribonucleic acid (RNA) content is highly correlated
with ribosome production and growth rate in zooplankton
(Elser et al., 2003), decreasing dietary P content could lead to
ribosome catabolism and the reallocation of released P toward
the transcription of enzyme mRNA (e.g., alkaline phosphatase)
needed to increase P-acquisition or for the maintenance of
intracellular metabolic pools (Acquisti et al., 2009; Weiße et al.,
2015). However, catabolizing ribosomes would not be an efficient

response to short-term changes to dietary food quality, due to
the high metabolic costs of ribosome synthesis and catabolism
(Houseley and Tollervey, 2009). Alternatively, smaller P pools
including energy metabolites (e.g., adenosine triphosphate; ATP)
are known to rapidly change the energy status of the cell
(Hardie, 2003), and changes in this pool may alleviate short-
term responses to P-limitation (Wagner et al., 2015) that could
be utilized for fine-scale variation (hours) in dietary P. The
importance of these metabolite sources as P sources has not been
generally considered from a stoichiometric perspective because
ATP represents a very small amount of overall body P-content
(Elser et al., 1996). However, as ATP has a role in P delivery
in cells as the conversion of ATP to ADP yields an available
phosphate molecule (Hardie, 2003), ATP thus may provide a
mechanism, albeit a short-term one, for consumers to rapidly
respond to changes in dietary C:P ratios. Alternatively, as ATP
and other energy molecules are tightly regulated within the cells,
they may be insensitive to dietary P and fluctuate little with
changes in dietary P supply.

Here we examined responses of body P, RNA, and ATP
content over short- (hours to days) and long-term (weeks)
exposure to dietary P-limitation in the freshwater zooplankter,
Daphnia. We hypothesized that body %P, %RNA, and %ATP are
affected by both the duration and intensity of P-limitation due to
imbalances between the dietary supply of and metabolic demand
for P created by current and past diets. Under chronic limitation,
we predicted that body mass, P, RNA, and ATP content would
decrease throughout ontogeny in animals consuming high
C:P diets. However, under acute dietary changes, we expected
resource integration to be the predominant mechanism in D.
magna as described by Hood and Sterner (2010). We predicted
that animals switched from low to high C:P would continue to
maintain their mass for a period of time and utilize their body
P stores to fuel biomass production. After these body P pools
decrease, daphnid biomass production (weight gain) should also
decrease especially if compared to animals maintained in low
C:P diets. If this true, we would expected to see body %P and
ATP decrease before eventual changes to body RNA content.
Whereas, when daphnids are switched from high to lowC:P diets,
we predicted their mass increase will also have a time lag. This
lag between when animals encounter low C:P diets and mass
increases is necessary to increase P pools to initiate ribosome
production. Specifically, we predicted that body P content would
change first, followed by ATP and RNA content, as P uptake
is required before the production of these biomolecules can
occur. Additionally, we predicted that more extreme dietary P
switches would result in faster P pool changes. Alternatively, if
growth integration is the main mechanism used by D. magna in
heterogeneous dietary conditions we would expect the daphnids
mass increase or decrease to the changing dietary P conditions at
the same rate as the change in P-pools.

METHODS AND ANALYSIS

Algae and Daphnia Culturing
We varied Scenedesmus obliquus C:P content (Canadian
Phycological Culture Centre strain 10, purchased as S. acutus)
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by diluting semi-continuous cultures daily with differentially
supplied P (Sterner et al., 1993; Wagner et al., 2015), to produce
a range of C:P ratios (by mol). Low, intermediate and high
C:P cultures contained 70, 30, and 7 µM of P, and was diluted
by 55, 20, and 10% day−1, respectively. Harvested algae were
centrifuged at 3000 g and resuspended in P-free COMBO
media (Kilham et al., 1998). The P-content of concentrated
algal suspensions was determined on dry subsamples using the
molybdate-blue colorimetric method after persulfate oxidation
(APHA, 1992). Subsamples of concentrated algal cultures were
also filtered onto ashed GF/C glass fiber filters to determine algal
C and nitrogen (N) content using a CN Analyzer (Vario EL III,
Elementar Incorporated, Mt Laurel NJ, USA). These data were
used to mix nominal concentrations of the prescribed diets, and
post-mixing verification was done to calculate the actual C:P
ratios of each diet (Wagner and Frost, 2012; Wagner et al., 2015;
Prater et al., 2016).

These diets were used to study the chronic and acute responses
of animal mass and body %P, %RNA, and %ATP in Daphnia
magna. Animals used in these experiments were clonal sisters
who were held in groups of 10 animals in 400ml of P free
COMBO media (Kilham et al., 1998) and fed high nutrient
quality (∼C:P 80) S. obliquus ad libitum. On the morning of each
experiment, we removed neonates (<24 h old) from brood jars
ensuring only to use animals born in the second to fourth brood.

Responses to Chronic P-Limitation
Neonates were triple rinsed with P-free COMBO to remove
residual nutrients and algal particles, and all animals were
allocated to experimental treatments within an hour. Animals
were grown in separate vials containing 20mL of P-free COMBO
from days 0–5 and in 40mL of P-free COMBO from day 6–14.
Daphnids were fed 4mg CL−1 (day 0–5) to 8mg CL−1 (day 6–
14) of their prescribed diet (C:P 100 ± 8, 300 ± 24, 500 ± 45,
and 700 ± 12) every other day. After 3, 6, 10, and 14 days of
growth, animals were saved for body %P, %RNA, %ATP, and
mass analyses to examine changes in the metabolic P-pools with
chronic exposure to dietary P-limitation (Table S1).

Acute Changes in P Supply
To determine how short-term changes in dietary P supply affects
animal mass, body %P, %RNA, and %ATP we grew Daphnia in
separate 20mL vials of P-free COMBO and fed them 4mg C L−1

of a low C:P diet (C:P 100 ± 10) on days 0 and 2. On day 4,
animals were rinsed, placed in 20 mL of P-free COMBO, and
fed the same low C:P diets (C:P 92; nominal C:P 100) or were
switched to intermediate or high C:P diets (C:P 289; nominal
C:P 300 or C:P 679; nominal C:P 700, respectively). We also
performed high to lowC:P dietary switches by growing animals at
intermediate (C:P 275 ± 20; nominal C:P 300) or high (C:P 710
± 2; nominal C:P 700) food qualities for 4 days then switching
half to low C:P diet (C:P 103 ± 9; nominal C:P 100) with the
other half being maintained in the initial C:P 300/C:P 700 diets.
Animal mass, body P, RNA, and ATP content were assessed for all
contrasts in P-supply after 1, 2, 4, 8, 12, 24, 36, and 48 h (Table S1).

Animal Processing
After D. magna were individually grown, we saved animals for
mass (n = 10), body %P, %RNA, and %ATP estimates (n =

5; Table S1). As dry weights could not be obtained for body
%ATP and %RNA, we used a dissecting microscope to measure
from the top of their eye spot to their tail spine the nearest
µm using a digital camera and image software (iSolutions).
The corresponding dry mass was calculated using a length-mass
regression (R2 = 0.92). Immediately after length measurements
were taken, animals were transferred individually to 0.6mL
microfuge tubes and used to estimate body ATP or RNA content.
Daphnia for body %RNAmeasurements were preserved with the
addition of 100µL RNAlater and stored at−80◦C until analyzed,
while animals used to quantify body %ATP were extracted right
away to prevent ATP degradation.

Body P Content
Groups of 3–5 individual Daphnia from each sampling were
placed in an aluminum cup and dried for 12 h at 60◦C
before being weighed on a microbalance to the nearest µg
(n = 5). Samples were subsequently oxidized using persulfate
and analyzed using the molydbate-blue colorimetric method
(APHA, 1992). Animal P content was determined through visible
spectrometry at 885 nm by comparing absorbance of samples to
P standards.

Body RNA Content
Body %RNA content was determined following Wagner et al.
(2015). Individual daphnids (n = 5) were removed from −80◦C
freezer and rinsed using TE buffer to remove RNAlater

R©
.

Daphnia was then transferred to a new 1.5 mL centrifuge tube
containing 500 µL of TE buffer and 0.1 mm glass beads filled
to the 0.1 mL mark on the centrifuge tube. Centrifuge tubes
were placed in mechanical agitator (Bullet Blender 24, Next
Advance) set on speed 8 for 3 min to fully homogenize Daphnia.
Two subsamples of 50 µL were removed from each sample to
determine nucleic acid fractions. To the DNA fraction, 50 µL
of RNase (0.1 µg/mL) was added while 50 µL of TE buffer were
added to the total nucleic acid fraction. Samples were incubated
at 37◦C for 15 min, and 75 µL of each sample was added to
black 96 well microplate. To each well, 75 µL of RiboGreen was
added and incubated for 5 min in the dark. RNA/DNA content
was determined by fluorescence through the use of a microplate
reader (BioTek SynergyHT, Gen5 software) with the excitation
485/20 nm and emission 528/20 nm. Body RNA content was
determined by subtracting the DNA fluorescence fraction from
the total nucleic acid fluorescence.

Body ATP Content
After length was determined for ATP animals, individual animals
were transferred to a 0.6 mL centrifuge tube and the COMBOwas
removed with a pipette. We added 100 µL of−20◦Cmethanol to
each centrifuge tube to stop all enzymatic activity and preserve
ATP. Daphnids were homogenized with a motorized pestle for 1
min to ensure cell lysis. An additional 400µL of−20◦Cmethanol
was added to make the final volume of 500 µL. Body %ATP
was analyzed by a stable luminescence assay CellTiter-Glo R©
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(Promega) following manufacturer’s protocols. Briefly, samples
were vortexed for 30 s, and 50µL was pipetted in an opaque 96
well microplate with the addition of 50µL of CellTiter-Glo R©.
ATP standards (Adenosine 5′-triphosphate disodium salt hydrate
<99% purity) were prepared with methanol and were treated
the same as samples to determine the ATP concentrations. After
the addition of CellTiter-Glo R©, the microplate was incubated
in the dark for 5 min, placed into a microplate reader (BioTek
SynergyHT, Gen5 software), and luminescence was measured
with a sensitivity of 53.

Statistics
We analyzed the chronic and acute responses to food quality
using 2-way ANOVAs with interaction examining the effects
of age/time and diet for all response variables. Post-hoc
differences between diets for each day/time were determined
after Bonferroni corrections for multiple comparisons with a
cumulative α < 0.05 (P< 0.0125 chronic experiments, P< 0.0062
for acute experiments).

RESULTS

Chronic P-Limitation
We found significant interactive effects between age and dietary
C:P ratio for animal mass, body %P, %RNA, and %ATP (Table 1).
While weight increased throughout the chronic experiment for
animals consuming all diets, significant dietary effects emerged
after 6 days but only in animals consuming food with C:P ratios
of 700 (Figure 1A, Table 1). By day 14, there were significant
differences in mass among all dietary food C:P ratios (Table 1).
After only 3 days of growth, lower body P content was observed
for all P-limited diets with the lowest values found in C:P 500 and
C:P 700 animals (Figure 1B). After 6–10 days, we found body
P content was significantly different among all diet C:P ratios
(Table 1). After 14 days, we found the same pattern in body P
content as what emerged on day 3 with no differences between
the P content of animals consuming food C:P ratios of 500 and
700. Lower dietary food P content resulted in decreased body
RNA content after 3 days of growth in C:P 300 treatments and
after 6 days at C:P 500 and 700 (Figure 1C). However, after 10
days body %RNAwas similar among all food C:P ratios (Table 1).
Relatively small changes were found in body %ATP content after
3 days of growth, but after 6–10 days, we found ATP content in
Daphnia was affected by dietary P content (Figure 1D, Table 1).
Body %ATP was reduced in animals consuming food C:P ratios
500 and 700 after 6 days and C:P ratios of 300 after 10 days
(Table 1). These differences disappeared after 14 days of growth
when no differences in ATP were observed among any of the
dietary conditions.

Acute Diet Switches from Low to High C:P
Diets
Daphnia switched from C:P 100 to high food C:P ratios exhibited
similar changes in body mass as animals maintained in C:P 100
diets for the first 36 h (Figure 2A). However, after 48 h animals
maintained in the C:P 100 diets weighed significantly more than
animals switched to high food C:P ratios; thus the biomass

TABLE 1 | Daphnid mass and P, RNA, and ATP content for animals grown on

different C:P diets for 3, 6, 10, and 14 days.

Animal mass

(mg)

% P %RNA %ATP

F P F P F P F P

Day 286.4 <0.001 37.35 <0.001 35.3 <0.001 32.89 <0.001

Diet 142.91 <0.001 238.68 <0.001 3.04 0.036 10.18 <0.001

Day*Diet 39.68 <0.001 3.87 0.001 3.22 0.031 3.3 0.002

Post-hoc comparisons

Diet Animal mass

(mg)

% P %RNA %ATP

DAY 3

C:P 100 A A A A

C:P 300 A B B A

C:P 500 A C B B

C:P 700 A C A A

DAY 6

C:P 100 A A A A

C:P 300 A B A AB

C:P 500 A C A C

C:P 700 B D B BC

DAY 10

C:P 100 A A A A

C:P 300 B B A B

C:P 500 C C A B

C:P 700 C D A B

DAY 14

C:P 100 A A A A

C:P 300 B B A A

C:P 500 C C A A

C:P 700 D C A A

2-way ANOVA showing the main effects of Day and Diet with their interaction Day*Diet

with the significant interaction terms in bold. Different letters indicate significant difference

between diets using a post-hoc Bonferroni with a cumulative error of P < 0.05.

production (net weight gain) was less in animals switched to high
C:P diets. A significant time× diet interaction was also observed
for body %P with animals rapidly decreasing their P content
after 12 and 24 h when switched to C:P 300 and C:P 700 diets,
respectively (Figure 2B). RNA content displayed a significant
time × diet interaction, with the mean daphnid RNA content
decreased steadily over time when animals were switched from
C:P 100 to high C:P diets (Figure 2C). Daphnia switched from
C:P 100 to higher C:P diets (C:P 300 and C:P 700) displayed
a significant time x diet interaction with the RNA:P ratio
decreasing after 48 h compared to animals maintained in C:P 100
diets (Figure 2D). Body %ATP displayed significant main effects
for time and diet for animals switched from C:P 100 to C:P 300
and 700 diets (Figure 2E). When animals were switched to C:P
700 diets, their ATP content decreased significantly between 8
and 12 h, whereas animals switched to C:P 300 diets only showed
slight decreases in body %ATP through time (Figure 2E).
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FIGURE 1 | Chronic averages ± standard error in Daphnia mass (A) and metabolic P-pools (B; body %P, C; body %RNA, D; body %ATP) for animals grown on the

same C:P diet for 3, 6, 10, and 14 days. See Table 1 for ANOVA results and post-hoc comparisons.

Acute Diet Switch from High to Low C:P
Diets
Daphnia mass displayed a significant time × diet interaction
with increases in biomass production in animals switched to
C:P 100 diets (Figures 3A, 4A). Daphnia body mass increased
more rapidly (24 h) when switched from C:P 700 than from C:P
300 (48 h) to C:P 100 diets. Changes in body P content also
differed depending on the magnitude of the dietary imbalance
with animals switched from C:P 700 diets increasing after 12 h
compared to animals switched from C:P 300 diets, which did not
change until after 24 h (Figures 3B, 4B).Daphnia%RNA, RNA:P
ratios, and %ATP all displayed diet dependent changes. Body
RNA content in animals switched from C:P 700 to C:P 100 diets
increased significantly after 36 h (Figure 4C) but did not differ
in animals switched from C:P 300 diets (Figure 3C). Daphnia
switched fromC:P 300 to C:P 100 diets showed no significant diet
effects on their RNA:P ratios (Figure 3D). In contrast, the RNA:P
ratio in animals switched from C:P 700 to C:P 100 diets displayed
a significant time x diet interaction with ratios increasing after
48 h on low C:P food (Figure 4D). Animal body %ATP had
significant diet and time effects with animals switched from C:P
300 diets displayed slightly higher average ATP content over
time (Figure 3E). However, animals switched from C:P 700 diets

showed much stronger changes as they differed significantly after
12 h and %ATP steadily increased over 48 h when we found the
highest levels observed across all experiments (Figure 4E).

DISCUSSION

We found evidence to support our hypothesis that body %P,
%RNA, and %ATP are affected by the duration and intensity
of dietary P-limitation. As predicted, chronically P-limited
animals were smaller and had lower body %RNA, %P, and
%ATP. These metabolic P pools also decreased in aging animals
with lower content found in larger animal bodies. Our results
from short-term diet changes support findings of Hood and
Sterner (2010) that resource integration mechanisms occur in
D. magna in a heterogeneous dietary P-supply environment.
For example, daphnids were able to maintain their biomass
production (net weight gain) for 36 h when switched to higher
C:P diets compared to animals maintained in C:P 100 diets.
Additionally, when daphnids were switched to C:P 100 they
incorporated P into their tissues before body %RNA and mass
increases were observed. Overall, our results indicate the P
pools are extremely sensitive and flexible under variable dietary
P supply. These plastic metabolic responses are likely to be
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FIGURE 2 | Acute averages ± standard error in Daphnia mass (A) and metabolic P-pools (B; body %P, C; body %RNA, D; RNA:P, E; body %ATP). White circles are

animals maintained at C:P 100 while light gray, and dark gray circles represent animals that were switched to C:P 300, and C:P 700, respectively. Post-hoc significant

differences between C:P 100–300 represented with (A) and CP:100–700 represented with a (B) (P < 0.006).

highly beneficial in animals living in natural environments
where they can frequently encounter large differences in food
quality.

Consistent with previous results, Daphnia decreased their
body %P and %RNA with high C:P diets during juvenile growth
(Elser et al., 2003; Acharya et al., 2004; Wagner et al., 2015). We
also found that ATP content decreased in animals provided high
food C:P ratios during chronic P-limitation (Wagner et al., 2015).
As predicted by the growth rate hypothesis, we saw that mass
production decreased between neonate, juvenile, and adult stages

concomitant with decreases in RNA and P content throughout
ontogeny (Vrede et al., 1999; Elser et al., 2003). Body ATP content
also decreased with age, but these changes were not linked to
large declines in P content as ATP represented only 0.2–0.7% of
daphnid dry mass. These dynamics are likely related to changes
in life-history investment, as reduction in growth decreases the
need for P-rich biomolecules (Vrede et al., 1999) and adult
reproduction requires higher amounts of C-rich lipids (Tessier
et al., 1983). Lipid accumulation causes the dilution of other
elements and biomolecules leading to a decrease in overall P and
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FIGURE 3 | Acute averages ± standard error in Daphnia mass (A) and metabolic P-pools (B; body %P, C; body %RNA, D; RNA:P, E; body %ATP). White triangles

are animals maintained at C:P 300 while cyan triangles representing animals that were switched to C:P 100 * indicates significant changes between switched diets

and non-switched diets (P < 0.006).

RNA content, thus altering daphnid stoichiometry under chronic
P-limitation.

When Daphnia encounter high food C:P ratios in their diets,
we found that their body P content declined within 12 h while
their RNA content only started to decrease between 12 and 24
h. Gut contents can be largely excluded as a cause of body
%P declines, because gut residence times are generally under
1 h (Wojewodzic et al., 2011). Some of this decrease in body
%P can be attributed to the slight declines in body %RNA, as
the RNA:P ratio remained constant for the first 36 h. However,
animals switched to high C:P diets were able to maintain biomass

production (net weigh gain) equivalent to low C:P diet animals
for 36 h. Thus growth can be maintained even though there
are slight decreases in RNA over the first 36 h. This result is
further evidence for resource integration (Hood and Sterner,
2010). After 36 h, RNA:P ratios declined indicating there is
more P per RNA and suggests that RNA catabolism is occurring.
The P released from the RNA catabolism could be stored in
organic P metabolites (e.g., α-glycerophosphate), which have
been documented to be a significant P pools found in the
hemolymph of an insect (Woods et al., 2002). If cladocerans can
store organic P within their hemolymph, it could provide these
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FIGURE 4 | Acute averages ± standard error in Daphnia mass (A) and metabolic P-pools (B; body %P, C; body %RNA, D; RNA:P, E; body %ATP). White triangles

are animals maintained at C:P 700 while dark blue triangles representing animals that were switched to C:P 100 * indicates significant changes between switched

diets and non-switched diets (P < 0.006).

animals with greater abilities to increase RNA synthesis if dietary
C:P ratios increase again. However, it is unknown if these animals
can initiate growth faster than animals switched from a high to
low C:P diets.

Switching Daphnia from high to low C:P diets caused body
%P to increase 24–40 h before RNA content increased, with
faster changes in body P content seen in more severely P-
limited animals. This result is especially surprising as ribosomal
RNA accounts for up to 80% of the total body P content

(Vrede et al., 1999; Sterner and Elser, 2002) and we would
expect to see changes body %P coincide with changes in RNA
content. However, it is possible physiological mechanisms to
deal with low P and excess C in high C:P diets remain active
for hours after animals are transferred to low C:P diets. When
P-limited, Daphnia increase their P-acquisition enzymes (e.g.,
alkaline phosphatase; McCarthy et al., 2010; Elser et al., 2011;
Wagner and Frost, 2012) and display increased feeding rates
(Darchambeau et al., 2003). If these mechanisms remain active
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for hours after animals are transferred to low C:P diets, they
may contribute to the accumulation of P without direct changes
in growth or RNA content. Dietary P enters through the gut
lining as phosphate where it can be converted into phosphosugars
(e.g., α-glycerophosphate) or metabolites such as ATP. We found
evidence that P is incorporated into energy molecules as both
P and ATP, increased after 8 and 12 h, respectively. These
rapid changes in ATP could be priming molecular pathways
with energy and P to restore P pool sizes needed to support
the high material and energetic demands of ribosome and
protein synthesis (Houseley and Tollervey, 2009). Altogether,
these potential molecular mechanisms could allow for growth to
initiate and animals to become significantly larger within 24 h
when they are switched from C:P 700 to C:P 100 diets.

We found that animal body RNA:P ratios were fairly stable
for the first 36 h after switching to contrasting diets. However,
after 48 h the animals switched to high from low C:P diets
decreased their RNA:P, while animals switched to low from
high C:P diets had increased RNA:P ratios in their bodies. We
suspect these changes in RNA:P ratios are caused by RNA being
catabolized and contributing P into other body P pools when
Daphnia are switched to high C:P diets. Whereas, increased
RNA:P ratios when Daphnia are switched to low C:P diets
may be due to the rapid synthesis of ribosomes that outstrips
overall P accumulation by animals. Furthermore, these drastic
changes in body %RNA could be caused by a change in the
metabolic phenotype switching between fast and slow growth
(Weiße et al., 2015). It may be important for these two distinct
phenotypes to be resilient and avoid changing at the first
signs of dietary heterogeneity. Delaying phenotype switches for
short-time periods (i.e., up to 48 h) may prevent unnecessary
energetic and resource costs of RNA anabolism and catabolism.
Synthesizing large amounts of RNA when animals are switched
from high to low C:P diets may have high costs associated if this
process is initiated prematurely. These costs would include the
resource and energetic demands of RNA synthesis and, if low
C:P diets only remain for a few hours, the resource and energetic
costs of breaking down RNA (Houseley and Tollervey, 2009).
Premature RNA catabolism during short periods of high C:P
diets could lead to slower growth and development and delayed
maturity, which would have strong fitness consequences.

Overall, Daphnia responses to food quality differed
with exposure duration and with diet. This variation in
consumer metabolic responses has important implications for
understanding consumer responses to nutrient limitation in
nature. Consumers may frequently encounter spatio-temporal
variation dietary food quality in nature (Kreeger et al., 1997;
Interlandi et al., 1999), which would produce variable metabolic
responses that are a function of the degree and direction of
dietary switches. Despite this, most theory behind consumer-
resource interactions has been built from studying consumer
responses to chronic dietary P-limitation (but see Hood and
Sterner, 2010). Thus, we lack a basic understanding of why
differences in growth strategies (growth vs. resource integration)
evolve and how these differences at the organismal level would
alter higher order ecological processes at population and
ecosystem-levels. Greater effort toward incorporating natural

variation in food quality into laboratory experiments (Hood and
Sterner, 2010, 2014) and in linking measurements of fine-scale
resource variation and consumer metabolic and life-history
responses (DeMott et al., 2004) would appear to be fertile areas
of future work. In addition, our results highlight the fact that
relationships between consumer growth, biochemistry, and
elemental composition depend on both current and past dietary
exposures. This reinforces the idea that consumer elemental
composition should not be used as a proxy for demand (Frost
and Elser, 2002; Hood and Sterner, 2014; Prater et al., 2016) and
that calculations of consumer resource imbalances may not be
sufficient to predict consumer responses to elemental limitation.
Progress in understanding the ecological effects of consumer
nutrient limitation therefore still hinges on the development of
tools for directly assessing consumer nutrient status in natural
ecosystems (Wagner et al., 2013; Frost et al., 2014).

We found the metabolic P pools and P content were plastic
due to both chronic and acute exposure to in P-poor food. During
chronic exposure to one dietary condition, animals in high C:P
diets had lower body %P and RNA. While, over short-term
exposure to contrasting C:P diets causes rapid changes in body
%P, %RNA, and %ATP. Animal P content generally responded
more rapidly compared to RNA and ATP content, with changes
in biomass not occurring until 24–48 h after dietary switches
which supports resource integration growth mechanisms. We
offer a potential bottom-up molecular explanation for resource
integration, where elements (i.e., P) must be present to make the
biomolecules before altering growth rate. Additionally, delaying
switching between slow and fast growing phenotypes is an
efficient strategy for dealing with dietary elemental variation. In
conclusion, we found D. magna has highly plastic metabolic P
pools, which would provide growth advantages in heterogeneous
food environments
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One of the central tenets of ecological stoichiometry is that consumer growth rate
is strongly determined by food phosphorus (P) content. In planktonic organisms
population growth rates of zooplankton have repeatedly been shown to be reduced
when fed with P-limited algal food sources. However, P-limitation may also affect other
quality-related aspects of algae, such as biochemical composition or palatability. We
studied the population growth, detailed life history and body elemental composition
of the herbivorous rotifer, Brachionus calyciflorus, in response to three different food
quality treatments: algae cultured in high phosphorus conditions (average algal molar
C:P ≈ 112, ‘HP’), algae cultured in low P conditions (molar C:P ≈ 631, ‘LP’) and low-
P cultured algae spiked with P just before feeding (molar C:P ≈ 113, ‘LP+P’). LP+P
algae thus combined high P content with a history of growth under P-limited conditions.
Total P content and the C:P ratio of rotifers in the LP+P treatment equaled those of
rotifers in the HP treatment. Rotifer population growth rates were higher in HP than in
LP and intermediate in the LP+P treatment. Similarly, many life history traits observed for
animals in the LP+P treatment, such as somatic growth rate, age at maturity, and egg
production rate were also intermediate to those observed in the LP and HP treatments.
However, there were important deviations from this pattern: size at first reproduction
and egg mortality in the LP+P treatment equaled the HP treatment, whereas size and
development time of the first eggs equaled those of the LP treatment. Our results
indicate that elemental limitation cannot fully explain reduced performance of consumers
fed with P-limited algae and strongly suggest that indirect, non-stoichiometric effects of
P-limitation, e.g., via changes in biochemical composition or morphology of the algae
also play a major role. Furthermore, our study highlights that such indirect effects have
a differential impact on major fitness components and may as such also determine the
population dynamics and demographic structure of consumer populations.

Keywords: phosphorus limitation, B. calyciflorus, population growth, life history, organismal stoichiometry
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INTRODUCTION

As a major component of the macromolecules DNA, RNA, and
ATP, phosphorus (P) is an essential element for the growth
and reproduction of organisms. Due to this dependence, the
availability of P may strongly limit the productivity of primary
producers and higher trophic levels (Hessen, 1992; DeMott
and Gulati, 1999; McCarthy et al., 2006). Human activities
increasingly alter the amounts and ratios of biogenic elements
(e.g., carbon, nitrogen, and phosphorus) in natural systems and
cause many freshwater systems to become P-limited (Stockner
et al., 2000; Elser et al., 2009). A better mechanistic understanding
of how P-limitation impacts the organisms in these ecosystems is
therefore urgently needed.

Laboratory studies have shown strong reductions in the
growth and reproduction of primary consumers when fed
even high amounts of P-limited food (Sterner and Hessen,
1994; Sterner and Schulz, 1998). Such reduced performance
has stimulated considerable debate about the underlying
mechanisms. One potentially important cause of reduced
consumer performance is pure mineral limitation: when the
food resource has a very low P-content, the supply to a
consumer may be too low even when food intake of the latter
is at its maximum (Sterner and Hessen, 1994; DeMott, 1998).
Furthermore, stoichiometric mismatches between the nutrient
content of producers and consumers may also incur costs for the
consumer, such as those associated with the disposal of excess
C and other elements (Darchambeau et al., 2003). However, in
addition to such direct effects, P-limitation may also affect the
quality of producers indirectly. P-limitation in algae, for example,
has been shown to decrease the amount of highly unsaturated
fatty acids (Müller-Navarra, 1995; Weers and Gulati, 1997b;
Spijkerman and Wacker, 2011; Challagulla et al., 2015) which are
important components for consumer growth and reproduction
(Weers and Gulati, 1997a; Ravet and Brett, 2006). P-limitation
has also been shown to result in changes of algal cell size and
cell wall morphology (van Donk and Hessen, 1995; van Donk
et al., 1997). Lürling and van Donk (1997) and van Donk et al.
(1997) explained reduced performance of Daphnia grown on
P-limited algae by the lower digestibility of their thickened cell
walls. DeMott (1998) demonstrated that the performance of
Daphnia may be limited by energy even when fed high C:P algal
food because of the low digestibility of P-deficient algae. These
studies thus all indicate that food P-limitation may negatively
affect consumers in direct as well as indirect, non-stoichiometric
ways.

Ecological stoichiometry (Sterner and Elser, 2002; Hessen
et al., 2013) has so far been the predominant framework
contributing to a better understanding of the impact of
nutrient limitation and stoichiometric mismatch on primary
and secondary productivity (Malzahn et al., 2010), grazer top
down control and nutrient cycling (Sistla and Schimel, 2012),
the strength of trophic cascades (Hall, 2009) and trophic transfer
efficiency (Rowland et al., 2015). Potentially, stoichiometric
models still underestimate the full impact of nutrient limitation
because indirect effects are typically not taken into account. The
general lack of consideration of such indirect effects probably

results from our poor understanding of the causal mechanisms
underlying such effects, from the scarcity of information on
their relative importance and from the difficulties inherent to
incorporating these effects in mathematical models.

P-supplementation tests may provide us with a powerful
experimental tool to address the relative importance of indirect,
non-stoichiometric effects, even when knowledge about the
causes is lacking. The approach makes use of the fact that
P-limited algae are able to quickly absorb inorganic P from
their environment (Lehman and Sandgren, 1982) and hinges
on the assumption that the process of P-uptake is much faster
than responses in other traits, such as abundance, biochemical
composition or morphological features (Boersma, 2000; Elser
et al., 2001). The relative importance of direct stoichiometric
and indirect non-stoichiometric effects can be estimated through
a comparison of the performance of consumers fed equal
biomasses of P-replete (HP), P-limited (LP), and P-supplemented
LP algae (LP+P). Equal performance of consumers in the LP+P
as in the HP treatment indicates that direct P-limitation is
the only cause of reduced performance in the LP treatment
(Figure 1, Scenario I). Conversely, low consumer performance in
the LP treatment can completely be attributed to indirect effects
of P-limitation if P-supplementation results in no improved
consumer performance compared to the LP treatment (Figure 1,
Scenario III). If performance of consumers in the LP+P
treatment is intermediate to the LP and HP treatments, then the
relative importance of direct and indirect mechanisms can be
inferred from the position of the LP+P treatment compared to
LP and HP (Figure 1, Scenario II). A key requirement is that algae
in the LP+P treatment acquire a C:P ratio equal to the HP algae.

Only few studies have used such experimental approach to
evaluate the relative importance of direct and indirect effects
of P-limitation on consumers. Rothhaupt (1995) found that
although supplementation of P-limited algae enhanced the
exponential population growth rate of the rotifer Brachionus
rubens, it still remained considerably below that in P-rich algae
and he suggested biochemical limitation as the mechanism
underlying the observed indirect effect. DeMott (1998) found
strong improvements of somatic growth to P-supplementation
of P-limited algae in multiple Daphnia species; although growth
of most species almost approximated the levels observed with
P-rich algae, they still remained somewhat lower in most cases.
Boersma (2000) and Becker and Boersma (2003) cross-combined
P-treatments (LP, HP, and LP+P) with fatty acid supplementation
treatments and concluded that biochemical limitation by fatty
acids only becomes important when phosphorus is present in
ample supply, and suggested that other factors were still at work
since the joint effects of P and highly unsaturated fatty acids could
not fully explain the higher growth rate observed in HP algae.
Ravet and Brett (2006) demonstrated a stronger negative impact
of indirect than direct P-limitation effects on Daphnia somatic
growth and reproduction.

Nutritional requirements of a consumer organism differ
between its life stages. This has been shown for stoichiometric
(Urabe and Sterner, 2001; Villar-Argaiz et al., 2002; Færøvig and
Hessen, 2003) as well as for biochemical requirements (Martin-
Creuzburg and Von Elert, 2004; Boëchat and Adrian, 2006;
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FIGURE 1 | Three potential scenarios of how the performance of consumers
may respond to the food quality treatments in a P-supplementation
experiment. Scenario I depicts a case where the growth reduction of
consumers fed P-depleted food is uniquely caused by direct, stoichiometric
effects of P-limitation. Conversely, in Scenario III, this reduction in growth
performance is entirely due to non-stoichiometric indirect effects of
P-limitation. In scenario II both direct and indirect effects are of large
importance. HP: P-saturated food; LP: P-deficient food; LP+P: P-deficient
food enriched with a P-supplement.

Wacker and Martin-Creuzburg, 2007). So far, P supplementation
studies have mainly assessed the response of consumers to food
quality treatments by considering general performance criteria,
such as somatic growth (Boersma, 2000; Elser et al., 2001) or
population growth (Rothhaupt, 1995). As a result, it remains
unclear how the relative impacts of direct and indirect food
quality effects vary among life history traits or major fitness
components. Such information is, nevertheless, key to a better
understanding of the consequences of nutrient limitation on the
dynamics and demographic structure of consumer populations.

An implicit assumption of the P-supplementation method
is that the accessibility of P to consumers should be equal in
both LP+P and HP treatments. This may not necessarily be
so. For example, a reduced digestibility of algae associated with
P-limitation (van Donk et al., 1997) may result in a reduced
availability of P to the consumers. Furthermore, when supplied
to P-starved algal cells, anorganic phosphates may initially be
stored under the form of polyphosphates in attendance of
further metabolization (Eixler et al., 2006). If consumers are
less able to take up and assimilate P from polyphosphates than
from other P-containing biomolecules (e.g., DNA, RNA, ATP,
phospholipids) then polyphosphate storage in LP+P algae could
result in a reduced growth of consumers compared to those fed
with HP food. To our knowledge, none of the P-supplementation
studies so far have considered the possibility that a reduced

accessibility of P in LP+P algae to consumers may unduly
emphasize the importance of indirect effects.

With this study, using a P-supplementation approach we
aimed at studying the relative importance of direct and indirect
effects of P-limitation on population growth performance and
a variety of life history traits, using the rotifer B. calyciflorus as
consumer model. In an effort to evaluate whether differences
exist in accessibility of P to consumers between LP+P and
HP algae, we simultaneously studied the effect of food quality
treatments on consumer elemental content and composition.
Our results show that, whereas P-supplementation of P-limited
algae enhanced P-content of algae as well as of rotifers to
levels equal to those of P-replete conditions, population growth,
somatic growth as well as individual fitness remained lower,
indicating an important impact of non-stoichiometric, indirect
effects. These effects seemed to have a differential impact on
fitness components as life history traits responded in various ways
to the supplementation treatment.

MATERIALS AND METHODS

Rotifer and Algae Cultures
Three clones of the rotifer B. calyciflorus were obtained from
the resting egg banks of two Dutch lakes (D12 and D61
52◦01′31.2′′N, 4◦11′16.8′′E; E1 52◦38′41.9′′N, 4◦43′81.7′′E).
B. calyciflorus consists of a species complex containing at least
four putative species (Papakostas et al., 2016). Based on ITS1-
sequences clones D12 and D61 belong to the evolutionary unit
‘C’ and E1 to ‘D’ as denoted by Papakostas et al. (2016). Stock
cultures were maintained at room temperature under continuous
light conditions and fed daily with the nutrient replete green alga
Chlamydomonas reinhardtii (1000 µmol C L−1). Every 3 days the
rotifers were transferred to new containers with fresh medium.

All experiments were based on a comparison between three
different food quality treatments: (1) algae cultured in high
phosphorus conditions (molar C:P = 112 ± 2.6 SE, further
referred to as ‘HP’), (2) algae cultured in low P conditions (molar
C:P= 631± 14.9 SE, ‘LP’) and (3) algae cultured in low-P media
which was then spiked with inorganic phosphate prior to feeding
to the rotifers (molar C:P = 113 ± 2.7 SE, LP+P). LP+P algae
thus combined high P content with a history of growth under
P-limited conditions.

Chlamydomonas reinhardtii was cultured in 10 continuous 2L-
chemostats at 23 ± 1◦C using modified WC (Woods Hole Chu-
10) medium (Guillard and Lorenzen, 1972) at a dilution rate of
0.33/day (Appendix S1, Supplementary Figure S1). Five replicate
chemostats with HP algae were cultured in media with 65 µmol
L−1 P under≈40 µmol quanta m−2 s−1 of continuous light. Five
replicate chemostats with LP algae were cultured in media with
15 µmol L−1 P under≈120 µmol quanta m−2 s−1 of continuous
light. All chemostats were at steady state for at least 1 month prior
to the experiments.

The algae for the HP and LP treatments were harvested daily
from the chemostats, centrifuged (2500 rpm for 10 min) and
resuspended in nutrient free WC medium. To create the LP+P
treatment, inorganic phosphate (K2HPO4, 0.05 mol L−1) was
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added to centrifuged and resuspended LP algae 90 min before
being fed to experimental rotifer cultures. The amount of added
P was based on the algal C content estimated from cell counts
(Multisizer 3TM Coulter Counter, Beckman Coulter). For all three
treatments, algae were kept in the dark for 90 min between their
harvest and the feeding of the rotifers.

Population Level Growth Rate
Experiment
Population growth rate in each food quality treatment (HP, LP,
and LP+P) was estimated for all clones at ad libitum food
concentrations. Each clone by food treatment had five resource
replicates (45 experimental units, i.e., 3 clones × 3 food quality
treatments × 5 chemostat replicates). Experimental units were
initiated by randomly selecting 10 juvenile rotifers from a stock
culture and transferring them into a 16 mL well filled with 8 mL
of WC medium containing 1000 µmol C L−1 algae. Over the
course of 22 days, wells were checked every 24 h and the number
of females counted. After counting, each unit was reinitiated
by transferring ten haphazardly selected individuals to a new
plate with fresh medium. Only juveniles, females without eggs
or females with parthenogenetic eggs were transferred, males
or females with sexual eggs were not transferred. Plates were
incubated at 23◦C under continuous darkness.

Life Table Experiments
Using a life table experiment, we studied the effect of the three
food quality treatments on rotifer life history. The design of the
life table experiment consisted of a total of 225 experimental
units, i.e., 3 resource qualities× 5 food chemostat replicates× 15
individuals. For reasons of feasibility and because all clones
showed similar response patterns to the food quality treatments
in the growth rate experiment, we only used one clone, D12.

To initiate the experiment, we used cultures as described
for the growth rate experiment as a starting point. For each
experimental unit in the life table design we isolated at least
10 females with parthenogenetic eggs from these cultures and
transferred them to a new well with the corresponding food
treatment. These wells were checked hourly for newly hatched
neonates over the course of 8 h. Once observed, a neonate was
individually transferred into a 3 mL well with 1 ml of algal
suspension (1000 µmol C L−1) of the same food quality and
incubated at 23 ± 1◦C in the dark at random locations in an
incubator.

After the initial 8 h of their incubation, animals in all
experimental units were checked every 2 h until the conclusion
of the experiment. At each time point we recorded the number
of eggs, the number of neonates produced during the latest
interval (which were then removed), and survival. If an individual
produced male eggs they were no longer monitored. In the
HP and LP+P treatments individuals were monitored until the
production of a fourth neonate. As development was much
slower in the LP treatment these individuals were instead
monitored for the first 62 h.

To obtain estimates on adult body and egg size at first
reproduction, we conducted an additional but shortened version

of a life table experiment. This experiment had the same design as
the full life history experiment, except that only five individuals
were used per resource replicate (75 experimental units, i.e., 3
resource qualities× 5 food chemostat replicates× 5 individuals).
Neonates were collected in the same manner as in the life history
experiment and checked hourly after 8 h. Gravid individuals were
preserved in 4% formalin 2 h after the production of their first
egg. Body and egg volume were measured manually under a
microscope.

Algae and Rotifer Stoichiometry
Molar C:P ratios of phytoplankton in the food quality treatments
were measured at day 1, 6, 11, 16, and 21 of the growth rate
experiment. For the life table experiment, the algal C:P ratios
were measured just before and after the experiment. Rotifer
density was too low in the growth rate experiment to collect
enough animals for elemental analysis. For this reason, we
scaled up culture conditions of the growth rate experiment to
200 mL batch cultures. The design of this experiment consisted
of 30 units, i.e., 2 clones (D12 and D61) × 3 food quality
treatments × 5 food replicates. Flasks with 1000 µmol C L−1

of algae were initially seeded with rotifers at a density of 15
individuals mL−1. Every other day rotifer density was estimated
and a volume representing 3000 rotifers was transferred to a
new flask, this volume was then reduced to 20 and 180 mL of
fresh media was then added to the vessel. This method allowed
rotifers to be cultured in a state of constant exponential growth
with ad libitum food, similar to the cultures in the growth rate
experiment. Prior to elemental analysis rotifer individuals with
one egg were isolated in nutrient free WC medium for 1 h to
allow emptying of the guts. C and N contents were determined
using a FLASH 2000 organic element analyzer (Interscience
B.V., Breda, Netherlands), while P content was determined
by a QuAAtro segmented flow autoanalyzer (Beun de Ronde,
Abcoude, Netherlands). Each of these analyses was based on
a sample of 150 individuals. During this experiment we also
measured molar C:P ratios of phytoplankton in the food quality
treatments at two occasions.

Data Analysis
Exponential population growth rate was repeatedly calculated for
each unit of the population level experiment as R = InNt−InN0

t ,
where N0 and Nt represent the population size at the start
and end of each 24-h period. Growth rate for each unit was
calculated as the mean growth rate for the last 16 days of
the experiment (i.e., the period during which growth rates had
stabilized).

Life table data was used to calculate mortality rate of
focal individuals and of eggs, age at first egg production, egg
development time, and egg production rate. Egg production rate
was calculated as the total number of eggs produced per hour
during a time interval encompassing at least two egg production
events per individual. Finally, for each replicate we calculated
the instantaneous population growth rate r using the Euler–
Lotka equation 1 =

∑
lx ∗mx ∗ e(−r∗x) (Stearns, 1992), where lx

represents the fraction of individuals surviving from birth to age
class x, and mx is the fraction of offspring in age class x.

Frontiers in Microbiology | www.frontiersin.org February 2018 | Volume 9 | Article 172201

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-00172 February 7, 2018 Time: 15:34 # 5

Zhou et al. Direct and Indirect Effects of P-Limitation on Consumers

Body volume at first reproduction was calculated as Vb =

π ∗ Lb ∗ (Wb/2)2, where Lb and Wb are body length and width at
first reproduction, respectively. The volume of parthenogenetic
eggs was calculated with the geometric formula for an ellipsoid:
Ve =

( 4
3
)
∗π∗ (Le/2) ∗ (We/2)2, where Le and We represent egg

length and egg width (Appendix S2, Supplementary Figure S2).
Somatic growth was estimated as the difference between the body
volume of an individual at first reproduction and egg volume of
the first egg for the same individual divided by the amount of time
to mature from a juvenile to first egg production.

In all experiments, phytoplankton chemostats represented the
true level of replication. For population growth rate, intrinsic
rate of population increase r, phytoplankton and rotifer C:P we
obtained one value for each independent replicate. Therefore,
we analyzed the effect of food quality on r and phytoplankton
C:P with one-way ANOVA whereas we evaluated the effect
of food quality and its interaction with ‘clone’ on population
growth rate and rotifer C:P with a two-way ANOVA. Whereas
clone should in fact represent a random factor we still specified
it as a fixed factor because it only comprises three levels. In
contrast, for all other life history variables we collected data
from multiple individuals per chemostat replicate. We accounted
for the intrinsic dependency of these data using general linear
mixed models. In these models, food chemostat replicates were
specified as random factor and food quality as fixed factor. For
all life history variables the significance of food quality was
evaluated with a likelihood ratio test comparing the full model
with the corresponding intercept model. All ANOVA and linear
mixed models were studied in more detail with Tukey post
hoc comparisons to assess the significance of differences among
factor levels. All statistical analyses were performed in R software

environment 3.3.1 (R Core Team, 2016). Mixed effects analyses
were performed with the lme4-package (Bates et al., 2014) in
R (R Core Team, 2016).

RESULTS

Growth Rate Experiment
Food quality had a strong effect on rotifer population growth
rates (Figure 2A). A two-way ANOVA detected a significant
interaction between food quality and clone identity for mean
population growth rate (Table 1): growth rate differences among
clones were clearly expressed in the HP and LP+P treatments,
however, such differences proved relatively small in the LP
treatment (Figure 2B). Yet, all clones showed a very similar
response pattern to the food quality treatments: the HP treatment
had the highest mean population growth rate, while the LP+P
treatment was intermediate to the HP and LP treatments.

Life Table Experiments
The intrinsic rate of population increase r was significantly
different between all treatment combinations (Figure 3A and
Table 1). r was highest in the HP, lowest in the LP and
intermediate in the LP+P treatment (post hoc test: HP-LP,
p < 0.001, HP-LP+P, p = 0.021, LP+P-LP, p = 0.012). r-values
were positive in the HP and LP+P treatments but negative in the
LP treatment.

The mortality rate of experimental individuals was 8.0% in
the LP, 1.4% in the LP+P and 0% in the HP treatment. Larger
differences were observed in egg mortality where 23.1% of rotifer

FIGURE 2 | Response of rotifer population growth rates to the three food quality treatments in the growth rate experiment. (A) Mean growth rate of the different food
treatments for each day over the course of the experiment and (B) mean population growth rate (Days 7–22) of the three clone lines. Circles represent clone D12,
triangles clone D61 and squares clone E1. HP: algal food cultured in P-replete conditions; LP: algal food cultured in P-depleted conditions; LP+P: LP algae spiked
with inorganic phosphate just before feeding. Different letters indicate significant differences among food treatment levels as tested with a Tukey post hoc
comparison across clones. Symbols and error bars represent the mean ± 2 standard error, respectively.
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TABLE 1 | Summary of ANOVA results for population growth rate and algal and rotifer C:P ratios.

SS MS df F-value p

Population-level growth rate experiment

Population growth rate

Food 2.27 1.14 2 478.4 <0.001

Clone 0.62 0.31 2 144.1 <0.001

Food ∗ Clone 0.14 0.04 4 11.9 <0.001

Life table experiments

Intrinsic growth rate r

Food 0.04 0.02 2 21.9 <0.001

Algae and rotifer stoichiometry

Algal C:P ratio

Food 7.23 × 105 3.61 × 105 2 119.8 <0.001

Rotifer C:P ratio

Food 3.37 × 104 1.69 × 104 2 179.6 <0.001

Clone 80.0 80.0 1 0.9 0.365

Food ∗ Clone 1609 804 2 8.6 0.002

Note that an additional factor ‘clone’ was incorporated in the analyses of population growth rate and rotifer C:P. SS, sum of squares; MS, mean square; df, degrees of
freedom.

TABLE 2 | Summary of mixed model analyses for life table results.

Fixed Effect SS MS df F-value

Life table experiment

Age at first egg production

Food quality 2372 1186 2 166.7

Development time of first egg

Food quality 90.2 45.1 2 14.2

Egg production rate

Food quality 1.68 0.84 2 604.5

Body size at first egg production

Food quality 3.40 1.70 2 7.8

Size of first egg

Food quality 0.18 0.09 2 7.8

Somatic growth rate

Food quality 0.07 0.03 2 59.6

Food quality was specified as fixed effect in the models. SS, sum of squares; MS,
mean square; df, degrees of freedom. P-values were obtained through application
of the ratio likelihood test and are reported in the text of the section “Results.”

eggs died before hatching in the LP treatment, in contrast to the
HP and LP+P treatments where no eggs died.

The age at first egg production was lowest in the HP
and highest in the LP treatment [Figure 3B and Table 2,
χ2(2) = 148.07, p < 0.001]. Although values for this variable
were higher in the LP+P treatment than in the HP treatment,
they approached more those of the HP than of the LP
treatment (Figure 3B and Table 3). A similar pattern was found
for the ages at which subsequent eggs were produced. The
development time of first egg was similar in the LP and LP+P
treatments and longer than in the HP treatment [Figure 3C;
χ2(2) = 24.384, p < 0.001; Tables 2, 3]. The development time
of subsequent eggs differed significantly among all treatments
(Figure 3C). Egg production rate was highest in the HP and
lowest in the LP [χ2(2) = 338.67, p < 0.001; Table 2]. Egg

production rate in the LP+P treatment was intermediate but
approached more that of the HP treatment (Figure 3D and
Table 3).

Body size at first egg production in the HP did not differ
significantly from the LP+P treatment (Figure 4A). However,
in both treatments body size was significantly larger than in
the LP treatment [χ2(2) = 12.983, p < 0.002; Tables 2, 3].
In contrast, the size of first egg was not significantly different
between the LP+P and LP treatments (Figure 4B and Table 3),
but in both treatments it was significantly larger than in the
HP treatment [χ2(2) = 12.931, p < 0.002; Table 2]. Somatic
growth rate differed among all three treatments [Figure 4C;
χ2(2) = 51.508, p < 0.001]. Somatic growth rate was highest
in the HP treatment and intermediate in the LP+P treatment
(Tables 2, 3).

Algal and Rotifer Stoichiometry
Throughout the experiment the C:P ratio of the LP algae was
much higher than in the other two treatments (Figure 5A and
Table 1). No significant difference in the C:P ratio was observed
between the HP and LP+P treatment.

A significant interaction between food quality treatment
and clone was observed for rotifer body C:P ratio as well
as body P and C content (Figures 5B–D and Table 1).
However, both clones showed a very similar response to
food quality and the majority of the variation was explained
by the food quality treatment (Table 1). The body C:P of
rotifers from the LP treatment was significantly higher than
of rotifers from the HP and LP+P treatments. No significant
difference in the C:P ratio was observed between the HP
and LP+P treatment. These patterns were driven by variation
in total body P (Table 3). Animals in the LP treatment
contained less C than animals in the HP and LP+P treatments
(Table 3). Nevertheless, their C:P values were higher due
to a proportionally very low P content (Figures 5C,D and
Table 3).
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DISCUSSION

In line with previous work (Rothhaupt, 1995; DeMott,
1998; Boersma, 2000; Becker and Boersma, 2003), our
P-supplementation study shows that P-limitation of primary
producers negatively affects zooplankton consumers not
only directly through a reduced availability of P, but also
indirectly via non-stoichiometric, qualitative effects. Indeed,
general performance measures of rotifers, such as somatic
and population growth rates proved to be affected almost as
strongly by indirect as by direct effects (Table 3). Novel to our
study is that we were able to evaluate the relative importance
of these direct and indirect effects on multiple life history traits

TABLE 3 | Overview table with estimates of the relative impact of direct and
indirect effects of P limitation on the investigated traits of B. calyciflorus.

Traits Effect
source

Relative
differences

p

Population growth rate

(LP+P)-HP Indirect −17.5% <0.001

LP-(LP+P) Direct −25.0% <0.001

Somatic growth rate

(LP+P)-HP Indirect −18.6% 0.001

LP-(LP+P) Direct −27.4% <0.001

Age at first egg production

(LP+P)-HP Indirect 19.1% <0.001

LP-(LP+P) Direct 45.0% <0.001

Development time of first egg

(LP+P)-HP Indirect 20.7% <0.001

LP-(LP+P) Direct 1.2% 0.940

Egg production rate

(LP+P)-HP Indirect −33.8% <0.001

LP-(LP+P) Direct −46.1% <0.001

Egg mortality

(LP+P)-HP Indirect 0.0% 1

LP-(LP+P) Direct −23.1% 0.007

Body size at first egg production

(LP+P)-HP Indirect −1.9% 0.889

LP-(LP+P) Direct −12.3% 0.007

Size of first egg

(LP+P)-HP Indirect 36.2% 0.005

LP-(LP+P) Direct 2.9% 0.956

Rotifer C:P ratio

(LP+P)-HP Indirect 5.3% 0.67

LP-(LP+P) Direct 90.6% <0.001

Rotifer C content

(LP+P)-HP Indirect 14.6% 0.01

LP-(LP+P) Direct −39.8% <0.001

Rotifer P content

(LP+P)-HP Indirect 8.3% 0.14

LP-(LP+P) Direct −70.3% <0.001

The relative impact of direct effects was calculated as (µLP−µLP+P)/µHP.100,
whereas the relative impact of indirect effects was calculated as
(µLP+P−µHP)/µHP.100, where µ refers to the mean value across replicates
of a food quality treatment. Negative signs indicate reductions in trait values.
P-values were obtained through Tukey post hoc comparisons.

simultaneously. Intriguingly, the response of these traits proved
to differ very strongly. Some traits such as size and age at first
reproduction and egg mortality were largely affected by the
direct effects of P-shortage, whereas other traits (e.g., egg size
and first egg development time) seemed only affected by indirect
effects of P-limitation. The P content and C:P ratio of rotifers fed
P-supplemented LP algae (LP+P) was equally high as in rotifers
fed HP algae. This indicates that the observed reduction of rotifer
performance in the LP+P compared to the HP treatment cannot
be explained by a lower accessibility of P in LP+P food.

Animals provided with P-limited algae had lower somatic
growth rate, older age of maturity, lower egg production rate,
longer egg development time and higher egg mortality compared
to animals grown with P-rich algae. These responses are largely
in line with other studies reporting the effects of P-limitation
on zooplankton life history, although most of such work has
been done on Daphnia (Urabe and Sterner, 2001; Færøvig and
Hessen, 2003; Lukas et al., 2013). To our knowledge, there are
only two studies reporting on the impact of P-limitation on rotifer
life history. When feeding B. calyciflorus P-limited algae, Jensen
and Verschoor (2004) observed a lower somatic growth rate,
an older age at first egg production and a shorter reproductive
period compared to animals fed P-replete algae although egg
mortality and total life span remained unaffected. Conversely, in
a study of the rotifer Keratella cochlearis, Ramos-Rodríguez and
Conde-Porcuna (2003) observed a lower offspring production, a
higher age at maturity, and a lower life span in animals fed with
P-replete compared to P-limited Cryptomonas algae. However, in
this experiment the C:P of the nutrient sufficient Cryptomonas
was higher than that of the P-limited Cryptomonas.

In our study, the enhancement of growth performance
following supplementation of P-limited algae with inorganic
P supports the idea that consumer productivity is strongly
impacted by the quantitative lack of P and the associated
stoichiometric imbalance. However, our results also indicate
that such direct effects of P-limitation cannot fully explain
the decreased performance of rotifers under P-limited food
conditions. The C:P ratio of algae in the LP+P treatment
was equal to that of the HP algae. Similarly, the body P
content and the C:P ratio of adult rotifers fed LP+P food
was similar to that of animals fed with HP food, and both
were substantially different from rotifers in the LP treatment.
We therefore conclude that it is unlikely that morphological
changes induced by a history of P-limitation or that the form
of P-storage in LP+P algae has reduced accessibility of P to
the consumers. Nevertheless, population growth rate remained
considerably lower than in rotifers fed HP algae. This result
suggests that P-limitation induced non-stoichiometric qualitative
changes in phytoplankton which negatively affected its suitability
as food for zooplankton.

Our results are in line with a number of other
P-supplementation studies (Rothhaupt, 1995; DeMott, 1998;
Boersma, 2000; Becker and Boersma, 2003) which suggested
important indirect effects of food P-limitation on zooplankton
consumer performance. Furthermore, through our life table
data, we are able to assess the relative importance of direct
stoichiometric and indirect non-stoichiometric effects of algal

Frontiers in Microbiology | www.frontiersin.org February 2018 | Volume 9 | Article 172204

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-00172 February 7, 2018 Time: 15:34 # 8

Zhou et al. Direct and Indirect Effects of P-Limitation on Consumers

FIGURE 3 | Life history traits in response to food quality treatments. (A) Intrinsic population growth rate (B) age at egg production, (C) egg development time, and
(D) egg production rate. HP: algal food cultured in P-replete conditions; LP: algal food cultured in P-depleted conditions; LP+P: LP algae spiked with inorganic
phosphate just before feeding. Different letters indicate significant differences among food treatment levels as tested with a Tukey post hoc comparison. Letters in
(B,C) only represent analysis results for the first eggs produced. Symbols and error bars represent the mean ± 2 standard error, respectively.

P-limitation on multiple fitness components, simultaneously.
Most life history traits seemed to respond to P-addition, but still
bore a clear signature of indirect effects of P-limitation. Similar
to the population growth rates measured in the population-level
culture experiment, somatic growth rate and intrinsic rate of
population increase reached values in the LP+P treatment that
were intermediate to that in the LP and HP treatments. Similarly,
egg production rate and age at first egg production in the LP+P

treatment were also intermediate to LP and HP although they
appeared to be more strongly influenced by P addition because
their values approached more those of the HP than the LP
treatment.

However, other traits deviated strongly from such pattern.
Both size at first reproduction and egg mortality in the
LP+P treatment equaled that of the HP treatment, suggesting
these traits are exclusively impacted by the direct effects of
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FIGURE 4 | Size-related traits in response to food quality treatments.
(A) Estimated body size at first egg production, (B) estimated size of first egg,
and (C) estimated somatic growth rate. HP: algal food cultured in P-replete
conditions; LP: algal food cultured in P-depleted conditions; LP+P: LP algae
spiked with inorganic phosphate just before feeding. Different letters indicate
significant differences among food treatment levels as tested with a Tukey
post hoc comparison. Symbols and error bars represent the mean ± 2
standard error, respectively.

P-limitation. Conversely, size and development time of the
first egg showed no response to P-addition and appeared to
be entirely controlled by indirect effects of P-limitation. Our
results therefore clearly demonstrate a differential sensitivity of
different fitness components to indirect and direct effects of
P-limitation in the food resource. Likely this is reflective of the
fact that both stoichiometric (Urabe and Sterner, 2001; Villar-
Argaiz et al., 2002; Becker and Boersma, 2003; Færøvig and
Hessen, 2003) and biochemical requirements (Martin-Creuzburg
and Von Elert, 2004; Wacker and Martin-Creuzburg, 2007)
vary among the different predominant physiological processes
that characterize ontogenetic stages of the consumers. For
example, fast somatic growth of juvenile stages is known to
be highly dependent on the availability of P (cf. ‘growth rate
hypothesis,’ Elser et al., 2003). In contrast, egg development may
be more dependent on the availability of specific biochemical
substances. For example, Daphnia eggs have been shown to
contain disproportional amounts of fatty acids compared to
somatic tissue (Wacker and Martin-Creuzburg, 2007), especially
polyunsaturated fatty acids (PUFA’s) such as eicosapentaenoic
acid (EPA). Wacker and Martin-Creuzburg (2007) demonstrated
that poor biochemical quality of food reduced the amount of
these essential fatty acids in Daphnia eggs, and suggested an
important role of biochemical compounds for egg development.
Possibly, the slower development rate of eggs in the LP+P and
LP treatments may have been the result of lower biochemical
quality. We can only speculate about the mechanisms that may
underlie our observation of larger eggs in the LP and LP+P
treatments compared to the HP treatment. Larger eggs often
reflect increased allocation of carbon resources of the mother
to its progeny (Gliwicz and Guisande, 1992; Kirk, 1997). It is
possible that mother animals in the LP treatment discarded
excess C into their eggs (Urabe and Sterner, 2001). Rotifers
of clone D12 contained more C in the LP+P treatment than
in the HP treatment, despite equal C-availability and C:P
ratio of these food treatments. Possibly, the larger egg size
observed in the LP+P treatment also reflected a C allocation
strategy of adults toward their eggs similar as in the LP
treatment.

Morphological changes in phytoplankton have also been
suggested to be the cause of reduced consumer performance
under conditions of P-limitation. Algae have been reported to
respond to nutrient limitation with an increase in cell size (van
Donk and Hessen, 1995) and increased thickness of their cell
wall (van Donk and Hessen, 1993; van Donk et al., 1997). In
filter feeders like Daphnia, these morphological changes improve
viable gut passage and explain reduced clearance and population
growth rates of these grazers when fed P-limited algae (Lürling
and van Donk, 1997; van Donk et al., 1997). However, although
cell size increased in response to P-limitation in our experiment,
they remained well within the limits of the food particle size range
ingestible for B. calyciflorus (Rothhaupt, 1990). Additionally,
in contrast to Daphnia, rotifers crush ingested food with a
specialized stomach (mastax; Gilbert and Starkweather, 1977),
hence, it is doubtful that cell wall thickening would allow gut
passage of intact cells. Rothhaupt (1995) observed no reduction in
grazing rates of B. rubens on P-limited algae, whereas P-limitation
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FIGURE 5 | Stoichiometric ratios of algal food and rotifers. (A) Averages over time of the molar C:P ratios of the three food quality treatments, (B) body C:P ratios of
rotifers raised on the three food quality treatments, (C) body P content of rotifers raised on the three food treatments, and (D) body C content of rotifers raised on the
three food treatments. Green circles represent clone D12, and yellow triangles clone D61. Different letters indicate significant differences among food treatment levels
as tested with a Tukey post hoc comparison across clones. Symbols and error bars represent the mean ± 2 standard error, respectively.

has also been found to result in increased clearance rates (Suzuki-
Ohno et al., 2012). Finally, in our experiment, rotifer body C
and P content did not decrease in the LP+P compared to the
HP treatment, suggesting no reduction in C and P ingestion and
assimilation efficiencies.

Our study highlights that the performance of consumers
provided with a phosphorus limited resource is not exclusively
affected by the quantitative reduction of available P and the

corresponding stoichiometric mismatch with their elemental
requirements. Consumer performance was also impacted by
the qualitative deterioration of the food as a result of the
resource growth environment that acted independently of
elemental content or stoichiometric ratios of the final food
resource. In our study, such indirect qualitative effects proved
to contribute strongly to the observed reductions in consumer
population growth under P-limited conditions. Importantly, the
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magnitude of the impact of these indirect effects seemed to
differ between different key fitness components of consumers.
Given the strong link between life history and population
demography, this suggests that such effects may also have an
important impact on the structure and dynamics of consumer
populations. Furthermore, the relatively large impact of the
indirect effects of P-limitation in our results highlight their
potential importance in determining the strength of producer-
consumer bottom-up control and the efficiency of energy transfer
between trophic levels. A better knowledge of the consequences
of non-stoichiometric food quality effects of P-limitation on
consumer populations may therefore be crucial for a better
understanding of the true nature of P-limitation effects in natural
communities.
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The concept of ecological stoichiometry—the balancing of elemental ratios in ecological

interactions—has transformed our thinking about processes in natural systems. Here,

this perspective is applied to rocky shore ecosystems to explore the consequences

of variation in internal nutrient ratios across two trophic levels. Specifically, I measured

the internal concentrations of carbon (C) and nitrogen (N) in mussels (Mytilus

spp.) and particulate organic matter (POM) to evaluate the effects of stoichiometric

mismatch—the difference in the carbon-to-nitrogen ratio (C:N) between a consumer and

its resources—on mussel growth at sites on the coasts of Oregon, USA, and the South

Island of New Zealand. As POM quality (i.e., Chl a, a proxy for phytoplankton availability

in the POM) increased, C:N of the POM declined, but C:N of mussels increased. This

resulted in a greater mismatch in C:N between mussels and their food source at low Chl

a. Mussel growth across sites was positively associated with Chl a, particulate organic

carbon (POC), and particulate organic nitrogen (PON) but negatively associated with

stoichiometric mismatch. Overall, as the elemental ratios of consumers became more

different from those of their resources, growth declined, likely due to the energetic cost

associated with processing lower quality food. Furthermore, the effect of food quantity

on growth depended on stoichiometric mismatch. In New Zealand, where mismatch

was high—i.e., consumer C:N differed substantially from resource C:N—consumer

growth was strongly affected by resource quantity (Chl a or POC). However, in Oregon,

where mismatch was low, the relationship between resource quantity and growth was

considerably weaker. This interaction between resource quantity and mismatch was not

apparent for PON, which is consistent with variation in PON underlying variation in POM

C:N and highlights the role of N in limiting growth. Previous research has neglected the

importance of ecological stoichiometry as a mediator of consumer-resource interactions

in rocky intertidal communities. I show that resource quality and quantity interact

to determine consumer growth, highlighting the utility of ecological stoichiometry in

understanding spatial subsidies in benthic marine systems.

Keywords: Chl a, C:N, ecological stoichiometry, intertidal, marine, mussel, phytoplankton, stoichiometric

mismatch
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Bracken Stoichiometric Mismatch on Rocky Shores

INTRODUCTION

Understanding consumer-resource interactions is a fundamental
goal of community ecology. This is particularly true for
interactions between autotrophs and herbivores, which can serve
as a bottleneck limiting the movement of carbon to higher
trophic levels (Cebrian, 1999). The emergence of the theory of
ecological stoichiometry over the past 15–20 years has provided
a new and insightful lens through which to view consumer-
resource interactions (Elser et al., 2000; Sterner and Elser, 2002).
Ecological stoichiometry highlights the importance of balancing
the supply and ratios of a variety of substances (e.g., energy,
nutrients) in ecological interactions. Thus, for example, it is
not just carbon (C) as an energy currency that mediates the
interaction between herbivores and autotrophs. Nutrient [e.g.,
nitrogen (N) or phosphorus (P)] limitation affects both consumer
growth and the efficiency of foraging (Denno and Fagan, 2003;
Hillebrand et al., 2009).

The C:N and C:P ratios of consumers are often different from
those of the resources they consume. This is particularly true
for herbivores and autotrophs; C:N and C:P ratios of herbivores
are typically much lower than the ratios of the autotrophs on
which they feed (Elser et al., 2000). The magnitude of this
stoichiometric mismatch between herbivores and autotrophs can
mediate herbivore growth and consumption rates (Urabe and
Sterner, 1996; Hillebrand et al., 2009). Ecological stoichiometry
therefore highlights an important aspect of consumer-resource
interactions: both the quantity and the quality of available
resources matter to consumers (Frost and Elser, 2002).

Ecological stoichiometry takes an ecosystem-level approach
to understanding community-level processes, allowing
investigators to infer mechanism based on the balancing of
elemental supply and ratios. For example, this perspective
has been invoked to characterize the consumption of diverse
microbial resources [e.g., particulate organic matter (POM) in
aquatic environments] by larger organisms in the absence of
detailed taxonomic information on POM composition (Elser
et al., 2000). Determining C:N, C:P, and N:P ratios of the
available POM—which consists of a mixture of microorganisms
and detritus—can provide insights into the potential for those
resources to meet the nutritional needs of consumers (Sterner
and Elser, 2002). Here, this perspective is used to clarify how
variation in the quantity and quality of available food mediates
the growth of suspension feeders on rocky shorelines.

I specifically studied how stoichiometric mismatch—
differences in the C:N of consumers and resources—affected
the growth rates of mussels (Mytilus californianus and M.
galloprovincialis) on rocky shorelines. Mussels are important
resources at the bases of intertidal food webs (Paine, 1974;
Navarrete and Menge, 1996; Menge et al., 2003), thereby
mediating subsidies from nearshore pelagic to intertidal benthic
ecosystems. Mytilid mussels, which are common inhabitants
of temperate intertidal habitats worldwide (Seed, 1969; Koehn,
1991), capture POM from the nearshore ocean (Ward et al.,
1998), and the quantity and quality of the resources available
to these consumers are mediated by coastal oceanographic
processes operating at meso-scales (e.g., sites separated by up to

100 km within a region) and macro-scales (e.g., upwelling vs.
downwelling regimes spanning 100 s of km; Menge et al., 2003,
2004).

The coastlines of Oregon, USA, and the South Island of New
Zealand, where I conducted my measurements, are characterized
by gradients in oceanographic processes that underlie variation
in POM quality and quantity. The Oregon coast, part of the
California Current System, experiences strong, but intermittent,
upwelling of cold, nutrient-rich water during the summer
months (Huyer, 1983); the strength of upwelling increases
from north to south (Menge et al., 2004; Broitman et al.,
2008). Variation in the quality and quantity of POM around
the South Island of New Zealand is primarily associated with
two contrasting oceanographic regimes: a weak intermittent
upwelling region on the west coast and a persistent downwelling
region on the east coast (Stanton, 1976; Menge et al., 2003).
At more local scales, availability of POM and phytoplankton
is influenced by the interactions between upwelling and meso-
scale attributes such as terrestrial and riverine inputs (Hill and
Wheeler, 2002; McLeod and Wing, 2009; Bracken et al., 2012),
headlands (Jenks et al., 1982), and the width of the continental
shelf (Menge et al., 1997).

Previous work in Oregon and New Zealand identified
phytoplankton availability as an important determinant of
mussel growth, explaining ≥49% of the variance in mussels’
growth in C (Bracken et al., 2012). Phytoplankton are a
high-quality food source, and mussels sort the bulk POM,
which includes a substantial amount of low-quality, terrestrially-
derived detritus (Bracken et al., 2012), preferentially retaining
phytoplankton, and rejecting detritus (Ward et al., 1998). This
selectivity is both imperfect and energetically costly, suggesting
that both POM quality (i.e., stoichiometric mismatch) and
quantity [i.e., particulate organic carbon (POC), particulate
organic nitrogen (PON), or phytoplankton availability (Chl
a)] could affect mussel growth. Note that these different
“quantitative” aspects of the POM also represent differences
in quality, with POC describing the availability of low-quality
resources and PON and Chl a describing the availability of
high-quality resources.

I measured mussel growth rates at sites along the coastlines of
Oregon and New Zealand and evaluated growth as a function of
resource availability and stoichiometric mismatch in C:N. In line
with previous work evaluating effects of resource quality (e.g.,
C:P) and quantity (e.g., Chl a) on consumer biomass (Qin et al.,
2007), I hypothesized that consumer growth would increase with
increasing food quantity but decline with decreasing food quality.
Thus, I predicted that mussel growth would be higher at sites
characterized by higher Chl a, POC, and PON availability but
lower at sites characterized by greater stoichiometric mismatch
between mussels and POM.

MATERIALS AND METHODS

Study Sites
Water-column attributes were quantified at nine sites along
the coast of Oregon, USA, and eleven sites along the west
and east coasts of the South Island of New Zealand (Table 1,
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Figure 1). Sites were all characterized by rocky reefs on
exposed open coastlines that supported substantial populations
of congeneric intertidal mussels (M. californianus in Oregon
and M. galloprovincialis in New Zealand). Sites spanned 475
km of the Oregon coastline from Cape Meares (CM) in the
north to Cape Blanco (CB) in the south (Figure 1A). The

five sites on the west coast of the South Island spanned 325
km from the mouth of the Nile River (NR) in the north to
Jackson Bay (JB) in the south, and the six sites on the east
coast spanned 475 km from Blue Duck Creek (BD) in the
north to Sandfly Bay (SB) on the Otago Peninsula in the south
(Figure 1B).

TABLE 1 | Characteristics of particulate organic matter (POM) and mussels at sites in Oregon, USA, and the South Island of New Zealand.

Site Chl a (µg L−1) POC (µg L−1) PON (µg L−1) C:Chl a (µg µg−1) POM C:N Mussel C:N Growth (mg g−1 yr−1)

(A) OREGON

Cape Meares (CM) 8.0 951.9 243.5 119.0 4.6 5.6 762.0

Fogarty Creek (FC) 6.2 860.5 181.2 139.3 5.5 5.3 960.3

Boiler Bay (BB) 5.4 757.6 179.0 140.3 4.9 5.3 757.0

Seal Rock (SR) 27.1 2150.9 422.0 79.3 5.9 5.7 1741.5

Yachats Beach (YB) 127.0 4565.3 1038.5 35.9 5.1 6.2 4082.6

Strawberry Hill (SH) 36.1 2569.0 598.2 71.1 5.0 5.7 1209.2

Tokatee Klootchman (TK) 43.8 2556.0 516.3 58.3 5.8 5.9 1927.6

Cape Arago (CA) 3.3 491.0 137.8 151.1 4.2 4.8 655.9

Cape Blanco (CB) 7.2 855.3 280.3 119.6 3.6 4.9 375.3

(B) NEW ZEALAND

West Coast

Nile River (NR) 2.1 1229.5 127.0 585.5 11.3 4.7 378.1

Woodpecker Bay (WB) 2.6 1072.2 118.5 412.4 10.6 4.6 706.3

Twelve Mile (TM) 1.9 1146.0 123.4 603.2 10.8 4.6 516.3

Nine Mile (NM) 3.4 1385.4 128.2 407.5 12.6 4.8 791.0

Jackson Bay (JB) 1.7 1370.0 136.4 805.9 11.7 4.7 301.7

East Coast

Blue Duck (BD) 1.4 793.5 94.1 566.8 9.8 4.5 115.0

Raramai (RR) 0.7 512.6 56.4 732.3 10.6 4.5 88.9

Kie Kie (KK) 0.8 557.0 123.7 696.3 14.2 4.5 26.2

Box Thumb (BT) 1.8 787.9 93.5 437.7 9.8 5.1 389.4

Boulder Bay (BR) 1.9 757.4 92.0 398.6 9.6 5.2 210.2

Sandfly Bay (SB) 1.1 660.2 70.7 600.2 10.9 4.7 125.0

FIGURE 1 | Sampling locations on the coasts of (A) Oregon, USA, and (B) South Island, New Zealand. See Table 1 for site abbreviations and characteristics.
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Particulate Organic Matter
At each site, water samples were collected for measurement of
POC (µg L−1), PON (µg L−1), and Chl a (µg L−1). Oregon sites
were visited monthly during the boreal summer (May through
September) of 2003, and New Zealand sites were visited twice
per month during the austral spring and summer (October
through January) of 2003 and 2004. Samples were collected by
filling 3 acid-washed opaque high-density polyethylene brown
plastic bottles at ∼0.5m depth in well-mixed water in the
surf zone at each site at low tide. A 50 mL sample from
each sample bottle was filtered through a 25 mm Whatman
GF/F glass-fiber filter. These filters were transported to the
laboratory on ice and analyzed for Chl a using a Turner Designs
benchtop fluorometer after extraction in 90% HPLC acetone for
24 h at −20◦C (Welschmeyer, 1994). Chl a was a reasonable
proxy for phytoplankton concentrations based on relationships
between Chl a and counts of phytoplankton and detritus in
Lugol’s-preserved water samples from a subset of sites. Analyses
showed that Chl a concentrations were positively associated with
phytoplankton cell counts [R2 = 0.68; F(1, 14) = 10.9, p = 0.005]
and were unrelated to the amount of detritus in water samples
[R2 = 0.01; F(1, 14) = 0.2, p= 0.675].

A 100 mL sample from each bottle was filtered through a pre-
combusted 25 mm Whatman GF/F filter for analyses of POC
and PON. These filters were transported to the laboratory on
ice, dried (50◦C for 72 h), acid fumed to remove carbonate, and
analyzed for C and N using a PDZ Europa ANCA-GSL elemental
analyzer at the UC Davis Stable Isotope Facility.

Mussel Growth and Tissue Analyses
Mussel growth rates were measured by marking five patches
(20 × 20 cm) in the middle of the Mytilus zone at each site.
The posterior edge of every mussel in every patch was carefully
notched using a small triangular file. Mussels were collected ∼1
year later, and both the initial length from the umbo to the notch
and the final length from the umbo to the posterior edge were
measured (Menge, 2000; Menge et al., 2008; Bracken et al., 2012).
An average of 19 ± 2 (mean ± SE) mussels were recovered per
patch. To determine the relationship between shell length and
mass, additional un-notched mussels were collected from each
site, spanning a wide range of shell lengths. The shell length
(umbo to posterior edge) of each mussel was measured, and the
tissue from each mussel was dried to constant mass at 50◦C.
These measurements were used to determine the relationship
between dry tissue mass and shell length at each site, then that
relationship was used to estimate the initial and final dry tissue
mass of each marked mussel at each site. These conversions
were necessary because length-mass relationships differed at the
different sites. The average in situ biomass-specific growth rate
of mussels at each site (mg dry tissue g−1 d−1) was calculated,
then all values were normalized to an annual growth rate for each
site (mg dry tissue g−1 yr−1) based on the exact number of days
between notching and collection.

Whole mussel tissue (3 randomly-selected individuals from
each site) was carefully dissected from the shells, dried to constant
mass at 50◦C, and ground to a fine powder. Samples were

analyzed for C and N (%) using a PDZ Europa ANCA-GSL
elemental analyzer at the UC Davis Stable Isotope Facility.

Statistical Analyses
Particulate and mussel C:N mass ratios were multiplied by 1.167
to calculate molar ratios. All values (water-column: Chl a, POC,
PON, C:Chl a, POM C:N; mussels: C:N, annual growth rate) for
each site were averaged, and each site was treated as a single data
point for analyses, resulting in measurements from N = 20 sites
(9 sites in Oregon and 11 sites in New Zealand; Table 1) spanning
a range of oceanographic and hydrodynamic conditions (Bracken
et al., 2012). This averaging was necessary because mussel growth
could only be calculated as an annual average for each site.

Stoichiometric mismatch was calculated for each site as the
proportional difference between the carbon-to-nitrogen ratios
(C:N) of the mussels (C:NConsumer) and the POM (C:NResource;
Hillebrand et al., 2009):

Mismatch = ln

(

C :NResource

C :NConsumer

)

A positive mismatch value indicated that the resources at a site
(i.e., POM) were characterized by higher C:N than the consumers
(i.e., mussels), and a negative mismatch value indicated that the
resources were characterized by lower C:N than the consumers.
Log ratios are more effective at comparing C:N of resources and
consumers than simple ratios because the natural log linearizes
the ratio so that deviations in the numerator are equivalent to
deviations in the denominator (Hedges et al., 1999).

General linear models (PROC GLM) and t-tests in SAS v. 9.4
(SAS Institute, Inc., Cary, North Carolina, USA) were used to
evaluate relationships between site-level attributes after verifying
assumptions of normality and homogeneity of variances. In
particular, annual mussel growth rates were described as a
function of resource quality (i.e., stoichiometric mismatch),
resource quantity (i.e., Chl a, POC, or PON) a “quality ×

quantity” interaction (i.e., “Mismatch × Chl a,” “Mismatch ×

POC,” or “Mismatch × PON”), and region (i.e., Oregon vs.
New Zealand; Tables 2A, 3A, 4A). Region was included as a
factor in the models to account for geographic and taxonomic
differences between Oregon and New Zealand. Additional
analyses were conducted to evaluate relationships within each
region separately, and these analyses evaluated growth as a
function of stoichiometric mismatch and resource quantity (Chl
a, POC, or PON; Tables 2B, 2C, 3B, 3C, 4B, 4C). We only
included main effects in these models, as no “Mismatch ×

Quantity” interactions were statistically significant (p > 0.056
in all cases). Models used Type III sums of squares, so the
effect of every factor was evaluated after accounting for all
other factors in the model. In most cases where variances were
not homogeneous, data were natural-log transformed (ln[x] or
ln[x+1]). In some cases (e.g., comparisons between Oregon and
New Zealand), heterogeneity of variances could not be corrected
by transformation. These data were analyzed using generalized
linearmodels (PROCGENMOD) in SAS v. 9.4, with log links and
gamma distributions. All generalized linear models converged.
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TABLE 2 | Effects of phytoplankton availability and stoichiometric mismatch on

annual growth rates of mussels.

Source of variation df MS Parameter

estimates

F p

(A) OVERALL

Stoichiometric mismatch 1 2.79 −2.70 15.34 0.001

Chl a 1 7.88 +0.84 43.3 <0.001

Mismatch × Chl a 1 5.29 +1.74 29.0 <0.001

Region (OR vs. NZ) 1 0.29 +0.73 1.6 0.230

Error 15 0.18

(B) OREGON

Stoichiometric mismatch 1 0.38 +1.78 5.0 0.066

Chl a 1 3.01 +0.54 39.7 <0.001

Error 8 0.08

(C) NEW ZEALAND

Stoichiometric mismatch 1 0.37 −1.39 1.8 0.213

Chl a 1 7.30 +0.98 35.9 <0.001

Error 10 0.20

Analyses are based on Type III Sums of Squares, so effects of each factor are determined

after taking all other factors into account.

TABLE 3 | Effects of POC availability and stoichiometric mismatch on annual

growth rates of mussels.

Source of variation df MS Parameter

estimates

F p

(A) OVERALL

Stoichiometric mismatch 1 2.80 −9.97 12.6 0.003

POC 1 5.00 +0.98 23.9 <0.001

Mismatch × POC 1 1.90 +1.15 10.7 0.005

Region (OR vs. NZ) 1 0.22 +1.14 <0.1 0.936

Error 15 0.24

(B) OREGON

Stoichiometric mismatch 1 0.28 +1.52 2.5 0.168

POC 1 2.80 +0.80 24.9 0.003

Error 8 0.11

(C) NEW ZEALAND

Stoichiometric mismatch 1 1.57 −2.78 6.8 0.030

POC 1 7.12 +2.38 31.7 <0.001

Error 10 0.22

Analyses are based on Type III Sums of Squares, so effects of each factor are determined

after taking all other factors into account.

RESULTS

Particulate Organic Matter and Mussel

Characteristics
Despite spanning similar latitudes (Figure 1), water-column and
mussel characteristics of sites on the coast of Oregon, USA,
and the South Island of New Zealand differed substantially,
creating a gradient in resource quantity and quality (Chl a, POC,
PON, C:Chl a, POM C:N) and consumer condition (mussel

TABLE 4 | Effects of PON availability and stoichiometric mismatch on annual

growth rates of mussels.

Source of variation df MS Parameter

estimates

F p

(A) OVERALL

Stoichiometric mismatch 1 1.75 −9.52 3.1 0.101

PON 1 3.89 +0.95 6.8 0.020

Mismatch × PON 1 1.40 +1.51 2.5 0.138

Region (OR vs. NZ) 1 0.72 +1.73 1.3 0.280

Error 15 0.24

(B) OREGON

Stoichiometric mismatch 1 0.74 +2.48 6.0 0.050

PON 1 2.73 +0.88 22.1 0.003

Error 15 0.25

(C) NEW ZEALAND

Stoichiometric mismatch 1 3.50 −4.45 5.3 0.050

PON 1 3.66 +2.31 5.6 0.046

Error 15 0.24

Analyses are based on Type III Sums of Squares, so effects of each factor are determined

after taking all other factors into account.

C:N, mussel growth; Table 1). Overall, Chl a (GENMOD: Wald
χ2

= 52.1, p < 0.001), POC (GENMOD: Wald χ2
= 7.2,

p = 0.007), PON (GENMOD: Wald χ2
= 41.1, p < 0.001),

mussel C:N (Wald χ2
= 27.7, p < 0.001), and mussel growth

(Wald χ2
= 17.8, p < 0.001) were higher on the Oregon coast,

whereas C:Chl a (Wald χ2
= 129.8, p < 0.001) and POM C:N

(Wald χ2
= 381.5, p < 0.001) were higher on the coasts of the

South Island (Table 1). PON availability was highly correlated
with POC (R2

= 0.70) and Chl a (R2 = 0.94), and POC availability
was highly correlated with Chl a (R2 = 0.73).

Stoichiometric mismatch between mussels and POM was
more pronounced in New Zealand (t = 5.8, df = 10, p < 0.001;
Figure 2A) than in Oregon, where there was little to no difference
in the C:N of mussels and POM (t = 1.1, df = 8, p = 0.327;
Figure 2B). Overall, as phytoplankton availability (Chl a) in the
nearshore ocean increased, the carbon-to-nitrogen ratio (C:N) of
the POM declined [GLM: R2 = 0.47; F(1, 18) = 15.8, p < 0.001;
Figure 2C]. Variation in the POM C:N was largely associated
with variation in PON [GLM: R2 = 0.44; F(1, 18) = 14.2,
p = 0.001]; there was no relationship between POM C:N and
POC availability [GLM: R2 = 0.08; F(1, 18) = 1.6, p = 0.229].
Note, also, that the decline in the POM C:N with increases in
Chl a represented a difference betweenNewZealand andOregon.
There was no relationship between Chl a and POM C:N in
either New Zealand alone [F(1, 9) = 0.1, p = 0.761; Figure 2A]
or Oregon alone [F(1, 7) = 2.4, p = 0.163; Figure 2B]. Multiple
regression suggested that changes in POM C:N were associated
with simultaneous changes in PON and POC in Oregon [PON:
F(1, 5) = 440.2, p < 0.001; POC: F(1, 5) = 251.0, p < 0.001; Chl
a: F(1, 5) = 0.3, p = 0.636] and PON in New Zealand [PON:
F(1, 7) = 5.3, p = 0.055; POC: F(1, 7) = 0.3, p = 0.591; Chl a:
F(1, 7) = 0.6, p= 0.465].

As Chl a increased, the C:N of the mussels increased [GLM:
R2 = 0.85; F(1, 18) = 103.1, p < 0.001; Figure 2] Within regions,
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this pattern held in Oregon [F(1, 7) = 31.9, p < 0.001], but
not in New Zealand [F(1, 9) = 2.3, p = 0.164]. The difference
in the relationships between Chl a and the C:N of the POM
and mussels resulted in a divergence in the C:N of consumers
and resources as Chl a increased, highlighting a decline in
stoichiometric mismatch as the availability of high-quality food
increased. Overall, C:N of the POM [coefficient of variation
(c.v.) = 0.44] was much more variable than C:N of the mussels
(c.v.= 0.11).

Overall Effects of Resource Quality and

Quantity on Mussel Growth
Overall, stoichiometric mismatch negatively affected mussel
growth rates (Figure 3A), but the strength of this relationship
depended on the identity of the resource: Chl a, POC, or PON.
After accounting for region (Oregon vs. New Zealand), Chl a,
and the interaction between mismatch and Chl a, annual growth
declined as mismatch increased [GLM: F(1, 15) = 15.3, p= 0.001;
Table 2A]. Similarly, after accounting for region, POC, and the
interaction between mismatch and POC, growth declined as
mismatch increased [GLM: F(1, 15) = 12.6, p = 0.003; Table 3A].
However, after accounting for region, PON, and the interaction
between mismatch and PON, there was little to no effect of
mismatch on growth [GLM: F(1, 15) = 3.1, p= 0.101; Table 4A].

Resource quantity enhanced growth, regardless of
resource identity; mussel growth increased as Chl a [GLM:
F(1, 15) = 43.3, p < 0.001; Table 2A, Figure 3B], POC [GLM:
F(1, 15) = 23.9, p < 0.001; Table 3A, Figure 3C], and PON
[GLM: F(1, 15) = 6.8, p = 0.020; Table 4A, Figure 3D] increased.
Furthermore, the effect of Chl a [GLM: “Mismatch × Chl a”
interaction, F(1, 15) = 29.0, p < 0.001; Table 2A, Figure 3B] and
POC [GLM: “Mismatch × POC” interaction, F(1, 15) = 10.7,
p = 0.005; Table 3A, Figure 3C] on mussel growth depended
on stoichiometric mismatch. The effects of both Chl a and POC
availability on mussel growth were stronger (i.e., the slope of
the relationship was steeper) in New Zealand, where mismatch
was high, than in Oregon, where mismatch was low. In contrast,
the effect of PON on growth was not affected by stoichiometric
mismatch [GLM: “Mismatch × PON” interaction, F(1, 15) = 2.5,
p= 0.138; Table 4A, Figure 3D].

After accounting for the effects of stoichiometric mismatch,
resource quantity, and the interaction between them, growth did
not differ between Oregon and New Zealand. This lack of a
difference between regions held regardless of resource identity:
Chl a [F(1, 15) = 1.6, p = 0.230; Table 2A], POC [F(1, 15) <

0.1, p = 0.936; Table 3A], or PON [F(1, 15) = 1.3, p = 0.280;
Table 4A].

Comparisons within Oregon and

New Zealand
Within each region, effects of resource quantity onmussel growth
were universally positive. On the Oregon coast, growth increased
with increases in Chl a [F(1, 8) = 39.7, p < 0.001; Table 2B,
Figure 3B], POC [F(1, 8) = 24.9, p= 0.003; Table 3B, Figure 3C],
and PON [F(1, 8) = 22.1, p = 0.003; Table 4B, Figure 3D].
Similarly, in New Zealand, mussel growth was positively related

to Chl a [F(1, 10) = 35.9, p < 0.001; Table 2C, Figure 3B], POC
[F(1, 10) = 31.7, p < 0.001; Table 3C, Figure 3C], and PON
[F(1, 10) = 5.6, p= 0.046; Table 2C, Figure 3D].

Effects of stoichiometric mismatch on growth were neither
as strong nor as consistent as effects of resource quantity, and
they differed between regions. In Oregon, effects of mismatch
on growth tended to be positive (Tables 2B, 3B, 4B, Figure 3A)
and were generally weak [Chl a: F(1, 8) = 5.0, p = 0.066; POC:
F(1, 8) = 2.5, p = = ; PON: F(1, 8) = 6.0, p = 0.050]. In contrast,
effects of mismatch on growth of New Zealand mussels tended
to be negative (Tables 2C, 3C, 4C, Figure 3A) and were more
consistent than those in Oregon [Chl a: F(1, 10) = 1.8, p = 0.213;
POC: F(1, 10) = 6.8, p= 0.030; PON: F(1, 10) = 5.3, p= 0.050].

DISCUSSION

Mussels are common, often dominant, suspension feeders on
temperate rocky shorelines (Seed, 1969; Paine, 1974; Koehn,
1991; Menge et al., 2003). They therefore play an essential role
as mediators of subsidies from nearshore pelagic into intertidal
benthic ecosystems (Bracken et al., 2012). Understanding
the factors underlying these subsidies is therefore crucial to
understanding energy and nutrient flows into and within rocky
shore systems. Here, I show that it is not just the quantity (i.e.,
Chl a, POC, or PON; Figures 3B–D), but also the quality (i.e.,
stoichiometric mismatch; Figure 3A) of the available particulate
organic matter that mediates mussel growth in open-coast
intertidal systems. This is in line with my initial predictions and
previous research (e.g., Qin et al., 2007; Rowland et al., 2015);
I predicted that growth would be higher where Chl a, POC,
and PON availability was greater and lower where stoichiometric
mismatch was greater.

Note that mussel growth is also related to water temperature,
declining when and where temperatures are cooler (Menge et al.,
2008). I did not measure temperatures during this study, but
New Zealand coastal waters are warmer than those on the
Oregon coast, and there is substantial within-region temperature
variability due to site differences in nearshore oceanographic
conditions (Menge et al., 2003, 2004). However, the factors
included in my statistical models explained most of the variance
in mussel growth (R2 generally > 0.80), so temperature was not a
strong mediator of growth relative to POM quality and quantity.
Note also that many of the relationships between growth,
mismatch, and POM quality and quantity were associated
with differences between New Zealand sites (characterized
by high mismatch) and Oregon sites (characterized by low
mismatch). “Region” was included in statistical models to
account for these differences, but it is important to note that
differences between M. californianus and M. galloprovincialis
could underlie some of the observed relationships. For example,
M. galloprovincialis has been introduced to the coast of
California, USA, where it now co-occurs with the native
M. californianus. The introduced M. galloprovincialis grows
more rapidly than its native congener under silty conditions,
suggesting that it may be better adapted to poor-quality resources
(Harger, 1970).
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FIGURE 2 | Stoichiometric mismatch in C:N between mussels and particulate organic matter (POM) declined as phytoplankton abundance increased. Mismatch was

much more pronounced in (A) New Zealand (p < 0.001) than in (B) Oregon (p = 0.327). (C) Overall, as phytoplankton abundance (ln Chl a) increased, the C:N of the

POM declined (R2 = 0.47, p < 0.001), whereas the C:N of the mussels increased (R2 = 0.85, p < 0.001), resulting in mismatch between consumers and their

resources. Data points are mean values for each site.

However, increases in stoichiometric mismatch were still
associated with lower growth in New Zealand, particularly after
accounting for the effects of POC and PON availability on
growth (Tables 3C, 4C, Figure 3A). In contrast, relationships
between mismatch and growth actually tended to be positive
in Oregon. Thus, whereas effects of mismatch on growth were
relatively weak within each region, parameter estimates were
universally positive in Oregon but negative in New Zealand.
There was a weak, positive effect of mismatch on mussel growth
in Oregon, particularly after accounting for effects of PON
availability. Stoichiometric mismatch at most sites on the Oregon
coast was actually negative (Figures 2, 3A), meaning that mussels
had higher C:N, on average, than the POM. An increase in
mismatch therefore represented a shift toward balanced C:N of
consumers and resources, which could also explain why mussel
C:N increased with increasing Chl a. A similar result was found
for mismatch in C:P of zebra mussels and POM in Swedish lakes;
mussel tissue condition increased with increasing mismatch
(Naddafi et al., 2009). Zebra mussels tended to have higher C:P
than the POM, and increases in mismatch resulted in more

balanced C:P of mussels and POM. The intriguing possibility
that increases in mismatch could enhance growth if mismatch
is negative would benefit from additional study, particularly in
controlled mesocosm settings.

I did not, a priori, expect that the effect of resource quantity on
consumer growth would depend on the stoichiometric mismatch
between consumers and resources. If anything, I predicted that
the effect of Chl a or POC on mussel growth would be greater
where mismatch was lower. Previous work has shown that
increases in food quantity have stronger effects on consumer
growth where resource quality (e.g., C:P of algae) is high (Frost
and Elser, 2002; Fink and Von Elert, 2006). In contrast, I found
that increases in food quantity (Chl a or POC, but not PON)
had stronger effects onmussel growth where resource quality was
lower.

The interactions between resource quantity and quality
described by Frost and Elser (2002) involved mayfly larvae
feeding on benthic algae. In contrast, mussels are suspension
feeders, feeding on POM in the water column, where assimilation
efficiencies decline at high phytoplankton concentrations
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FIGURE 3 | Effects of resource availability and stoichiometric mismatch on mussel growth. Across both regions, growth (originally measured in mg g−1 yr−1) declined

with (A) stoichiometric mismatch (p = 0.001) and increased with (B) phytoplankton availability (Chl a, originally measured in µg L−1; p < 0.001), (C) particulate organic

carbon (POC, originally measured in µg L−1; p < 0.001), and (D) particulate organic nitrogen (PON, originally measured in µg L−1; p < 0.001). Within regions, for

(B) Chl a (“Mismatch × Chl a” interaction, p < 0.001) and (C) POC (“Mismatch × POC” interaction, p = 0.005), the effect of resource quantity on growth was stronger

in New Zealand, where stoichiometric mismatch was high, than in Oregon, where mismatch was low, so the slopes differed. However, for (D) PON (“Mismatch ×

PON” interaction, p = 0.138), the effect of resource quality on growth did not differ between regions. Data points are mean values for each site. Solid trendlines

indicate relationships across both regions, dotted trendlines indicate relationships across Oregon sites, and dashed trendlines indicate relationships in New Zealand.

(Navarro and Winter, 1982). Scope for growth—the energy
available for growth beyond that required for maintenance—in
Mytilus is unimodally related to phytoplankton availability,
declining at high concentrations due to optimization
of assimilation efficiency at intermediate phytoplankton
concentrations (Thompson and Bayne, 1974). The slope of the
relationship between food availability and growth therefore tends
to decline as Chl a concentrations increase (Bayne et al., 1989;
Figure 3B). Because stoichiometric mismatch is closely related
to Chl a—it declines with increasing phytoplankton availability
(Table 1, Figure 2)—this translates to an interaction between
mismatch and food availability (Figures 3B,C). Resource
quantity at sites on the Oregon coast was exceptionally high,
with average Chl a concentrations as high as 127 µg L−1

(Table 1), which likely overwhelmed the ability of mussels to
feed effectively. The fact that the effect of PON on growth did
not change with mismatch highlights two important aspects
of these interactions: (1) growth is likely limited by N and (2)
stoichiometric mismatch is associated with variation in PON,
not POC.

These relationships between food quality, food quantity, and
growth are common attributes of planktonic consumer-resource
interactions in both marine and freshwater systems (Mitra

and Flynn, 2007), so the patterns I describe here are not just
limited to benthic suspension feeders. In general, the patterns
documented here suggest that stoichiometric mismatch can affect
the growth of intertidal suspension feeders, but they are based
on observations, not experiments. A controlled mesocosm study,
where POM C:N could be held constant and POM quantity
varied, would clarify the roles of POM quality and quantity in
mediating mussel growth.

It is clear from my work and that of others that
ecological stoichiometry can provide important insights into the
mechanisms underlying consumer-resource interactions (Frost
and Elser, 2002; Hessen et al., 2002; Sterner and Elser, 2002;
Fink and Von Elert, 2006; Mitra and Flynn, 2007). However,
this perspective is seldom invoked to explain consumption of
POM by benthic suspension feeders (but see Carmichael et al.,
2004, 2012). Mytilid mussels, particularly edible species in the
genus Mytilus, have long served as a model system in marine
physiology, and a large body of work has explored how the
quality and quantity of suspended particulate material affects
the growth of mussels and other benthic suspension feeders
(e.g., Bayne et al., 1989, 1993; Arifin and Bendell-Young, 1997;
Carmichael et al., 2004, 2012; Bracken et al., 2012). However,
most of that research has considered “quality” in terms of the
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amount of suspended organic vs. inorganic material. This is an
important consideration, especially in coastal marine systems
where suspension feeders must separate organic phytoplankton
and detritus from inorganic silt and sand, but it has precluded a
strictly stoichiometric perspective that examines seston quality in
terms of elemental ratios in the organic fraction of the suspended
particulate material.

I argue that our understanding of consumer-resource
interactions in marine systems is incomplete without
incorporating ecological stoichiometry. There is ample
support for this perspective in phytoplankton-based open-
water marine systems, where “stoichiometric modulation of
predation” is an important component of models that explain
the interactions between zooplankton and phytoplankton (Mitra
et al., 2007). Models of climate-change impacts on pelagic
marine systems explicitly invoke ecological stoichiometry
to explain the effects of elevated CO2 and reduced nutrient
availability on trophic transfer of energy (van de Waal et al.,
2010). However, ecological stoichiometry is seldom used to
explain the magnitudes of spatial subsidies into benthic marine
systems, despite the roles that these systems have played
as experimental models of consumer-resource interactions
(e.g., Paine, 1992; Navarrete and Menge, 1996). Here, I show
that stoichiometric mismatch mediates an important subsidy
into intertidal ecosystems and determines the growth of a
foundational basal species in those systems. The interaction
between nearshore phytoplankton and onshore suspension
feeders is not amenable to the manipulative field experiments
that are a hallmark of rocky intertidal research. However,
understanding this spatial subsidy is key to our understanding
of the dynamics of coastal marine systems (Menge et al.,
2003).

More generally, it is not just the quantity, but also the quality,
of resources that is important in determining trophic transfer of
energy and the growth of consumers. My research, and that of
others, demonstrates that resource quantity and quality interact
to influence consumption and assimilation across terrestrial,

freshwater, and marine systems and highlights the utility of
ecological stoichiometry in understanding these interactions
(Frost and Elser, 2002; Denno and Fagan, 2003; Fink and Von
Elert, 2006; Mitra et al., 2007; Hillebrand et al., 2009).
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It is widely recognized that the release of nutrients by herbivores via their waste products

strongly impacts nutrient availability for autotrophs. The ratios of nitrogen (N) and

phosphorus (P) recycled through herbivore release (i.e., waste N:P) aremainly determined

by the stoichiometric composition of the herbivore’s food (food N:P) and its body nutrient

content (body N:P). Waste N:P can in turn impact autotroph nutrient limitation and

productivity. Herbivore-driven nutrient recycling based on stoichiometric principles is

dominated by theoretical and experimental research in freshwater systems, in particular

interactions between algae and invertebrate herbivores. In terrestrial ecosystems, the

impact of herbivores on nutrient cycling and availability is often limited to studying carbon

(C):N and C:P ratios, while the role of terrestrial herbivores in mediating N:P ratios is also

likely to influence herbivore-driven nutrient recycling. In this review, we use rules and

predictions on the stoichiometry of nutrient release originating from algal-based aquatic

systems to identify the factors that determine the stoichiometry of nutrient release by

herbivores.We then explore how these rules can be used to understand the stoichiometry

of nutrient release by terrestrial herbivores, ranging from invertebrates to mammals,

and its impact on plant nutrient limitation and productivity. Future studies should focus

on measuring both N and P when investigating herbivore-driven nutrient recycling in

terrestrial ecosystems, while also taking the form of waste product (urine or feces) and

other pathways by which herbivores change nutrients into account, to be able to quantify

the impact of waste stoichiometry on plant communities.

Keywords: autotroph productivity, aquatic ecosystems, C:N:P ratios, excretion, feces, herbivore-driven nutrient

recycling, nitrogen, phosphorus

INTRODUCTION

Herbivores are a major component of most ecosystems, ranging in size from zooplankton to
elephants. All herbivores consume and digest autotroph biomass, and release nutrients, e.g.,
nitrogen (N) and phosphorus (P), in wastes through excretion (urine) or egestion (feces). Nutrient
release by herbivores can strongly impact nutrient availability for autotrophs in terrestrial, marine,
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and freshwater ecosystems (Pastor et al., 1993; McNaughton
et al., 1997; Covich et al., 1999; Sirotnak and Huntly, 2000;
Hunter, 2001; Vanni, 2002; Bardgett and Wardle, 2003; McIntyre
et al., 2007; Cech et al., 2008; Roman and McCarthy, 2010;
Metcalfe et al., 2014; Turner, 2015; Doughty et al., 2016).
The ratio of N to P released (i.e., waste N:P) may be crucial
for mediating ecosystem impacts of herbivore-driven nutrient
recycling (Sterner, 1990; Urabe et al., 1995; Elser and Urabe,
1999). Two basic “stoichiometric rules” have been formulated,
one based on how food and consumer body N:P determine waste
N:P (rule 1), and the other on how waste N:P affects autotroph
nutrient limitation and productivity (rule 2). Both rules allow
for explicit predictions about the N:P stoichiometry of nutrient
release and its ecosystem consequence (Table 1).

Thus far, evidence for these rules is mainly restricted to
interactions between freshwater (pelagic) algae and invertebrate
herbivores (Elser et al., 1988; Sterner, 1990; Sterner et al., 1992;
Elser and Urabe, 1999; Sterner and Elser, 2002; Vanni, 2002),
and to a lesser extent herbivorous fish (Schindler and Eby,
1997; Hood et al., 2005). However, herbivore-driven nutrient
recycling also likely plays a major role in terrestrial ecosystems
(Pastor et al., 1993; McNaughton et al., 1997; Hunter, 2001;
Wardle et al., 2004; Metcalfe et al., 2014; Doughty et al., 2016).
Indeed, the ratio of carbon (C) to nutrient (N and/or P) in plant
tissues has long been recognized as an important determinant
of herbivore feeding selectivity and subsequent nutrient cycling
and availability in terrestrial ecosystems (Ritchie et al., 1998;
Pastor et al., 2006; Bakker et al., 2009b). However, compared to
aquatic systems, the role of terrestrial herbivores in mediating
N:P ratios has received little attention so far. Because the ratio of
N:P availability influences the type of growth limitation and the
functional composition of terrestrial plant communities (Elser
et al., 2007; Fujita et al., 2014), we hypothesize that the impact
of terrestrial herbivores on this ratio has potentially strong
ecosystem consequences.

In this review, we explore how we can apply these
stoichiometric rules to terrestrial ecosystems, focusing on N:P
ratios. We first explain the two rules derived from algae-
invertebrate interactions in more detail. We then synthesize
studies that applied these rules to terrestrial herbivores and
ecosystems, identify research gaps, and suggest perspectives for
future research.

RULE 1 (INDIVIDUAL CONSUMER
LEVEL)—RELATIONSHIPS BETWEEN
FOOD, BODY AND WASTE N:P

Rule 1 is based on mass balance and the assumption that
consumers maintain elemental homeostasis in their tissues by
differential release of N and P. Stoichiometry theory predicts a
positive relationship between food N:P and waste N:P, assuming
constant consumer body N:P (Sterner and Elser, 2002). Second,
waste N:P is predicted to be negatively related to body N:P, if
food N:P is constant (Figure 1). These predictions have been
supported in lab studies using aquatic invertebrate herbivores
(Daphnia) feeding on phytoplankton (Elser and Urabe, 1999; T
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FIGURE 1 | Predicted relationships for the N:P of the consumer’s waste

products as a function of its food N:P and body N:P. Two curves for

herbivores with body N:P values of 10 and 20 are shown. First, the predicted

relationship between waste N:P and food N:P is positive; linear when food N:P

> body N:P and curvilinear when food N:P < body N:P. This means that if the

herbivore with a body N:P of 20 consumes food with an N:P of 15, it will

release wastes with an N:P < 15. In contrast, if the same herbivore ingests

food with an N:P of 25, it will release wastes that have an N:P > 25. Secondly,

for any given food different consumers will recycle nutrients at different ratios

depending on their body N:P ratio. If both herbivores feed on plants with an

N:P ratio of 15, the herbivore with the low N:P (10) needs to sequester

relatively more P, and will thus release wastes at a much higher N:P, than the

herbivore with high body N:P. Redrawn from Sterner and Elser (2002) with

permission of authors.

Sterner and Elser, 2002). However, support for these predictions
from field data is mixed. For example, a strong negative
correlation between consumer body N:P and waste N:P was
found in systems with large variation among animal species in
body N:P (e.g., Vanni et al., 2002; McManamay et al., 2011), while
in other systems food N:P was more important in predicting
waste N:P (e.g., Urabe, 1993; Torres and Vanni, 2007). Recent
syntheses suggest that body size and temperature have much
more influence than body nutrients on excretion rates and ratios
(Allgeier et al., 2015; Vanni and McIntyre, 2016).

RULE 2 (ECOSYSTEM LEVEL)—IMPACT OF
N:P RELEASE BY HERBIVORES ON
PLANTS

Rule 2 states that the stoichiometry of nutrient release by
herbivores strongly affects autotroph nutrient limitation and
primary production (Elser and Urabe, 1999). For example,
if a consumer feeding on N-limited plants (low plant N:P)
releases waste products with an even lower N:P than that in
plant tissue (following rule 1), the herbivore could render the

plant community even more N-limited, which can then impact
competitive interactions between plants and plant community
composition (Sterner, 1990; Fujita et al., 2014). However, the
impact on plant communities will depend on the proportion
of nutrient demand met by consumer-driven recycling. In
freshwater systems, for instance, it sustains anywhere from <5
to >80% of algal nutrient uptake (Taylor et al., 2015). So far, field
evidence that nutrient recycling by herbivores can shift autotroph
assemblages between N- and P-limitation is scant (e.g., Sterner
et al., 1992; Knoll et al., 2009), and hence a general underpinning
of rule 2 is still lacking.

Even though tests of these rules are still scarce, especially
under field conditions, according to mass-balance principles
the relative ratios of nutrient release by herbivores should be
influenced by stoichiometric balance. In the following sections,
we take on the challenge of applying this stoichiometric view to
herbivore-driven nutrient recycling in terrestrial ecosystems.

APPLYING RULE 1 TO TERRESTRIAL
HERBIVORES

Although rule 1 predicts a positive relationship between food
N:P and waste N:P (Figure 1, Table 1), most studies with
terrestrial herbivores focused on single nutrients. Mixed results
are found for invertebrate herbivores; food N and waste N can
be positively related (lepidopterans; Kagata and Ohgushi, 2012),
or unrelated (grasshopper; Zhang et al., 2014). Similarly, food
P and waste P were unrelated for caterpillars (Meehan and
Lindroth, 2009), but positively related for a grasshopper species
(Zhang et al., 2014). The latter study also investigated the N:P
ratio of food and waste simultaneously (the only terrestrial study
we know of), and the ratios were not correlated. The authors
suggest that the lack of relationship between food and waste
nutrients is likely because mechanisms other than excretion
maintain N:P homeostasis, such as pre-ingestive regulation of
the nutrient balance through food selection (Zhang et al., 2014)
or compensatory feeding (Meehan and Lindroth, 2009). Work
on large vertebrate herbivores is much more extensive—but
again, measurements were often done on either N or P and
not both—and generally finds positive correlations between food
and waste nutrient contents. For example, diet N and fecal
N were positively correlated for rabbits (Gil-Jimenez et al.,
2015), roe deer (Verheyden et al., 2011), white-tailed deer
(Osborn and Ginnett, 2001), blackbuck antelope (Jhala, 1997),
and several African herbivores (Wrench et al., 1997). This
positive relationship was also found for P for cattle (Zhang
et al., 2016) and several African herbivores (Wrench et al., 1997).
Furthermore, urinary N (excretion) of large ungulates increases
with plant N concentration (Hobbs, 1996). These relationships
seem so reliable that fecal N and P contents are used to predict
food N and P contents (Wrench et al., 1997; Verheyden et al.,
2011; Gil-Jimenez et al., 2015), although corrections for the
presence of indigestible forms of N, e.g., tannins, are needed
(Verheyden et al., 2011; Steuer et al., 2014).

The second prediction derived from rule 1 is a negative
relationship between consumer body N:P and waste N:P
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(Table 1). The only published study of terrestrial herbivores
found no clear relationship between body and waste N:P for
an invertebrate herbivore (grasshopper; Zhang et al., 2014); we
found no studies on vertebrate herbivores.

This synthesis reveals the lack of studies examining
relationships between food, body, and waste N:P (and not
just N or P) in terrestrial herbivores, making it impossible to
draw any general conclusions. Future work should include
simultaneous measurements of N and P in food, bodies, and
waste (Table 1). Controlled experiments where single herbivore
species (constant body N:P) feed on food sources varying in N:P
will provide a good test of the first prediction. Additionally, field
studies on single species experiencing seasonal changes in food
quality (food N:P) will be important, and again waste products
and food sources of these herbivores need to be analyzed for
both N and P. To test the second prediction, studies are needed
where herbivores with a range of body N:P are fed a constant
food N:P, and waste N:P is measured. Importantly, the predicted
stoichiometric relationships between food, body and waste
N:P might be impacted by several mitigating factors. These
include the degree to which animals maintain homeostasis,
which is variable and perhaps related to growth rate (Hood and
Sterner, 2010; Downs et al., 2016), and which mechanisms they
use to regulate this homeostasis (i.e., pre- or post-ingestive).
Furthermore, the type of waste product (excretion or egestion;
Halvorson et al., 2015) and the relationship between body size
and body N:P are important mitigating factors, which should be
taken into account and discussed below.

Animals that produce two types of wastes (feces and
urine) can regulate their body composition pre-assimilation (by
preferentially assimilating elements in short supply and releasing
excess nutrients in feces) or post-assimilation (by excreting excess
metabolic nutrients in urine before they reach toxic levels in the
blood). Interestingly, the N:P stoichiometry of these two forms
of nutrient release differ for terrestrial vertebrate herbivores; i.e.,
urine contains hardly any P but a high concentration of N in
soluble form, while feces contain most of the P and some N
(Morse et al., 1992; Hobbs, 1996). Relative concentrations of
N in urine and feces depend on forage N, whereby herbivores
that consume plants of high N (e.g., ungulate grazers consuming
green grasses) return N to the soil mainly in the form of urine,
while herbivores consuming plants of low N (e.g., ungulate
browsers consuming tree twigs) need to extract as much N as
possible and mainly produce feces of very low N (Pastor et al.,
2006). However, very few studies quantify total nutrient release,
instead of only excretion (often the case for aquatic animals)
or egestion (often the case for terrestrial vertebrates) to test
predictions of stoichiometry theory. This needs to be addressed
in future studies, as the theory is based onmass-balance, and tests
must therefore include all fluxes mediated by animal physiology
(Table 1).

Generally, differences in body N:P are driven by patterns of
investment in P-rich materials such as RNA and bone (Gillooly
et al., 2005). Investments in RNA decrease significantly with
body size (small organisms generally have higher growth rates),
suggesting an increase in body N:P with increasing body size
for invertebrates (Sterner and Elser, 2002; Back and King,

2013). However, more P is sequestered into supportive tissue
like bones, suggesting that for vertebrates body N:P decreases
with body size (Sterner and Elser, 2002) since skeleton mass
scales allometrically (more than proportionally) with body mass
(Anderson et al., 1979; Prange et al., 1979). This uncovers an
important difference between aquatic and terrestrial systems,
where terrestrial herbivores, especially larger individuals, need
to invest more in P-rich structural tissue to counterbalance
gravity. Hence, more studies investigating the role of body size
in determining body N:P both within and between invertebrate
and vertebrate herbivore species are needed (Table 1).

APPLYING RULE 2 TO TERRESTRIAL
ECOSYSTEMS

Rule 2 states that the stoichiometry of nutrient release by
herbivores can strongly affect autotroph nutrient limitation
and primary production (Elser and Urabe, 1999). However, in
terrestrial ecosystems it is hard to isolate the effect of herbivore-
driven nutrient recycling, as the “net effect” of herbivores on
nutrient cycling depends not only on direct effects of nutrient
release through waste products, but also on indirect effects
through modification of plant litter quantity and quality, and in
the case of vertebrates, by alteration of soil physical properties
through trampling (Ritchie et al., 1998; Belovsky and Slade, 2000;
Hunter, 2001; Bardgett and Wardle, 2003; Schrama et al., 2013).
Therefore, most empirical studies addressing how terrestrial
herbivores shift plant assemblages between N- or P-limitation
examined the “net effect” of herbivores (e.g., Carline et al., 2005;
Frank, 2008; Zhang et al., 2011; Bai et al., 2012; Nitschke et al.,
2015; Sitters et al., 2017) and not on the effects of nutrient release
per se.

Many studies on herbivore-driven nutrient recycling in
terrestrial ecosystems have focused on N, both for invertebrates
(e.g., Seastedt and Crossley, 1984; Lovett and Ruesink, 1995;
Belovsky and Slade, 2000; Reynolds and Hunter, 2001; Hunter
et al., 2003; Metcalfe et al., 2014) and vertebrates (e.g., Pastor
et al., 1988, 1993, 2006; McNaughton et al., 1988; Hobbs et al.,
1991; Frank and McNaughton, 1993; Frank and Evans, 1997;
McNaughton et al., 1997; Ritchie et al., 1998; Sirotnak and
Huntly, 2000; Olofsson et al., 2001; Stark et al., 2003; Fornara
and Du Toit, 2008). For invertebrate herbivores, the general
view is that they speed up nutrient cycling in terrestrial systems
by changing litter quantity and quality, modifying the nutrient
content of throughfall, and releasing easily-available nutrients in
frass and cadavers (Hunter, 2001). The direction of the impact
of vertebrate herbivores on N cycling has traditionally been
considered to depend on system fertility and corresponding plant
N content; vertebrates have a positive effect on N availability and
primary production in systems of high fertility, and a negative
effect in low fertility systems (Hobbs, 1996; Bardgett andWardle,
2003; Pastor et al., 2006). This is partly based on the proportion of
N released, which is higher and mainly through urine when the
nutrient content of plants is higher (Hobbs, 1996), but also on
changes in plant litter quality, as herbivores feeding in systems
with low plant N facilitate a shift toward litter of low N by
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selectively consuming high-N plant tissue (Bardgett and Wardle,
2003).

Stoichiometry theory has challenged the traditional views
for impacts of herbivores on nutrient cycling. Modeling results
demonstrate that if herbivores promote microbial C-limitation
through vegetation consumption and respiration, they will have
a positive effect on N availability in sites with low plant N by
decreasing microbial immobilization rates, and a positive effect
in sites with high plant N by decreasing mineralization rates
(Cherif and Loreau, 2013). For vertebrate herbivores these results
are party supported by field data (Bakker et al., 2009a; Sitters
et al., 2017). Also, for invertebrates, labile C in excreta can result
in N immobilization and lower availability (Lovett and Ruesink,
1995). These studies again show the need for a more integrative
framework to understand and quantify the different pathways
by which vertebrate (Sitters and Olde Venterink, 2015) and
invertebrate herbivores (Hunter, 2001) impact nutrient cycling
and availability to plants.

To predict how the stoichiometry of nutrient release by
herbivores affects autotroph nutrient limitation and primary
production in terrestrial systems, we must expand studies on
the role of P, because N- and P-limitation are both prevalent
in terrestrial ecosystems (Elser et al., 2007). The effect of
herbivores on N- and P-limitation depends first on the form
in which N and P are returned to the soil (urine or feces).
N in urine is soluble and directly available to plants, while
feces contain a substantial amount of organic matter, which
needs to be decomposed and mineralized to render the N and
P available to plants (Hobbs, 1996). Furthermore, N in feces
and urine is subject to a significant loss from the system via
ammonia volatilization and leaching (Ruess and McNaughton,
1988; Frank and Zhang, 1997; Augustine, 2003), suggesting
that terrestrial herbivores (that produce both types of waste
products) may drive ecosystems to N-limitation through nutrient
release (e.g., Cech et al., 2008). Very little data however
exist, comparing the consequences of nutrient return through
urine or feces for the stoichiometry of nutrient availability to
plants.

Additionally, nutrient release by herbivores strongly increases
the spatial heterogeneity of N:P availability across the landscape.
Terrestrial herbivores typically do not graze and excrete
randomly, but are attracted to landscape features, such as
nutrient-rich areas with high food quality, resulting in a net
import of nutrients and creating nutrient hotspots in the
landscape. At the same time, large parts of the landscape with
poorer quality vegetation experience a net removal of nutrients
(McNaughton et al., 1997; Augustine et al., 2003; van der Waal
et al., 2011). Water bodies may also induce spatial patterns;
semi-aquatic herbivores such as hippopotamus, beaver or water
birds can transport nutrients across ecosystem boundaries and

thus strongly impact nutrient redistribution (Sitters et al., 2015;
Subalusky et al., 2015; Bakker et al., 2016). Furthermore, social
behavior may affect nutrient release. When herbivores defecate
in common latrines, they concentrate nutrients in the landscape
(e.g., rhinos, rabbits, horses), which function as hotspots of
nutrients, possibly with a low N:P ratio, though data are scarce
and not fully consistent regarding the effect on soil P (see
Edwards and Hollis, 1982; Willott et al., 2000; Jewell et al., 2007).
In this respect, there are similarities and differences between
terrestrial and aquatic habitats. In both, animals can mediate
a net translocation of nutrients across habitats and ecosystems
(Vanni et al., 2001; Flecker et al., 2010; Ebel et al., 2015; Sitters
et al., 2015). However, in aquatic habitats excreted nutrients may
easily mix in the water, whereas in terrestrial habitats patches
of released nutrients are much more spatially disconnected; this
suggests that terrestrial animals may induce spatial variation in
nutrient supply and stoichiometry more so than aquatic animals.

CONCLUDING REMARKS

The stoichiometric view of herbivore-driven nutrient recycling
in terrestrial ecosystems has not yet received the attention it
deserves. We were unable to find firm evidence for rule 1, as
most studies investigating relationships between food, herbivore
bodies, and wastes focused on single nutrients. At the same
time, many studies consider the “net” effect of herbivores on
nutrient cycling, making it impossible to determine the impact
of waste stoichiometry on plant communities per se (rule 2).
We therefore suggest several perspectives on future research,
to increase our understanding of the stoichiometry of nutrient
release by terrestrial herbivores, ranging from invertebrates to
mammals, and its impact on ecosystem stoichiometry, plant
nutrient limitation, and productivity (Table 1).
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Environmental Nutrient Supply
Directly Alters Plant Traits but
Indirectly Determines Virus Growth
Rate
Christelle Lacroix*†, Eric W. Seabloom and Elizabeth T. Borer

Department of Ecology, Evolution, and Behavior, University of Minnesota, Saint Paul, MN, United States

Ecological stoichiometry and resource competition theory both predict that nutrient

rates and ratios can alter infectious disease dynamics. Pathogens such as viruses

hijack nutrient rich host metabolites to complete multiple steps of their epidemiological

cycle. As the synthesis of these molecules requires nitrogen (N) and phosphorus (P),

environmental supply rates, and ratios of N and P to hosts can directly limit disease

dynamics. Environmental nutrient supplies also may alter virus epidemiology indirectly

by changing host phenotype or the dynamics of coinfecting pathogens. We tested

whether host nutrient supplies and coinfection control pathogen growth within hosts

and transmission to new hosts, either directly or through modifications of plant tissue

chemistry (i.e., content and stoichiometric ratios of nutrients), host phenotypic traits, or

among-pathogen interactions. We examined two widespread plant viruses (BYDV-PAV

and CYDV-RPV) in cultivated oats (Avena sativa) grown along a range of N and of P supply

rates. N and P supply rates altered plant tissue chemistry and phenotypic traits; however,

environmental nutrient supplies and plant tissue content and ratios of nutrients did not

directly alter virus titer. Infection with CYDV-RPV altered plant traits and resulted in thicker

plant leaves (i.e., higher leaf mass per area) and there was a positive correlation between

CYDV-RPV titer and leaf mass per area. CYDV-RPV titer was reduced by the presence

of a competitor, BYDV-PAV, and higher CYDV-RPV titer led to more severe chlorotic

symptoms. In our experimental conditions, virus transmission was unaffected by nutrient

supply rates, co-infection, plant stoichiometry, or plant traits, although nutrient supply

rates have been shown to increase infection and coinfection rates. This work provides

a robust test of the role of plant nutrient content and ratios in the dynamics of globally

important pathogens and reveals a more complex relationship between within-host virus

growth and alterations of plant traits. A deeper understanding of the differential effects of

environmental nutrient supplies on virus epidemiology and ecology is particularly relevant

given the rapid increase of nutrients flowing into Earth’s ecosystems as a result of human

activities.
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INTRODUCTION

Ecological stoichiometry (Sterner and Elser, 2002; Hessen et al.,
2013) and resource competition (MacArthur, 1972; Tilman, 1982;
Miller et al., 2005) are two powerful theoretical frameworks for
understanding the effects of altered nutrient supplies on the
physiology and ecology of organisms. Both frameworks rest on
the observation that species differ in their requirements for the
supply rates and ratios of different elemental nutrients. Ecological
stoichiometry primarily is founded on the assumption that the
stoichiometric balance, or ratio, of multiple chemical elements
(e.g., carbon [C], nitrogen [N], and phosphorus [P]) available to
organisms is a driver of ecological processes (Sterner and Elser,
2002; Hessen et al., 2013; Hillebrand et al., 2014). In particular,
this framework has been used to study the effects of C:N:P ratios
in a resource (e.g., prey) on consumers’ growth (Sterner and Elser,
2002; Hessen et al., 2013; Hillebrand et al., 2014). In contrast,
resource competition theory predicts population persistence,
population growth, and species coexistence based on both rates
and ratios of nutrient resources and is based on the assumption
of competitive interactions between species (e.g., consumers and
prey) for shared resources (MacArthur, 1972; Miller et al., 2005).
While originally grounded in aquatic and marine ecosystems
(Redfield, 1958; Corner et al., 1976; Tilman, 1976, 1977), both
ecological stoichiometry and resource competition have been
used to assess the effects of nutrient addition on the abundance,
diversity, and functional traits of coexisting species of free-
living organisms in terrestrial ecosystems (Haddad et al., 2000;
Cardinale et al., 2009; Zehnder and Hunter, 2009; Elser et al.,
2010; Borer et al., 2014a,b; Seabloom et al., 2015a).

In addition to free-living organisms, ecological stoichiometry
(Sterner and Elser, 2002) and resource competition (Miller
et al., 2005) also can be used to interpret the effect of
nutrient supply rates and ratios on microbe dynamics (Smith,
1993, 2007; Smith and Holt, 1996; Aalto et al., 2015). Both
theoretical frameworks predict that changes in host nutrient
supplies can alter microorganismal reproduction (i.e., titer or
population size), because host nutrient content can limit the
production of nutrient-demanding microbial cells and particles
(Smith, 2007). Consistent with these predictions, the growth
rate of human and animal microorganisms, algae viruses,
and bacteria in crustaceans has been shown to be linked to
nutrient stoichiometry (Elser et al., 2003; Karpinets et al., 2006;
Clasen and Elser, 2007; Frost et al., 2008; Lange et al., 2014;
Maat and Brussaard, 2016). Nutrient supply rates and ratios
also can control the dynamics of various plant and insect
infectious diseases (Mitchell et al., 2003; Bedhomme et al.,
2004; Borer et al., 2010, 2014b; Seabloom et al., 2013, 2015b;
Lacroix et al., 2014). However, whether environmental resource
supplies influence the ecology of plant viruses at different
stages of the infection cycle and through direct effects on virus
growth or indirect effects on partners (i.e., host plant and
competitors) of the interactive network leading to epidemics
remains unclear.

Applying stoichiometric and resource competition theory to
host-microbe interactions may not be straightforward, because
environmental nutrient supplies and ratios available to hosts may

alter disease dynamics at different stages of the epidemiological
cycle (i.e., infection success after inoculation, within host-
multiplication, and between-host transmission; Aalto et al., 2015;
Seabloom et al., 2015b; Borer et al., 2016). In addition, each of
these stages can be influenced through a variety of pathways
(Borer et al., 2016) including: (i) direct effects of nutrient addition
to hosts on the rates and ratios of limiting nutrients available for
within-host pathogen replication (Smith et al., 2005), (ii) indirect
effects of nutrient availability to the focal pathogen mediated by
interactions with other competing pathogens (Smith and Holt,
1996; Smith, 2007; Lacroix et al., 2014; Lange et al., 2014), and (iii)
indirect effects of nutrient supply mediated by changes in host
growth rates, size, and other functional traits (Whitaker et al.,
2015).

Ecological stoichiometry (Sterner and Elser, 2002) and
resource competition (Miller et al., 2005) theory predict that the
content and ratios of nutrients available in hosts could directly
limit the production of molecules such as nucleic acids and
proteins that are necessary for the infection cycle of micro-
organisms. Obligate parasites such as plant viruses rely entirely
on their host to complete multiple steps of their epidemiological
cycle, including host entry and within-host accumulation; and
within hosts, viruses hijack host nitrogen- and phosphorus- rich
molecules and metabolic pathways (Maule et al., 2002; Sterner
and Elser, 2002; Ahlquist et al., 2003; Elser et al., 2010). In
controlled conditions, environmental supply rates, but not ratios,
of N and P to plant hosts increase the probability of successful
infection establishment (Bawden and Kassanis, 1950a; Lacroix
et al., 2014; Smith, 2014). Within-host accumulation rate also can
be controlled by host resources and host nutrient stoichiometry
(Spencer, 1941; Bawden and Kassanis, 1950b; Adam et al., 1987;
Eraslan et al., 2007; Dordas, 2009; Alexander, 2010; Rua et al.,
2013). Further, as within-host pathogen population growth often
has been correlated with transmission rate to new hosts (Froissart
et al., 2010), changes in within-host growth driven by host
nutrient supplies could alter secondary transmission events and
disease dynamics.

Host nutrient supply rates and ratios also could act
indirectly on pathogen within-host growth and between-host
transmission by influencing coexistence between coinfecting
pathogens because of inter-specific variation in stoichiometric
C:N:P requirements (Jover et al., 2014; Smith, 2014; Aalto et al.,
2015) and also could alter interactions among the community
of pathogens within a host. Plants may host many micro-
organisms (Seabloom et al., 2009; Roossinck, 2012), and inter-
specific microbial interactions within a host can range from
antagonistic to neutral to facilitative with various potential
consequences for disease dynamics (Turner, 2005; Rigaud
et al., 2010; Elena et al., 2014; Seabloom et al., 2015b). For
example, increased supplies of nitrogen can reduce among-virus
competition and increase infection success and coinfection rates
(Lacroix et al., 2014). Nutrient competition among microbes
sharing a host also can change disease dynamics by altering
within host accumulation, virulence (i.e., detrimental effects
of infection on host fitness), transmission rates and disease
emergence (Smith and Holt, 1996; Al-Naimi et al., 2005;
Pedersen and Fenton, 2007; Alizon et al., 2013; Hall and Little,
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2013; Salvaudon et al., 2013; Lange et al., 2014; Borer et al.,
2016).

Environmental nutrient supplies also may alter pathogen
dynamics indirectly at various stages of the infection cycle by
changing host functional traits. For example, N has been shown
to increase the concentration of a plant virus through its impacts
on host biomass, rather than via direct effects on the virus
(Whitaker et al., 2015). Functional traits corresponding to host
morphological, physiological, and phenological properties can
ultimately impact organisms’ fitness in varying environmental
conditions via effects of growth, reproduction, and survival
(Westoby, 1998; Westoby and Wright, 2006; Violle et al.,
2007, 2014). Many of these traits reflect the influence of
evolutionary history, environmental conditions, and trade-offs
in the allocation of limited resources to each component of
organismal fitness. In particular, differences in plant species
strategy of acquisition, use and allocation of nutrient resources
have been characterized based onmeasures of a suite of correlated
functional traits (Craine et al., 2002; Wright et al., 2004; Reich,
2014). Along a “fast-slow” plant economics spectrum, fast-
growing plants are generally associated with relatively low tissue
C:P and N:P ratio (i.e., higher P) and increased allocation to P
rich ribosomal RNA (Elser et al., 2010). Leaves of fast growing
plants also tend to be short lived and structurally flimsy, with thin
lamina, low leaf mass per area (LMA), and high photosynthetic
capacity and dark respiration rates (Wright et al., 2004; Elser
et al., 2010; Reich, 2014). Inter-specific differences in the average
plant phenotype along the “fast-slow” economic spectrum have
been shown to influence the ability of different plant species to
act as efficient reservoirs of plant viruses (Cronin et al., 2010),
and intra-specific variation in plant functional traits in response
to environmental nutrient supply could also alter epidemiological
parameters (Whitaker et al., 2015).

Microbial infection also can alter host phenotype, raising the
possibility for feedbacks between nutrient supply and pathogen
infection on plant traits. Obligate parasites such as viruses can
be considered as consumers (Aalto et al., 2015) that compete
with their host for nutrient resources, which can lead to
increased virulence when host resources are depleted (Smith
and Holt, 1996; Smith, 2007). In this case, pathogen virulence
may evolve through a trade-off, if the benefits of increased
within-host replication and correlated increases in between-host
transmission come at the cost of increased detrimental effects
on host fitness through exploitation of host resources (Alizon
et al., 2009, 2013; Froissart et al., 2010; Doumayrou et al.,
2013). Ultimately, the epidemiology of horizontally transmitted
pathogens could be altered by these virulence effects on host
growth and lifespan, which can be approximated by several
traits associated with the plant trait economics spectrum (e.g.,
LMA, growth rate, leaf lifespan), and this feedback may alter the
interaction between plant nutrient supply rates and the growth
and spread of plant pathogens.

Overall, ecological stoichiometry (Sterner and Elser, 2002) and
resource competition (Miller et al., 2005) theory predict that
host nutrient supplies may drive the ecology of pathogens such
as plant viruses at various stages of their cycle through direct
effects of the rates or ratios of available nutrients in hosts. Each

stage of the epidemiological cycle also could be influenced by
changes in the dynamics of coinfecting pathogens and in host
functional traits mediated by host nutrient supplies. Here, we
experimentally tested the effect of N and P supply rate, plant
nutrient content and functional traits, and the presence of a
co-infecting microbe on within-host accumulation, virulence,
and between-host transmission of two plant virus species, barley
yellow dwarf virus-PAV (BYDV-PAV) and cereal yellow dwarf
virus-RPV (CYDV-RPV). We used a factorial combination of
two nutrient supply rates of N and P that created four nutrient
treatments with stoichiometric ratios replicated at low and high
nutrient supply rates. By measuring plant carbon and nutrient
content as well as C:N:P stoichiometry, we were able to test
whether processes were primarily dependent on plant tissue
content or ratios of nutrients. We tested the role of a within-host
competitor on infection dynamics by including singly- and co-
infected hosts. Our focal host species was Avena sativa (Poaceae),
a widely-cultivated host of this virus group. We used this design
to answer the following questions:

• Do plant nutrient supplies and infection alter plant
stoichiometry and traits?

• Can host nutrient supplies and host tissue stoichiometry
predict within-host virus titer?

• What is the relative importance of plant nutrient supplies,
plant stoichiometry and traits, and coinfection on within-host
virus accumulation and between-host transmission?

MATERIALS AND METHODS

Study System
Barley and cereal yellow dwarf viruses (B/CYDVs, Luteoviridae)
are host generalists and are known to infect at least 150 grass
species in the Poaceae family (Irwin and Thresh, 1990; D’arcy
and Burnett, 1995). Infection is systemic in plants but restricted
to host phloem cells. Plant infection with B/CYDVs can be
associated with the expression of various symptoms, including
dwarfing, yellowing and reddening, and with severe crop yield
losses (Irwin and Thresh, 1990; Perry et al., 2000). B/CYDVs can
also alter various plant traits such as host fecundity and longevity
and have been recognized as the precursors of a dramatic shift
in plant species composition in natural California grasslands
(Malmstrom et al., 2005; Borer et al., 2007).

The B/CYDV group is globally distributed and includes
members of the genera Luteovirus (e.g., BYDV-PAV) and
Polerovirus (e.g., CYDV-RPV), two of the common B/CYDVs
virus species found in both crop and wild plants (Leclercq-Le
Quillec et al., 2000; Robertson and French, 2007; Seabloom et al.,
2010). These viruses are obligately transmitted from plant to
plant via aphid vectors (Aphididae) in a persistent, circulative,
and non-propagative manner (Miller and Rasochova, 1997; Gray
and Gildow, 2003). At least 25 aphid species are known as
vectors of B/CYDVs, and the transmission efficiency of each virus
species differs strongly among vectors (Halbert and Voegtlin,
1995; Power and Gray, 1995; Miller and Rasochova, 1997). The
aphid species Rhopalosiphum padi is an efficient vector for both
BYDV-PAV and CYDV-RPV, the focal viruses of this study.
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B/CYDVs Isolates and Aphid Vectors
We used one isolate of each of two virus species, BYDV-PAV and
CYDV-RPV that were originally collected from cereal crops in
NewYork State andmaintained in Dr. Stewart Gray’s lab (Cornell
University, USA). In our laboratory, we maintained these isolates
by inoculating new cultures of healthy 10 day old A. sativa cv.
Coast Black oat (Poaceae; National plant germplasm system,
USDA; USA; hereafterA. sativa) hosts planted in 15× 15 cm pots
containing Sunshine MVP potting soil (Sun Gro Horticulture,
Massachusetts, USA) every 3 weeks following the inoculation
procedure described below.

Non viruliferous R. padi aphids were raised in 15 × 15
cm pots, each planted with 15 healthy A. sativa in Sunshine
MVP potting soil (Sun Gro Horticulture, Massachusetts, USA).
Colonies were maintained in a separate growth chamber (27◦C,
16 h day, 8 h night, 32W fluorescent bulbs) and were watered
twice a week with 300ml tap water. Approximately 100 aphids
were transferred every 2 weeks to healthy 10 days old A. sativa
plants.

Host Plant Growth
Seeds ofA. sativawere sown into 3.8 cm diameter by 21 cm depth,
164ml pots containing a water saturated mixture of 70/30%
(V/V) Sunshine, premium grade, medium vermiculite (Sun Gro
Horticulture, Massachusetts, USA) and Turface MVP potting
material (Turface Athletics, Illinois, USA). The pots were then
placed under controlled conditions in a virus- and aphid-free
growth chamber (23◦C, 15 h day, 9 h night, 400W high pressure
sodium bulbs). The seeds were allowed a 10-day germination
period during which seedlings were thinned to one plant per pot.

Experimental Design
Plants were randomly assigned to four groups that were mock-,
singly-, or co- inoculated with BYDV-PAV or CYDV-RPV.
In each group, we inoculated seven plants per fertilization
treatment differing in N and P supply rate (Ctrl [7.5µM, 1µM];
N [375µM, 1µM]; P [7.5µM, 50µM] andNP [375µM, 50µM];
respectively; Table S1). The whole procedure was repeated three
times. Thus, in each of our 16 experimental conditions, (4
inoculations types [Mock, BYDV-PAV, CYDV- RPV, BYDV-PAV
+ CYDV-RPV]) ∗ (4 nutrient treatments [Ctrl, N, P, NP]), and
due to loss of a few plants, we had between 19 and 21 plants.

Fertilization treatments represented thus a full factorial
combination of two levels of N and P addition at concentrations
equivalent to 0.2 and 10% of a half-strength Hoagland’s nutrient
solution (Hoagland and Arnon, 1938; Downs and Hellmers,
1975), a range of nutrient supply rates known to alter virus
infection success in this system (Lacroix et al., 2014), while
concentrations of other macro- and micro- nutrients remained
constant (Table S1). Each plant was fertilized twice each week
with 30ml nutrient solution.

Mock and Virus Inoculations
We performed inoculations of plants when they had two leaves
following a previously published protocol (Lacroix et al., 2014) as
modified from (Gray, 2008). Briefly, after a 2 h starvation period,
non-viruliferous aphids were allowed a 48 h virus acquisition

access period on leaves that were detached either from non-
infected plants or hosts singly infected with BYDV-PAV or
CYDV-RPV and that were placed in vertical 12 × 1.5 cm glass
vials within a growth chamber (23◦C, 16 h day, 8 h night, 40W
fluorescent bulbs). After this acquisition period, aphids that fed
on detached leaves of the same infection type (non-, BYDV-
PAV, and CYDV-RPV infected) were pooled together. After
another 2 h starvation period, we transferred five aphids on each
mock- and singly- inoculated plant and ten aphids on each co-
inoculated plant (five individuals from each of the batch of aphids
that fed on BYDV-PAV and CYDV-RPV infected tissue material).
Aphids were enclosed into an 8× 2.5 cm 118µm polyester mesh
cage (Sefar America Incorporated, Kansas City, Missouri, USA)
affixed to the youngest leaf possible of each experimental plant
(10 days old). Plants were then placed in a growth chamber
(23◦C, 16 h day, 8 h night, 40W fluorescent bulbs) and aphids
were killed using an insecticidal soap (Ortho) after a 72 h virus
inoculation access period.

Virus Detection by RT-PCR
At 19 days post inoculation (dpi), i.e., a time point when
virus infection has become systemic and virus titer is above
detection threshold (Chain et al., 2005), a 20 cm piece of the
first leaf of each plant was harvested and stored at −20◦C
for further virus detection. The infection status of each test
plant was verified as described by Lacroix et al. (2014). Briefly,
total RNA extraction was performed using Trizol (Invitrogen,
Grand Island, NY) according to the manufacturer’s instructions.
RNA extracts were then stored at −20◦C until use. To assess
each plant infection status, we used a multiplexed RT-PCR
assay that yields different fragments size for BYDV-PAV (i.e.,
298 bp) and CYDV-RPV (i.e., 447 bp) using specific primers
for BYDV-PAV (PAVR1, ATTGTGAAGGAATTAATGTA;
PAVL1, AGAGGAGGGGCAAATCCTGT) and CYDV-
RPV (RPVR2 CTGCGTTCTGACAGCAGG, RPV L
ATGTTGTACCGCTTGATCCAC). These primers were adapted
from a previously published protocol (Deb and Anderson, 2008).
The PCR products were visualized on SybrSafe (Invitrogen)
stained 2% (W/V) agarose-1000 (Invitrogen) gel using a UV-
light EZ doc system (Bio-Rad) and fragment size was checked
comparatively to a 100 bp DNA ladder (Apex Bioresearch
Products).

Virus Titer
Within-host accumulation of each virus species was determined
based on the same RNA extracts obtained as described just above
and using a real-time quantification PCR protocol. Absolute
quantification of virus titer was performed based on a standard
curve constructed for each virus species from 10-fold serial
dilutions of RNA transcripts of known concentration. These
transcripts were produced using the MEGAscript R© T7 Kit
(Life Technologies) and amplicons obtained from regular RT-
PCR with specific primers (as described above). The transcripts
were then purified using a phenol/chloroform and isopropanol
precipitation protocol as specified by the manufacturer’s
instructions. The size of the obtained transcripts was checked on
a regular 2% agarose gel relatively to a 100 bp DNA ladder (Apex
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Bioresearch Products). RNA transcripts concentration (ng/µl)
was determined using a nanodrop spectrophotometer (Thermo
scientific). The obtained value was converted to mol/µl using
the molecular weight of a ribonucleotide (340 g/mol) and the
number of bases of each type of transcript (Nb). The following
mathematical formula was applied: RNA concentration inmol/µl
= RNA concentration in ng/µl ∗ (10−9 ng/1 g) ∗ (1 mol/340 g) ∗

(1/Nb). The Avogadro’s constant (6.023 × 1023 molecules/mol)
was used to estimate the number of RNA transcript copies perµl.

TaqMan R© RT-PCR reactions were performed in a final
volume of 25 µl using one step RT-PCR Master Mix reagent
kits (RNA-to-Ct 1-Step Kit, Applied Biosystems) and an
Applied Biosystems One Plus Real-time PCR System. Three
replicates of each serial dilution of RNA transcripts, of non-
template control (i.e., sterile water instead of RNA), of non-
amplification control (i.e., no enzymes in the reaction), and
of RNA extract of each test sample were included in each
run. The reactions were performed with 2.5 µl of sample (i.e.,
RNA extracts or sterile water) following the manufacturer’s
instructions. The reverse-transcription was performed during
a 30min 48◦C cycle. After a 15min 95◦C activation period
of the Taq polymerase, cDNA fragments were amplified
following 45 cycles of denaturation (25 s 95◦C), annealing and
extension (1min 60◦C). cDNA amplification was performed
using specific primers and probes attached to a minor groove
binding (MGB) quencher and to a different reporter fluorescent
dye for BYDV-PAV (forward primer, TGGTCGCCCAAAAAT
CTAAAAC; reverse primer GGAGTAAGGCTCGCAGTAAAT
TGCCGCATAAACAC; and probe, AGCAGCCTTCGTTTA
TCCAGTGCCAGA, FAM) and CYDV-RPV (forward primer,
GAGGTTAGCGAGGAGTTAGAATTC; reverse primer, AAC
TACCTCAGAGTTGCCACATTC; and probe, ACATCTTCA
AGACTCCTAACCTCGCCAT, VIC).

Standard curves were constructed using the known
concentration of RNA transcripts (log10 of genomic copies
in 2.5 µl) for each serial dilution and the corresponding
cycle threshold (i.e., Ct, the number of amplification cycles
required for a significant increase in the reporter’s fluorescence).
Quantification of RNA (log10 of genomic copies in 2.5 µl) for
test samples was calculated based on the Ct threshold obtained
for each sample and the standard curves. Virus titer was then
expressed as the log10 of genomic copies per mg of fresh tissue.

Plant Traits
Plants were assessed for several functional traits that are
commonly measured to describe plant species resource
acquisition and use strategy along the plant economics spectrum
(Craine et al., 2002; Wright et al., 2004; Reich, 2014). Measured
plant traits include the number of days from mock- or virus-
inoculation to the emergence of the third leaf (cf. NbDaysEmerg),
the chlorophyll content of the second leaf averaged across three
values per leaf measured 15 dpi with a SPAD-502 (Konica
Minolta) instrument, the percent leaf area that was senescent
(i.e., dry) averaged across the first and second leaf (i.e., Senes) 18
dpi, above (AG) and below-ground (BG) fresh biomass (g) and
the ratio between these two values (ABG) 41 dpi, leaf dry mass
per area (LMA, mg cm−²) and water content measured as the

difference between fresh and dry leaf mass per area (mg cm−²)
41 dpi. We also recorded the average percent leaf area across two
leaves that was covered by chlorotic symptoms characteristic of
B/CYDVs infection (i.e., yellowing and reddening) 19 dpi.

Tissue chemistry data, i.e., phosphorus (P), nitrogen (N), and
carbon (C) content, were obtained based on above-ground leaf
tissue collected 41 dpi. For each sample, leaf tissue was oven
dried at 65◦C for 48 h and then ground using a Beadbeater
(Biospec). For N and C content, 3mg of dry and ground
tissue from each sample was weighed in a tin capsule. N and
C absolute quantification was performed using an elemental
(C:H:N) analyzer. For P tissue content analysis, two replicates of
1–1.5mg each were prepared in tin capsules. P quantification was
performed using a sulfuric acid digestion protocol. A standard
curve was constructed from data obtained from samples of
apple NIST standard of various weights (from 0 to 6.9mg)
and known phosphorus content (i.e., 0.159% of dry tissue
weight). All samples in tin capsules were introduced in previously
acid washed and weighed glass vials, and were then placed
in a muffle furnace for 30min at 300◦C, and then for 2 h
at 550◦C. Afterwards, 0.4ml of sulfuric acid (10N H2SO4,
10.8M) and 5ml of nanopure water was added to each vial.
The capped vials were then autoclaved for 30min at 121◦C.
Then, 1ml of room temperature molybdate reagent (i.e., from
a solution made with 0.208 g Antimony Potassium—Tartrate
mixed with 9.6 g Ammonium Heptamolybdate 4-hydrate in
1 L nanopure water) was added to room temperature glass
vials. Then, 0.4ml ascorbic acid (2 g/ml) and 3.2ml of
Nanopure water was added to each vial to bring the final
volume to 10ml. Each tube was weighed and each sample was
then analyzed at 880 nm using 1 cm cuvettes and a Varian
spectrophotometer. N, P, and C tissue content was expressed in
moles, from which tissue nutrient ratios (N:P, C:N, C:P) were
calculated.

Transmission Rate
Fresh leaf tissue collected from experimental plants (i.e., source
plants) 19 dpi was used to assess transmission rate. Following the
inoculation protocol described above, non-viruliferous aphids
were allowed a 48 h acquisition access period on leaf tissue of each
source plant separately. After a 2 h starvation period, 5 aphids
were transferred in a mesh cage affixed to the youngest possible
leaf of each of seven 10 days old A. sativa recipient plants per
source plant. Plants were placed in a growth chamber (23◦C, 16 h
day, 8 h night, 40W fluorescent bulbs) and aphids were killed
using an insecticidal soap (Ortho) after a 72 h virus inoculation
access period. Recipient plants were fertilized twice a week with
30ml of a Ctrl (7.5µM N, 1µM P) nutrient solution. Leaf tissue
was collected 19 dpi to assess each recipient plant infection status
using a RT-PCR protocol as described above. For each virus
species, transmission rate was expressed as the proportion of
infected recipient plants per source plant.

Statistical Analyses
All statistical analyses were performed using R version 3.3.2 (R
Foundation for Statistical Computing, Vienna, Austria).
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Trait data (i.e., raw values of all traits except for virus induced
symptoms) of all experimental plants were analyzed using
a principal component analysis (PCA) from the FactoMineR
package. All plant trait variables were scaled to unit variance
prior to analysis. Correlations between plant trait variables and
PCA dimensions were determined based on the contribution of
each variable to each dimension and based on the results (i.e.,
correlation coefficient and significance test) given by the dimdesc
function. The principal components (i.e., orthogonal dimensions,
N = 5) that altogether explained 80% of the variance included in
the initial data set were retained for further analysis.

To assess the effect of fertilization and infection on plant traits,
we analyzed the effects of host plant N and P supply rate and
single- vs. co-infection on coordinates of individual plants on
each of the five retained PCA dimension using model averaging
(Grueber et al., 2011). This approach allowed us to take into
account that explanatory variables could be covarying and that
there couldmore than one pertinentmodel. All the variables were
standardized prior to analysis using the standardize function
in the arm R package. We used the dredge function in the
MuMIn R package to fit all possible models. We estimated
parameter values, errors, and AIC-weighted importance using
the model.avg function in the MuMIn R package. The “Relative
Importance” of each explanatory variable was estimated based
on the relativized sum of the Akaike weights summed across all
of the models in which the parameter appears that are within
four AICC (i.e., AIC corrected for small sample size) units of the
model with the lowest AIC. Importance ranges from 0 (parameter
not given explanatory weight) to 1 (parameter in all top models).

For each virus species, differences in within-host
accumulation in infected plants was assessed as a function
of host plant N and P supply rate, the within-host presence vs.
absence of a second virus species (i.e., coinfection), and plant
traits as represented by coordinates of individual plants on each
of the five retained PCA dimensions. We repeated this analysis
of within-host titer as a function of host plant nutrient supply
rates, coinfection and raw values of each measured plant trait
instead of PCA coordinates. The variable corresponding to water
content was removed from this latter analysis because of inherent
correlation with LMA. We used a model averaging approach as
described above for these two types of analyzes. We also fitted a
linear model to assess the amount of virus induced symptoms,
which was log10 transformed to normalize its distribution, as a
function of within-host virus accumulation.

Finally, we assessed differences in transmission rate of each
virus species separately as a function of host plant nutrient
supply rate, coinfection and plant traits (i.e., represented either
by coordinates of individual plants on each of the five retained
PCA dimension, or rawmeasures of each plant trait except water)
using model averaging.

RESULTS

Plant Traits
The first five principal components, taken together, explained
80.5% of phenotypic variation included in the initial data set
(Table 1). Together, the first two principal components explained

TABLE 1 | Results of principal component analysis performed with values of traits

measured on non-infected plants and plants singly- and co- infected with

BYDV-PAV and/or CYDV-RPV.

Dim.1 Dim.2 Dim.3 Dim.4 Dim.5

Eigenvalue 4.635 2.887 1.494 1.185 1.066

% variance 33.105 20.618 10.671 8.461 7.616

Cummulative % Variance 33.105 53.723 64.394 72.855 80.472

N 0.384 −0.831 0.150 0.217 0.060

P −0.735 −0.039 0.480 −0.049 −0.338

C 0.229 0.456 −0.465 −0.314 −0.050

C:N −0.382 0.785 −0.085 −0.136 0.016

C:P 0.738 0.145 −0.525 −0.053 0.306

N:P 0.606 −0.695 −0.070 0.183 0.216

NbDaysEmerg −0.534 0.122 −0.387 0.395 0.281

Chlorophyll 0.721 0.143 0.162 −0.065 −0.071

Senes −0.554 −0.194 −0.034 0.091 0.132

AG 0.839 0.139 0.306 −0.250 −0.049

BG 0.413 0.362 0.581 −0.206 0.515

ABG 0.613 −0.197 −0.293 −0.095 −0.632

LMA 0.303 0.539 0.105 0.709 −0.152

Water 0.619 0.561 0.176 0.444 −0.120

Shown are the eigenvalue of each principal component (Dim.), the corresponding

individual and cumulative percentage of variance explained, as well as the coordinates

of each variable (i.e., plant trait) on each principal component. Measured plant traits

correspond to average tissue content in nitrogen (N), carbon (C), and phosphorus (P)

expressed in moles, tissue nutrient ratios (C:N, C:P, and N:P per mole), number of days

from the mock or virus inoculation to the emergence of the third leaf (NbDaysEmerg),

chlorophyll content, average percent of dry leaf area (Senes), above- (AG) and below-

ground (BG) biomass (g fresh tissue) and ratio (ABG), leaf dry mass per area (LMA, mg

cm−²) and water content (mg cm−²). The coordinates of the variables that contributed

the most to each principal component (according to contributions of variables to each

dimension and correlation tests) are highlighted in bold.

53.7% of this phenotypic variation (Table 1 and Figure 1A).
Principal component 1 was associated with foliar P and above-
ground growth traits. Samples with higher values on principal
component 1 (i.e., Dim.1) corresponded to plants with lower P
content, higher foliar C:P and N:P ratio, faster leaf emergence,
higher chlorophyll content, less senescent tissue, higher above
ground biomass, and above/below ground biomass ratio and
higher water content (Table 1 and Figure 1A).

Leaf traits, including tissue chemistry and biomass production
differed along PCA dimensions 2 and 3. Plant individuals
with higher coordinates on PCA dimension 2 had lower tissue
N content and N:P ratio, but higher tissue C:N ratio, LMA
and water content (Table 1 and Figure 1A). PCA dimension 3
explained 10.7% of phenotypic variance and contrasted high leaf
tissue C:P content with high below-ground biomass (Table 1).
PCA dimension 4 and 5 explained together 16.1% of phenotypic
variation (Table 1 and Figure 1B). Higher values on these
dimensions corresponded to individual plants with higher LMA
values (cf. PCA dimension 4), and higher below-ground biomass
and lower above/below ground biomass ratio (cf. PCA dimension
5; Table 1 and Figure 1B). Nutrient ratios were significantly
associated with the first three PC axes, but the plant trait most
strongly correlated with each PCA dimension was above-ground
biomass (AG), leaf N content (N), below-ground biomass (BG),
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FIGURE 1 | Coordinates of initial variables (i.e., plant traits illustrated with arrows) and average coordinate of non- (crossed squares), CYDV-RPV singly- (white circles),

BYDV-PAV singly- (black circles), and co- (gray triangles) infected plants along principal components (Dim.) 1 and 2 (A) and 4 and 5 (B). Measured plant traits are

abbreviated as in Table 1. The vector of variables that contributed the most to Dim. 1, 2, 4, and 5 are highlighted in bold. Error bars represent ± 1 SEM.

LMA, and above/below ground biomass ratio (ABG), respectively
(Table 1).

Environmental Nitrogen Addition and
Infection Altered Plant Traits
Elevated nitrogen supply rate to host plants increased (p <

0.001, relative importance = 1) individual plant values on PCA
dimension 1 (e.g., higher AG) but decreased (p = 0.006, relative
importance = 1) coordinates on dimension 4 (i.e., lower LMA;
Tables 2, 3). Increases in P supply rate did not significantly alter
values of individual plants on any PCA dimension (Tables 2, 3).

Single infection, either with BYDV-PAV or CYDV-RPV, did
not significantly alter individual plant values on PCA dimension
1, 2, or 3 relative to mock-inoculated plants (Tables 2, 3, and
Figure 1A). However, coinfection reduced plant growth and
altered plant chemistry, i.e., coinfection decreased coordinates
on PCA dimension 1 (p = 0.01, relative importance = 1, e.g.,
lower AG and C:P) and 2 (p= 0.042, relative importance= 0.23,
e.g., higher N) relative to mock-inoculated plants (Table 2 and
Figure 1A).

Infection by CYDV-RPV resulted in thicker (i.e., higher LMA)
plant leaves, i.e., increased plant values on PCA dimension 4 (p=
0.004, relative importance = 0.1), and coinfection did not alter
this relationship (Table 3 and Figure 1B). In addition, CYDV-
RPV infected plants were characterized by a higher above- to
below- ground biomass ratio, i.e., associated with significantly
lower coordinates on PCA dimension 5 (p = 0.011, relative
importance= 1). However, the presence of BYDV-PAV increased
coordinates of CYDV-RPV infected hosts (p = 0.011, relative
importance = 1; Table 3 and Figure 1B) on PCA dimension 5.
Traits of BYDV-PAV infected plants did not differ from mock-
inoculated plants on PCA dimensions 4 and 5 (Table 3 and
Figure 1B).

CYDV-RPV, But Not BYDV-PAV, Within-Host
Accumulation Was Correlated with
Changes in Plant Traits
Elevated N and P supply rates did not directly alter the
within-host accumulation of CYDV-RPV (Tables 4, 5). However,
CYDV-RPV titer was increased within plants with higher
coordinates PCA dimension 2 (e.g., higher plant C:N and LMA,
p = 0.039, relative importance = 0.81, Table 4 and Figure 2A).
A detailed analysis of CYDV-RPV within-host accumulation as
a function of nutrient supply rate, coinfection, and values of
each plant trait revealed a positive correlation with LMA (p =

0.001, relative importance = 1; Table 5 and Figure 2B), and a
negative effect of coinfection (p = 0.025, relative importance =
0.91; Table 5 and Figure 3). BYDV-PAV titer was not affected
by environmental supply rates, co-infection, or plant traits
(Tables 4, 5 and Figure 3).

CYDV-RPV Within-Host Accumulation Was
Correlated with Chlorotic Symptoms
The percent area of infected leaf that was discolored (i.e.,
yellowing and reddening) was positively correlated with within-
host titer for CYDV-RPV (p = 0.004, Figure 4A) but not
for BYDV-PAV (p = 0.95, Figure 4C). Finally, within-host
titer did not directly affect CYDV-RPV and BYDV-PAV virus
transmission rate (Tables S2, S3 and Figures 4B,D). In addition,
virus transmission rate was not significantly affected by nutrient
supply rates, tissue chemistry, virus coinfection, or plant traits
(Tables S2, S3).

DISCUSSION

The ecology of plant viruses may be influenced at various
stages of their epidemiological cycle by multiple abiotic and
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TABLE 2 | Summary of effects of N and P supply rate, single infection with BYDV-PAV or CYDV-RPV, and co-infection on plant traits (i.e., coordinates of individual plants

on principal components [Dim.] 1 and 2) after model averaging.

Response Variablesa Estimateb Std.Error Adjusted SE z value Pr(>|z|)c Relative Importance N containing models

Dim.1 (Intercept) −2.326e+00 2.947e-01 2.974e-01 7.823 <2e-16 – –

Nsupply 1.020e-02 8.668e-04 8.742e-04 11.665 <2e16*** 1.00 11

Psupply −1.845e-03 6.505e-03 6.559e-03 0.281 0.779 0.36 6

Nsupply :Psupply −2.309e-05 2.784e-05 2.811e-05 0.821 0.411 0.05 1

PAV 1.314e-01 3.546e-01 3.577e-01 0.367 0.713 1.00 11

RPV 2.046e-01 4.375e-01 4.412e-01 0.464 0.643 1.00 11

PAV:RPV −1.621e+00 6.233e-01 6.275e-01 2.584 0.010** 1.00 11

PAV:Nsupply −8.329e-04 1.490e-03 1.502e-03 0.555 0.579 0.31 4

RPV:Nsupply 1.056e-03 1.867e-03 1.881e-03 0.562 0.574 0.25 4

PAV:Psupply −6.894e-03 9.496e-03 9.589e-03 0.719 0.472 0.05 1

RPV:Psupply 2.265e-03 1.009e-02 1.019e-02 0.222 0.824 0.04 1

PAV:RPV:Nsupply −4.969e-03 2.938e-03 2.967e-03 1.675 0.094 0.07 1

PAV:RPV:Psupply NA NA NA NA NA NA NA

Dim.2 (Intercept) 1.600e-01 3.630e-01 3.653e-01 0.438 0.662 – –

Nsupply −1.838e-03 1.219e-03 1.227e-03 1.498 0.134 0.62 15

Psupply −5.459e-04 1.223e-02 1.229e-02 0.044 0.965 0.64 16

Nsupply:Psupply 6.531e-05 3.614e-05 3.649e-05 1.790 0.074 0.31 6

PAV 1.068e-01 4.038e-01 4.065e-01 0.263 0.793 0.39 13

RPV 2.033e-01 5.325e-01 5.357e-01 0.379 0.704 0.41 14

PAV:RPV −1.274e+00 6.217e-01 6.277e-01 2.029 0.042* 0.23 8

PAV:Nsupply NA NA NA NA NA NA NA

RPV:Nsupply NA NA NA NA NA NA NA

PAV:Psupply NA NA NA NA NA NA NA

RPV:Psupply 1.308e-02 1.367e-02 1.380e-02 0.948 0.343 0.08 4

PAV:RPV:Nsupply NA NA NA NA NA NA NA

PAV:RPV:Psupply NA NA NA NA NA NA NA

aAll variables were standardized prior to analysis. Variables of highest relative importance are highlighted in bold.
bNA is indicated for variables that were not included in any of the models selected within four AICc units of the model with the lowest AIC.
cSignificance of effects is indicated according to a 0.05 (*), 0.01 (**), and 0.001 (***) threshold.

biotic factors. The pathways by which nutrients influence virus
population growth and transmission can include both direct
effects of elevated host nutrient supplies and content on virus
infection success and growth and indirect effects of nutrient
addition through alterations of coinfecting pathogen dynamics
and host phenotype. In contrast to predictions of ecological
stoichiometry (Sterner and Elser, 2002) and resource competition
(Miller et al., 2005) theories, we did not find any direct effects
of rates and ratios of nutrients in environmental supplies or
plant tissue on virus dynamics in our system. Increased nitrogen
supply shifted plant phenotype toward higher plant growth
rate and thinner leaves (i.e., reduced LMA), consistently with
expected effects of N fertilization (Elser et al., 2007; Dordas,
2009; Reich, 2014), while infection with CYDV-RPV resulted
in thicker plant leaves (i.e., higher LMA). CYDV-RPV titer
was higher in plants with higher LMA. CYDV-RPV titer also
was reduced by the presence of BYDV-PAV, further indicating
within-host competition between these closely-related viruses
(Lacroix et al., 2014). Chlorotic symptoms increased with CYDV-
RPV titer, but transmission rate was independent of nutrient

supply, tissue stoichiometry, structural plant traits, and virus
titer. Our results reveal a more complex relationship between
environmental nutrient supply, virus dynamics, alterations of
plant phenotype, and within-host competition among pathogens.

Environmental Nutrient Supplies and Plant
Tissue Chemistry Did Not Directly Alter
Virus Titer
Ecological stoichiometry theory predicts that ratios in
environmental nutrient supply or host nutrient content
will limit infection success and the production of N and P
demanding virus particles (Sterner and Elser, 2002), whereas
resource competition theory predicts population growth,
persistence and species coexistence based on both nutrient rates
and ratios. Nutrient supply rates and ratios, in particular in
carbon, nitrogen, and phosphorus, can limit virus multiplication
in algae and phytoplankton hosts (Elser et al., 2003; Clasen
and Elser, 2007; Frost et al., 2008; Maat and Brussaard, 2016).
In contrast to these predictions and the tests in aquatic
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TABLE 3 | Summary of effects of N and P supply rate, single infection with BYDV-PAV or CYDV-RPV, and co-infection on plant traits (i.e., coordinates of individual plants

on principal component [Dim.] 3, 4, and 5) after model averaging.

Response Variablesa Estimateb Std.Error Adjusted SE z value Pr(>|z|)c Relative importance N containing models

Dim.3 (Intercept) 6.273e-02 2.256e-01 2.272e-01 0.276 0.782 – –

Nsupply −3.109e-04 8.128e-04 8.186e-04 0.380 0.704 0.37 14

Psupply 6.514e-03 4.852e-03 4.896e-03 1.330 0.183 0.58 16

Nsupply:Psupply −5.979e-06 2.603e-05 2.628e-05 0.228 0.820 0.02 1

PAV 3.084e-02 3.279e-01 3.300e-01 0.093 0.926 0.38 13

RPV −3.680e-01 2.916e-01 2.938e-01 1.252 0.210 0.76 19

PAV:RPV −6.375e-01 4.443e-01 4.485e-01 1.421 0.155 0.11 3

PAV:Nsupply −1.925e-03 1.224e-03 1.236e-03 1.557 0.119 0.07 3

RPV:Nsupply 3.062e-04 1.376e-03 1.389e-03 0.220 0.826 0.04 2

PAV:Psupply 5.609e-03 8.771e-03 8.856e-03 0.633 0.527 0.02 1

RPV:Psupply 2.351e-03 9.387e-03 9.477e-03 0.248 0.804 0.06 2

PAV:RPV:Nsupply NA NA NA NA NA NA NA

PAV:RPV:Psupply NA NA NA NA NA NA NA

Dim.4 (Intercept) −1.276e-01 2.526e-01 2.542e-01 0.502 0.616 – –

Nsupply −1.754e-03 6.324e-04 6.378e-04 2.750 0.006** 1 29

Psupply 6.604e-03 5.943e-03 5.985e-03 1.103 0.270 0.52 19

Nsupply:Psupply −3.363e-06 2.118e-05 2.138e-05 0.157 0.875 0.08 5

PAV 4.664e-01 2.914e-01 2.933e-01 1.590 0.112 0.80 24

RPV 9.861e-01 3.403e-01 3.424e-01 2.880 0.004** 1 29

PAV:RPV −5.500e-01 3.658e-01 3.693e-01 1.489 0.136 0.41 12

PAV:Nsupply −6.858e-04 1.014e-03 1.024e-03 0.670 0.503 0.19 8

RPV:Nsupply 1.125e-03 1.114e-03 1.124e-03 1.001 0.317 0.3 10

PAV:Psupply −1.106e-02 7.203e-03 7.273e-03 1.521 0.128 0.23 8

RPV:Psupply NA NA NA NA NA NA NA

PAV:RPV:Nsupply NA NA NA NA NA NA NA

PAV:RPV:Psupply NA NA NA NA NA NA NA

Dim.5 (Intercept) 6.939e-01 2.443e-01 2.462e-01 2.818 0.005 – –

Nsupply −9.388e-04 6.883e-04 6.940e-04 1.353 0.176 0.85 21

Psupply −6.699e-03 5.332e-03 5.375e-03 1.246 0.213 0.71 19

Nsupply:Psupply −7.176e-06 2.168e-05 2.189e-05 0.328 0.743 0.10 4

PAV −4.949e-01 2.731e-01 2.754e-01 1.797 0.072 1.00 25

RPV −9.257e-01 3.597e-01 3.624e-01 2.555 0.011* 1.00 25

PAV:RPV 1.072e+00 4.171e-01 4.206e-01 2.550 0.011* 1.00 25

PAV:Nsupply 6.168e-04 1.091e-03 1.100e-03 0.561 0.575 0.25 9

RPV:Nsupply −1.304e-03 1.274e-03 1.285e-03 1.015 0.310 0.29 9

PAV:Psupply 7.094e-03 7.257e-03 7.328e-03 0.968 0.333 0.20 6

RPV:Psupply 1.473e-03 7.857e-03 7.932e-03 0.186 0.853 0.12 5

PAV:RPV:Nsupply 2.935e-03 2.249e-03 2.271e-03 1.293 0.196 0.04 2

PAV:RPV:Psupply NA NA NA NA NA NA NA

aAll variables were standardized prior to analysis. Variables of highest relative importance are highlighted in bold.
bNA is indicated for variables that were not included in any of the models selected within four AIC c units of the model with the lowest AIC.
cSignificance of effects is indicated according to a 0.05 (*), 0.01 (**), and 0.001 (***) threshold.

ecosystems, we did not find any direct effects of nutrient
supplies or plant tissue stoichiometry on the density (i.e.,
titer) of the two virus species examined in our study. Our
study shows that alterations of plant phenotypic traits may
be a key connection between nutrient rates and ratios and
epidemiological rates.

Infection and Environmental Nutrient
Supplies Altered Plant Phenotype
In our study, BYDV-PAV and CYDV-RPV did not reduce above-
ground biomass, which contrasts with other studies of B/CYDV
infection (Catherall, 1966; Malmstrom et al., 2005; Mordecai
et al., 2015). However, we did find that leaf mass per area
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TABLE 4 | Summary of effects of N and P supply rate, co-infection and plant traits (i.e., coordinates of individual plants on each principal component [Dim.]) on

CYDV-RPV and BYDV-PAV titer after model averaging.

Response Variablesa Estimate Std. Error AdjustedSE Z value Pr(>|z|)b Relative importance N containing models

RPV Titer (Intercept) 4.54e+00 6.43e-02 6.63e-02 68.484 <2e-16 – –

Nsupply −1.55e-03 7.86e-04 8.01e-04 1.93 0.054 0.67 23

Psupply −1.29e-03 3.32e-03 3.42e-03 0.377 0.706 0.10 5

Coinfection −3.16e-01 1.70e-01 1.75e-01 1.808 0.071 0.58 20

Dim.1 5.06e-01 2.61e-01 2.66e-01 1.903 0.057 0.59 20

Dim.2 3.24e-01 1.53e-01 1.58e-01 2.054 0.039* 0.81 25

Dim.3 3.24e-02 1.80e-01 1.84e-01 0.176 0.861 0.14 7

Dim.4 2.87e-01 1.53e-01 1.57e-01 1.823 0.068 0.65 23

Dim.5 −2.85e-01 1.82e-01 1.87e-01 1.521 0.128 0.52 20

PAV Titer (Intercept) 3.32e+00 5.40e-02 5.53e-02 59.903 <2e-16 – –

Nsupply 2.35e-06 4.18e-04 4.26e-04 0.006 0.996 0.12 10

Psupply −2.92e-03 2.24e-03 2.29e-03 1.274 0.203 0.39 26

Coinfection −1.77e-01 1.37e-01 1.40e-01 1.263 0.207 0.40 27

Dim.1 1.11e-01 1.22e-01 1.25e-01 0.893 0.372 0.12 15

Dim.2 8.68e-02 1.11e-01 1.14e-01 0.763 0.445 0.17 13

Dim.3 −1.20e-01 1.36e-01 1.39e-01 0.866 0.386 0.19 13

Dim.4 1.49e-01 1.20e-01 1.22e-01 1.215 0.224 0.36 24

Dim.5 −1.10e-01 1.16e-01 1.19e-01 0.93 0.353 0.22 15

aAll variables were standardized prior to analysis. Variables of highest relative importance are highlighted in bold.
bSignificance of effects is indicated according to a 0.05 (*), 0.01 (**), and 0.001 (***) threshold.

(i.e., LMA) was higher in CYDV-RPV infected plants, that
CYDV-RPV titer was higher in plants with high LMA leaves,
and that chlorotic symptoms induced on leaves increased with
CYDV-RPV titer. Previous work on this virus group found
reductions in fresh biomass and in yield of grass hosts infected
with B/CYDV, and infected hosts also were characterized by
higher leaf dry weight, which is similar to our findings for
CYDV-RPV infected plants (Jensen, 1968, 1969, 1972). B/CYDV
effects on plant phenotype arise from reduced translocation of
photosynthates from leaves to the roots and apical meristem,
resulting in the accumulation of soluble carbohydrates, starch
and non-soluble proteins in diseased leaves, increased dry
weight and dark respiration rates, decreased photosynthesis,
and induction of chlorotic symptoms (Jensen, 1968, 1969,
1972; Malmstrom and Field, 1997). The increased non-soluble
protein concentration in infected leaves may be due to the
accumulation of non-soluble proteins, free amino acids, nucleic
acids, amines, amides, and inorganic nitrogen (Jensen, 1969).
These results in combination with our study suggest that the
higher LMA associated with CYDV-RPV infection observed here
could result from reduced nutrient translocation and subsequent
accumulation of C-rich (e.g., carbohydrates and starch) and N-
rich (e.g., non-soluble protein fraction) compounds in infected
leaves. The accumulation of these resources in leaves of infected
plants could induce stronger changes in phenotypes than nutrient
supplies and could facilitate the CYDV-RPV multiplication
cycle, increase virus titer, and lead to reduced photosynthate
production and translocation to other plant parts causing
chlorotic symptoms.

Possible Role of Carbon and Nitrogen Rich
Compounds in Plant Tissues on Virus Titer
Our work further suggests that CYDV-RPV replication may
not be directly limited by total tissue N, P, and C content
and ratios, but by the concentration and ratios of specific
C- and/ or N-rich molecules. Although, B/CYDV infection
disrupts nutrient translocation and increases the content of
C- and N- rich compounds in infected leaves, a greater
amount of the carbohydrates accumulated during the day in
leaves of infected vs. uninfected plants grown under elevated
CO2 conditions have been shown to be converted, exported
and/or respired during the night due to decreases in sucrose,
glucose and fructose concentration (Malmstrom and Field, 1997).
This suggests that sugars could have been reallocated to fuel
virus multiplication. Within-host BYDV-PAV accumulation was
further found to increase in host plants exposed to elevated
CO2 levels, although this increase was unrelated to either
increased plant growth or to the absolute dry weight (g)
or mean leaf area (cm−²) (Trebicki et al., 2015). However,
specific leaf area (cm² g−1) was lower (i.e., higher LMA) in
infected compared to uninfected plants (Trebicki et al., 2015),
suggesting a potential positive correlation between BYDV-
PAV titer and LMA. In contrast, increased host growth under
conditions of elevated N supply led to increased BYDV-PAV
titer in a different study (Whitaker et al., 2015), although this
only occurred in small plants and this effect was reversed in
larger plants (Whitaker et al., 2015), perhaps due to reduced
allocation of nutrients by plants to cellular machinery with
increasing plant size (Elser et al., 2010). Finally, carbohydrates
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TABLE 5 | Summary of effects of N and P supply rate, co-infection and individual plant traits on CYDV-RPV and BYDV-PAV titer after model averaging.

Response Variablesa,b Estimate Std. Error AdjustedSE Z value Pr(>|z|)c Relative importance N Containing models

RPV Titer (Intercept) 4.542 0.063 0.065 70.426 −2e–16*** – –

Nsupply −0.001 0.001 0.001 1.291 0.197 0.27 45

Psupply −0.002 0.003 0.003 0.727 0.467 0.08 13

Coinfection −0.339 0.147 0.151 2.238 0.025* 0.91 129

C −0.188 0.166 0.171 1.103 0.270 0.17 28

N −0.637 0.555 0.561 1.136 0.256 0.52 74

P −0.063 0.444 0.450 0.140 0.889 0.08 15

CN 0.202 0.197 0.202 1.003 0.316 0.22 35

CP −0.429 0.292 0.298 1.441 0.150 0.26 37

NP 0.756 0.586 0.596 1.269 0.204 0.29 42

ABG 0.196 0.223 0.228 0.858 0.391 0.09 15

AG 0.157 0.277 0.281 0.561 0.575 0.10 19

BG −0.152 0.164 0.169 0.902 0.367 0.09 15

Chlorophyll −0.026 0.151 0.155 0.166 0.868 0.05 10

LMA 0.520 0.151 0.155 3.351 0.001*** 1.00 146

NbDaysEmerg 0.006 0.146 0.150 0.040 0.968 0.04 7

Senes −0.205 0.146 0.151 1.360 0.174 0.32 49

PAV Titer (Intercept) 3.315 0.053 0.054 60.949 <2e-16*** – –

Nsupply −0.001 0.001 0.001 1.459 0.145 0.33 111

Psupply −0.003 0.002 0.002 1.281 0.200 0.30 109

Coinfection −0.167 0.146 0.149 1.116 0.265 0.18 67

C 0.121 0.112 0.115 1.051 0.293 0.15 53

N −0.092 0.162 0.165 0.559 0.576 0.06 26

P 0.001 0.161 0.164 0.005 0.996 0.05 22

CN −0.122 0.150 0.153 0.798 0.425 0.10 42

CP 0.109 0.143 0.146 0.750 0.453 0.08 33

NP 0.006 0.119 0.122 0.051 0.959 0.04 16

ABG 0.065 0.222 0.225 0.290 0.772 0.17 65

AG 0.397 0.283 0.286 1.388 0.165 0.62 215

BG −0.262 0.204 0.208 1.258 0.209 0.30 105

Chlorophyll −0.167 0.148 0.151 1.103 0.270 0.18 68

LMA 0.159 0.113 0.115 1.378 0.168 0.38 138

NbDaysEmerg 0.213 0.141 0.144 1.483 0.138 0.37 124

Senes 0.003 0.135 0.18 0.021 0.983 0.04 19

aAll variables were standardized prior to analysis. Variables of highest relative importance are highlighted in bold.
bBecause leaf water content was calculated based on fresh mass per area and LMA, the variable water content was removed from this analysis to avoid inherent correlations in

explanatory variables.
cSignificance of effects is indicated according to a 0.05 (*), 0.01 (**), and 0.001 (***) threshold.

(e.g., fructose, mannitol, and trehalose) were higher in both
healthy and B/CYDV infected plants under elevated CO2 levels,
and amino acid concentrations were higher in infected plants
irrespective of atmospheric CO2 levels (Vassiliadis et al., 2016).
Taken together, these studies suggest that the titer of B/CYDVs
may rely more on the content and ratios of particular C-
rich (e.g., sugars like sucrose and fructose) and N-rich (e.g.,
amino acids) molecules than elemental nutrient concentration
per se. The joint analysis of metabolic profiles in infected and
healthy plants, of within-host virus accumulation and between-
host transmission, and of the molecular mechanisms underlying
these processes thus likely constitute a fruitful avenue for
research.

Virus and Plant Species Differences in
Functional Traits Might Drive Infection and
Plant Responses to Environmental Nutrient
Supplies

We did not find any relationship between BYDV-PAV titer
or transmission rate and environmental host nutrient supplies,
plant traits, or stoichiometry. In our experimental conditions,
environmental and host tissue nutrient rates and ratios may
not have been limiting for the BYDV-PAV multiplication cycle.
As suggested previously, the question of potential differences
in nutrient requirements for both CYDV-RPV and BYDV-PAV
virus species remains open, and limitations in C-rich and N-rich
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FIGURE 2 | Within-host CYDV-RPV accumulation measured based on leaf tissue 19 dpi as a function of individual plants coordinates on the second principal

component (A) and of individual plant LMA values (B). The R-square, p-value and slope is shown for significant linear bivariate relationships.

FIGURE 3 | Average virus accumulation in leaf tissue 19 dpi for CYDV-RPV

(white circles) and BYDV-PAV (black circles) in single- and co-infection. Error

bars represent ± 1 SEM.

metabolites might be stronger for CYDV-RPV than for BYDV-
PAV (Lacroix et al., 2014; Smith, 2014). Moreover, Cronin et al.
(2010) found inter-specific differences in plant species ability to
act as reservoirs of BYDV-PAV, such that host susceptibility to the
inoculation, within-host accumulation, and transmission rate of
BYDV-PAV was higher on average for plant species characterized
by a “faster” plant phenotype (Cronin et al., 2010). In addition,
while previous field experiments have demonstrated a positive
effect of P supply and N:P ratio on B/CYDV prevalence (Borer
et al., 2010, 2014b), elevated P supply to grass hosts in controlled
conditions decreased BYDV-PAV within-host accumulation in
Avena fatua but not in Bromus hordeaceus grass hosts (Poaceae)

(Rua et al., 2013). In our study, we found differences in the
effects of CYDV-RPV- single, BYDV-PAV- single, and coinfection
on plant phenotype, consistent with the emerging perspective of
the diversity of possible host-virus interactions (Marquez et al.,
2007; Roossinck et al., 2010; Roossinck, 2015). Although, BYDV-
PAV alone did not significantly alter plant phenotype, coinfected
plants were characterized by higher LMA, reduced above- to
below- ground biomass ratio and plant growth, higher N and
P content; higher N:P ratio; and more senescent tissue than
uninfected or CYDV-RPV singly-infected hosts, suggesting that
coinfection reduced plants’ ability to allocate resources to plant
growth. Overall, these results suggest that plant responses to
infection, as well as virus epidemiological parameters at various
stages of infection might be influenced by multiple factors
including inter- and intra-specific virus and plant differences in
functional traits, plant nutrient and metabolite stoichiometry,
and environmental abiotic conditions.

Environmental Nutrient Supplies May
Differentially Alter Various Steps of the
Epidemiological Cycle
In terrestrial systems, elevated environmental nutrient supplies to
grass species in natural ecosystems have been shown to increase
the prevalence and co-infection rates of a group of generalist
and aphid-vectored plant viruses (i.e., barley and cereal yellow
dwarf viruses; Seabloom et al., 2009, 2013; Borer et al., 2010,
2014a,b). These responses observed in natural conditions may
be the result of multiple interacting processes such as changes
in the host plant community (Borer et al., 2009, 2010), altered
vector behavior or performance (Borer et al., 2009; Seabloom
et al., 2013), direct influences of plant nutrient supplies and
plant stoichiometry on host susceptibility, virus inter-specific
interactions, virus multiplication, and transmission (Smith, 1993,
2007; Smith and Holt, 1996), or through indirect influences on
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FIGURE 4 | Percent leaf area displaying symptoms associated with RPV (A) and PAV infection (C) and average proportion of plants infected after secondary

transmission from differentially fertilized test plants as a function of RPV (B) and PAV (D) within-host accumulation measured based on leaf tissue 19 dpi. Virus

associated titer, symptoms and transmission rate is shown for “source” RPV singly- (white circles), PAV singly- (black circles), and co- (gray triangles) infected plants.

The R-square, p-value and line is shown for significant linear bivariate relationships. Nitrogen and phosphorus content of fertilization solutions Ctrl (Control), N

(Nitrogen), P (Phosphorus), and NP (Nitrogen and Phosphorus) are as follows: 7.5/1, 375/1, 7.5/50, 375/50µM, respectively. Error bars represent ± 1 SEM.

plant species diversity, composition, and functional traits (Liu
et al., 2017).

Our work and that presented by Lacroix et al. (2014)
now provide deeper insight into the host-level mechanisms
that underlie nutrient effects on pathogen spread observed in
natural ecosystems. Importantly, we have shown that infection
success was differentially altered by nutrient supply rates and
virus competition (Lacroix et al., 2014). CYDV-RPV infection
rates were reduced by both P supply rates and competition
with BYDV-PAV, but only at low N supply rates. After the
establishment of infection, this study shows CYDV-RPV titer
was affected through changes in plant phenotype, possibly
through changes in rates and ratios of C-rich and N-rich
metabolites, and titer was reduced by the presence of a
competitor (coinfection). Higher virus titer led to increased
expression of chlorotic symptoms, at least for CYDV-RPV. In
our conditions, transmission, the final step in the epidemiological

cycle, was independent of nutrient supplies, host phenotype,
virus coinfection, and virus titer. The transmission experiment in
our study was designed to assess effects of environmental nutrient
supplies on host-to-host transmission through alterations of
virus titer. Virus titer in all hosts and/or the acquisition access
period allowed for the aphids to acquire virus particles from host
tissue may have been high enough to maximize between-host
transmission rate in our experimental conditions, which could
explain the absence of correlation between titer and transmission
often observed in plant-virus systems (Froissart et al., 2010).
In addition to virus titer, host-to-host virus transmission can
be strongly influenced by aphid vector behavior, especially for
persistently transmitted viruses that require long acquisition time
by aphids (Froissart et al., 2010; Ingwell et al., 2012; Smith,
2014; Blanc and Michalakis, 2016). Further studies investigating
whether environmental nutrient supplies could influence among
host virus transmission through alterations of host attractiveness
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to insect vectors and aphid feeding behavior could deepen our
knowledge on themultiple pathways throughwhich host nutrient
resources could influence plant virus dynamics.

GENERAL CONCLUSIONS

Our work highlights the challenges of understanding the
implications of elevated nutrient deposition and altered
global biogeochemical cycles (Tilman et al., 2001; Rockström
et al., 2009) on disease ecology and epidemiology. While
ecological stoichiometry and resource competition theory
can provide a starting point to understand the effects of
altered nutrient supply rates and ratios on disease and can
effectively predict some of the links in the transmission
chain, our work highlights the importance of disentangling
the role of specific C-rich and N-rich metabolites on plant
virus titer, rather than focusing solely on total elemental N,
P, and C supply, content, or ratio. In addition, this work
demonstrates that it is critical to understand the molecular
mechanisms that lead to the host phenotypic changes
that underlie host-virus interactions. With this stronger
understanding of the direct and indirect pathways by which
nutrient supply rates and ratios influence pathogen dynamics,
we continue to build a predictive understanding of the effects of
changing environmental conditions on virus multiplication and
transmission.
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Human activities have dramatically altered nutrient fluxes from the landscape into
receiving waters. As a result, not only the concentration of nutrients in surface waters
has increased, but also their elemental ratios have changed. Such shifts in resource
supply ratios will alter autotroph stoichiometry, which may in turn have consequences for
higher trophic levels, including parasites. Here, we hypothesize that parasite elemental
composition will follow changes in the stoichiometry of its host, and that its reproductive
success will decrease with host nutrient limitation. We tested this hypothesis by following
the response of a host–parasite system to changes in nitrogen (N) and phosphorus (P)
supply in a controlled laboratory experiment. To this end, we exposed a fungal parasite
(the chytrid Rhizophydium megarrhizum) to its host (the freshwater cyanobacterium
Planktothrix rubescens) under control, low N:P and high N:P conditions. Host N:P
followed treatment conditions, with a decreased N:P ratio under low N:P supply, and
an increased N:P ratio under high N:P supply, as compared to the control. Shifts in host
N:P stoichiometry were reflected in the parasite stoichiometry. Furthermore, at low N:P
supply, host intracellular microcystin concentration was lowered as compared to high
N:P supply. In contrast to our hypothesis, zoospore production decreased at low N:P
and increased at high N:P ratio as compared to the control. These findings suggest that
fungal parasites have a relatively high N, but low P requirement. Furthermore, zoospore
elemental content, and thereby presumably their size, decreased at high N:P ratios.
From these results we hypothesize that fungal parasites may exhibit a trade-off between
zoospore size and production. Since zooplankton can graze on chytrid zoospores,
changes in parasite production, stoichiometry and cell size may have implications for
aquatic food web dynamics.

Keywords: nutrients, harmful algal blooms, plankton, Chytridiomycota, disease, pathogen, microcystin

INTRODUCTION

Human activities have substantially increased the flux of nutrients from land into receiving waters
(Smith, 2003). This nutrient enrichment enhances aquatic primary production, and may lead to
dramatic changes in the composition and structure of aquatic food webs (Schindler and Fee,
1974; Smith et al., 2006). Specifically, an increased nutrient supply might promote development
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of harmful cyanobacterial blooms (Paerl et al., 2001, 2011; Smith
and Schindler, 2009). Although nutrient loading has increased,
primary production in aquatic ecosystems is often still limited by
nitrogen (N) and/or phosphorus (P) (Elser et al., 2007; Bracken
et al., 2014). This may be a result of an imbalanced nutrient
supply (Carpenter et al., 1996; Sterner et al., 2007), as well as
an increased nutrient demand associated to high phytoplankton
densities (Carpenter et al., 1996). Nutrient limitation will alter the
elemental composition of phytoplankton, and may specifically
increase carbon:nutrient ratios (Sterner and Elser, 2002). As a
consequence, nutritional quality of the phytoplankton decreases,
thereby possibly constraining higher trophic levels (Sterner and
Elser, 2002; Hessen et al., 2013). This may particularly apply to
parasites that solely depend on their host as a food source (Smith,
2007).

Fungal parasites are very common pathogens infecting
phytoplankton (Gerphagnon et al., 2015), which represent an
important but yet overlooked ecological driving force in aquatic
food web dynamics (Sime-Ngando, 2012). These parasites,
belonging to the phylum Chytridiomycota and often referred to
as chytrids, are host specific zoosporic fungi that can parasitize
on phytoplankton and completely rely on their host to obtain
energy and nutrients leading to death of the host (Sparrow, 1960,
1968; Barr, 2001). Thereby, they play an important role in natural
aquatic ecosystems, in which chytrids can significantly change
phytoplankton abundance and seasonal succession (Reynolds,
1973; Van Donk, 1984, 1989). Additionally, the free swimming
stage of the chytrids (i.e., zoospores) may provide higher trophic
levels with an alternative food source during blooms of large
inedible diatoms (Kagami et al., 2007; Frenken et al., 2016) or
cyanobacteria (Agha et al., 2016). Earlier work indicates that
zoospores might find their host by chemotaxis (Muehlstein et al.,
1988), and penetrate host cells using a rhizoidal system through
which nourishment is conveyed to the zoospore (Van Donk
and Ringelberg, 1983). After infection, the spore forms a sessile
stage (i.e., sporangium) in which new zoospores (up to 60) are
produced (Canter and Lund, 1951; Sparrow, 1960).

Chytrid zoospores generally contain a relatively high amount
of nucleic acids that are particularly rich in P, but also contain
substantial amounts of lipids, including fatty acids and sterols,
which are rich in carbon (Barr and Hadland-Hartmann, 1978;
Beakes et al., 1988, 1993; Elser et al., 1996; Kagami et al., 2007).
Chytrids thus seem to have high P demands, as has been indicated
by their low C:P as compared to their host (Kagami et al., 2007).
As a consequence, limitation by P may affect a chytrid more than
its host. Chytrid infections were indeed shown to be affected
by host P limitation. More specifically, chytrid growth rate and
the number of zoospores per sporangium decreased, and, as a
function of lower host growth rate, zoospore loss as well as
searching time increased, as compared to non-limited conditions
(Bruning, 1991). If, however, P limitation impedes algal growth to
a greater extent than that of the chytrid, epidemics may still occur
(Bruning and Ringelberg, 1987; Bruning, 1991).

Nutrient limitation not only alters growth and reproduction
of the parasite, it may also affect host defense. Freshwater
cyanobacteria produce a wide range of oligopeptides including
toxic microcystins (MC) (Welker and Von Döhren, 2006), which

have been associated to chytrid defense (Rohrlack et al., 2013).
These oligopeptides are N rich compounds, and their synthesis
is typically constrained under N limitation (Van de Waal et al.,
2010, 2014). Thus, during low N:P conditions, host defense may
be reduced and thereby facilitate chytrid infections. In contrast,
cellular N may accumulate under high N:P conditions and
thereby enhance host defense. Limitation by N and P may thus
have contrasting effects on chytrid infections of cyanobacteria.
We hypothesized that parasite elemental composition will follow
changes in the stoichiometry of its host, and that its reproductive
success will decrease with host nutrient limitation. To test
this hypothesis, we exposed the cyanobacterium Planktothrix
rubescens to its chytrid Rhizophydium megarrhizum under
control, low N and low P conditions, leading to a range of
host N:P ratios. We predict that infections will decrease with
increasing host N:P, as the availability of P for chytrid nutrition
will decrease and the host defense by oligopeptides will increase.

MATERIALS AND METHODS

Description of Test Organisms
In this study the filamentous cyanobacterial host P. rubescens
NIVA-CYA97/1 was used in combination with one of its parasites,
the chytrid Chy-Lys2009 (photo provided in the Supplementary
Material). This chytrid possesses identical morphological
characteristics and infection patterns in agreement with
R. megarrhizum described earlier by Canter and Lund (1951).
More information on host specificity and virulence of the chytrid
can be found in Sønstebø and Rohrlack (2011) and Rohrlack
et al. (2013). All cultures used in this study were monoclonal and
non-axenic.

Culture Maintenance
The Planktothrix and the chytrid Chy-Lys2009 cultures were
grown in a temperature and light controlled incubator (Snijders
Labs, Tilburg, The Netherlands) at 5 µmol photons m−2 s−1

in a 14:10 light:dark cycle, at 24 and 16◦C, respectively. The
applied low light levels resemble the conditions where the tested
Planktothrix species was isolated, i.e., in the vicinity of the
thermocline. All cultures were maintained in exponential growth
in batch using 100 mL Erlenmeyer flasks with 50 mL suspension.
Every other week, Planktothrix cultures were diluted using WC-
medium (Guillard and Lorenzen, 1972) and chytrid cultures
were diluted using host culture and WC-medium to 1/10 (v/v).
Additionally, Erlenmeyer flasks were shaken every other day to
prevent aggregation. The chytrid cultures were visually inspected
for infection patterns and contaminations at least once a week.

Description of the Experiment
Culture Acclimatization and Inoculation
Prior to the experiment, Planktothrix was grown at 16◦C on WC-
medium at three distinct N:P supply ratios by modifying standard
NO3

− and PO4
3− concentrations of 1000 and 50 µmol L−1

(N:P = 20) as control, to 200 and 50 µmol L−1 (N:P = 4) as
the low N:P treatment, and 1000 and 10 µmol L−1 (N:P = 100)
as the high N:P treatment. Cultures were acclimatized for about
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18 generations to the distinct nutrient conditions by three
consecutive transfers at late exponential phase. During each
transfer, i.e., after each 7 days period, cultures were diluted back
to half of maximum biovolume reached in order to maintain
nutrient limited conditions. After acclimatization, Planktothrix
was first grown without chytrids (unexposed treatment, 4
replicates per nutrient treatment, 12 experimental units) to
late stationary phase to obtain uninfected host growth rates,
stoichiometry and toxin composition. Subsequently, the host
cultures were then pooled by nutrient treatment and used
to inoculate the chytrid exposed treatments (4 replicates per
nutrient treatment, 12 experimental units). At the start of the
chytrid exposed treatment, Planktothrix cultures were inoculated
together with a zoospore suspension that was obtained from
a highly infected Planktothrix culture (with 58% Chy-Lys2009
infected filaments) by sieving gently over a 30 µm and a
subsequent 5 µm nylon mesh to remove host cells, while
collecting zoospores that have a typical size range of 2.5–3.5 µm
(Sparrow, 1960). This zoospore suspension was washed with
N and P free WC-medium and concentrated on a 1.2 µm
cellulose acetate membrane filter (Whatman, Maidstone, United
Kingdom), and used to inoculate to a final density of 18
zoospores mL−1. The chytrid exposed cultures were grown
for 7 days to obtain host and parasite growth rates, host
and parasite stoichiometry, parasite zoospore production and
toxin composition of parasite exposed host. Each treatment was
performed in 500 mL Erlenmeyer flasks with 300 mL of culture.

Host and Parasite Quantification
During the experiment, cultures were sampled daily to determine
biovolume using a CASY Cell Counter (Schärfe System GmbH,
Reutlingen, Germany). Next, at least 5 mL of culture suspension
was fixed with alkaline Lugol’s iodine solution to a final
concentration of 1.2% (v/v) and stored in the dark at room
temperature. Prevalence of infected filaments was counted
in duplicate (technical replicate) for each biological replicate
within 2 weeks after the experiment by inspecting at least
50 filaments. Additionally, during the infection treatment,
the number of free swimming zoospores was counted daily
in duplicate, also for each biological replicate, in at least
15 fields of view (FOV) in fresh cultures. All microscopic
counting was performed using a magnification of 200× on
an inverted microscope (DMI 4000B, Leica Microsystems
CMS GmbH, Mannheim, Germany). Cultures were harvested
at the early stationary phase for the analyses of dissolved
inorganic nutrients, elemental composition of the host and
parasite, and the MC contents and composition of the
host.

Elemental Analyses
Particulate organic carbon (C), N and P were determined in
duplicate by collecting 5–15 mL of seston on a prewashed GF/F
filter (Whatman, Maidstone, United Kingdom) applying gentle
filtration (<1–2 psi). Filters were dried overnight at 60◦C, and
stored in a desiccator in the dark. For C and N analyses, a
subsample (22%) of every filter was taken by a hole puncher,
folded into a tin cup and analyzed on a FLASH 2000 organic

elemental analyzer (Brechbueler Incorporated, Interscience B.V.,
Breda, The Netherlands). Particulate organic P was analyzed
(Eaton, 2005) by first combusting the remainder of the filter
(78%) for 30 min at 550◦C in Pyrex glass tubes, followed by
a digestion step with 2.5 mL persulfate (2.5%) for 30 min at
120◦C. This digested solution was measured for PO4

3− on the
QuAAtro39 AutoAnalyzer (SEAL Analytical Ltd, Southampton,
United Kingdom) following Armstrong et al. (1967). During
the infection treatment, particulate organic C, N and P were
determined for the seston fraction as well as for the zoospores.
For this purpose, 90–160 mL infected culture suspension was
gently filtered twice over a 30 µm nylon mesh filter to remove
the larger cyanobacterial filaments. Subsequently, the smaller
filaments were removed by an additional filtration over a 5 µm
nylon mesh, and zoospores in the filtrate were collected on
a prewashed GF/F filter (Whatman GF/F, Maidstone, United
Kingdom). Organic C, N and P on the filters were analyzed as
described above.

Microcystin Analyses
Extractions
Samples for MC analyses were collected in duplicate by filtering
5–15 mL of culture over a GF/C filter (Whatman, Maidstone,
United Kingdom) applying low pressure after which the filters
were stored at −20◦C. Filters were lyophilized overnight before
performing three rounds of extractions at 60◦C using 2.5 mL 75%
methanol-25% Millipore water (v/v) in 8 mL Pyrex glass tubes.
After drying the samples with N2, extracts were reconstituted in
900 µl methanol, filtered and centrifuged (Corning© Costar©
Spin-X© polypropylene centrifuge tube filters with a 0.22 µm
cellulose-acetate filter (Corning Inc., Corning, NY, United States)
for 5 min at 16,000 × g (Sigma 1-15P, Sigma Laborzentrifugen
GmbH, Osterode am Harz, Germany). Filtrates were transferred
to amber glass vials and analyzed by LC-MS/MS.

Analyses
Samples were analyzed for eight MC variants (dm-7-MC-RR,
MC-RR, MC-YR, dm-7-MC-LR, MC-LR, MC-LY, MC-LW, and
MC-LF). Calibration standards were obtained from the National
Research Council (Ottawa, Canada) for dm-7-MC-LR, and from
Enzo Life Sciences Inc. (Farmingdale, NY, United States) for
the other variants. Measurements were performed on an Agilent
1260 LC and an Agilent 6460A QQQ (Agilent Technologies,
Santa Clara, CA, United States). The compounds were separated
on an Agilent Zorbax Eclipse XDB-C18 4.6 mm × 150 mm,
5 µm column using Millipore water with 0.1% formic acid (v/v,
eluent A) and acetonitrile with 0.1% formic acid (v/v, eluent B).
The elution program was set at 0–2 min 30% B, 6–12 min 90% B,
with a linear increase of B between 2 and 6 min and a 5 min post
run at 30% B. Sample injection volume was set at 10 µL, with
a flow of 0.5 mL min−1 at a column temperature of 40◦C. The
LC-MS/MS was operated in positive mode with an ESI source,
nitrogen was used as a drying, sheath and collision gas. For each
compound, two transitions were monitored in MRM mode: m/z
491.3 to m/z 135.1 and m/z 981.5 to m/z 135.2 (dm-7-MC-LR,
ratio between product ions 17%), m/z 498.3 to m/z 135.1 and
m/z 995.6 to m/z 135.1 (MC-LR, ratio between product ions

Frontiers in Microbiology | www.frontiersin.org June 2017 | Volume 8 | Article 1015246

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01015 June 1, 2017 Time: 17:27 # 4

Frenken et al. Stoichiometry of Fungal Parasites

16%). This protocol is based on the protocol earlier described by
Faassen and Lürling (2013).

Data Analyses
Host population growth and zoospore production rates were
calculated according to µ = ln (Bn+t/Bn)/t. In which µ is the
maximum specific growth rate, Bn is the initial population density
of non-infected or infected host (biovolume), or zoospores
(counts), Bn+t is the final population density of these variables
over time t in the exponential growth phase. Infected biomass was
calculated by multiplying the proportion of infected filaments
with biovolume. Zoospore production efficiency was calculated as
the number of zoospores produced per infected host biovolume.

Host maximum specific growth rate, zoospore production
rate, seston stoichiometry of the host and parasite and MC
content of the host were tested for normality and equal variance
using the Shapiro–Wilk and Brown-Forsythe tests, respectively.
Data were transformed, log or reciprocal, if this improved
normality. Host growth rates, zoospore production rate, seston
and zoospore stoichiometry and host MC content were analyzed
to test for effects of nutrient supply by performing a one-
way ANOVA. Pairwise comparisons were conducted using the
Holm-Sidak test (Sidak, 1967). The strength and direction
of associations between variables were assessed by Pearson
product-moment correlations. All analyses were performed using
SigmaPlot version 13 (Systat Software Inc., London, United
Kingdom). Detailed output of the different statistical tests can be
found in the Supplementary Material.

RESULTS

Host Growth and Biovolume Build-Up
In the absence of the parasite, Planktothrix population growth
rates were comparable in all treatments (Table 1), with replicates
ranging between 0.30 and 0.59 d−1. In the presence of the
parasite, nutrient supply also had no clear effect on net
population growth rate of the total biovolume (Table 1). After
4 days of infection, infected host biomass increased at the expense
of susceptible host biomass (Figure 1). The total Planktothrix
biomass build-up after 4–7 days was lower in the chytrid exposed
cultures than in the unexposed cultures. The rate at which the
infected biomass increased was highest under a high N:P supply,
while it did not differ between the control and low N:P treatment
(Table 1).

Elemental Composition
Host N:P ratios followed N:P supply (r = 0.99, P < 0.001;
Table 2), and were lowest with 7.8 ± 0.1 (mean ± SE)
under low N:P conditions, intermediate with 11.4 ± 0.4 in the
control, and highest with 46.2 ± 2.7 under high N:P conditions
(Figure 2A). This was also largely resembled in the overall N:P
ratios of the cultures when the parasite was present (i.e., infected
host + chytrids). The N:P ratio in the high N:P treatments
was also highest with 44.2 ± 1.7, while the low N:P treatment
and the control were not statistically different with an N:P
ratio of 8.6 ± 0.22 and 10.3 ± 0.14, respectively. Similarly, N:P

ratios of the chytrid zoospores increased with host N:P ratios
(r = 0.96, P < 0.001). Specifically, chytrid N:P ratios increased
from 12.6± 0.4 in the control to 25.9± 1.0 under high N:P, while
remained largely unaltered in the low N:P treatment as compared
to the control (Figure 2B and Table 3).

The observed shifts in host N:P ratios were mainly caused by
changes in P contents (r = −0.97, P < 0.001), which decreased
from 107.8 ± 2.5 pmol mm−3 at low N:P conditions down to
82.7± 4.3 pmol mm−3 in the control and 17.2± 1.0 pmol mm−3

under high N:P conditions, while C and N contents remained
largely unaltered across all treatments (Figure 2C and Table 2).
Zoospore C, N as well as P contents decreased with increasing
host N:P (r = −0.77, P = 0.003, r = −0.77, P = 0.003 and
r = −0.84, P < 0.001, respectively), with highest values under
low N:P conditions, intermediate values in the control, and lowest
values under high N:P conditions (Figure 2D and Table 3).
The observed difference in N:P stoichiometry between high N:P
conditions and the other nutrient supply treatments resulted
from a stronger decline in P contents relative to N.

Parasite Prevalence and Production
Prevalence of infection on the last day of the experiment ranged
between 30 ± 1.4% (mean ± SE) in the control up to 48 ± 2.1%
and 56 ± 3.6% in high N:P and low N:P treatments, respectively
(Figure 3A). Growth rates of the infection were highest in
the high N:P cultures and lowest, although not significantly,
in the low N:P cultures (Table 1). Comparably, zoospore
concentrations, zoospore production rate and the amount of
zoospores produced per unit of infected host biomass, i.e., the
zoospore production efficiency, were all highest in the high N:P
cultures and lowest in low N:P cultures (Figures 3B, 4A,B and
Table 4). Zoospore production rate and efficiency increased with
host N:P ratio (r = 0.61, P = 0.035, and r = 0.85, P < 0.001,
respectively), while production efficiency furthermore decreased
with zoospore C contents (r =−0.87, P < 0.001; Figure 4C).

Microcystin
Four MC variants were detected, including dm-7-MC-RR, MC-
YR, dm-7-MC-LR, and MC-LR. On average, dm-7-MC-RR was
the dominant MC variant present, representing 56.6 ± 0.5%
(mean ± SE) of the total amount of MC. The total cellular
MC contents ranged between 60 and 250 µg mm−3. MC
concentrations were highest in the high N:P, lowest in the
low N:P, and intermediate in the control treatment (Figure 5).
Furthermore, in the chytrid exposed cultures, the total amount of
intracellular MC seemed to be lower.

DISCUSSION

Although the different nutrient supply ratios had only minor
effects on Planktothrix growth rates after acclimatization
(Table 1), there were clear changes in the elemental composition
of the cyanobacteria (Figure 2A). This indicates that nutrient
depletion did affect host physiology, but not growth, at the
time of sampling. Apparently, Planktothrix is able to maintain
similar maximum growth rates as compared to the control at
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TABLE 1 | Planktothrix maximum net population growth rates (d−1) of the different biomass fractions in the unexposed and chytrid exposed cultures.

Unexposed Exposed

Treatment Total Total Susceptible Infected

Low N:P 0.42 ± 0.05a 0.06 ± 0.05a
−0.05 ± 0.02a 0.94 ± 0.09a

Control 0.40 ± 0.04a 0.11 ± 0.04a 0.10 ± 0.03b 0.92 ± 0.09a

High N:P 0.40 ± 0.06a 0.11 ± 0.03a 0.10 ± 0.03b 1.34 ± 0.09b

Superscript letters denote significant differences between nutrient treatments based on One-way ANOVA and post hoc comparison of the means (α < 0.05).

FIGURE 1 | Biovolumes of Planktothrix in the in the cultures with and without parasite exposure in the control (A), low N:P (B) and high N:P (C) treatments. Symbols
represent mean ± standard error (n = 4).

TABLE 2 | Host nutrient content and stoichiometry (mean ± SE) in unexposed cultures.

Nutrient content (10−6 µmol mm−3) Stoichiometry (molar)

Treatment C N P C:P C:N N:P

Low N:P 5148 ± 268a 837 ± 22ab 108 ± 3a 47.7 ± 1.9a 6.1 ± 0.2a 7.8 ± 0.1a

Control 4098 ± 120b 935 ± 26a 83 ± 4b 49.9 ± 1.9a 4.4 ± 0.0b 11.4 ± 0.4b

High N:P 3705 ± 242b 791 ± 48b 17 ± 1c 216.4 ± 11.7b 4.7 ± 0.1b 46.2 ± 2.7c

Superscript letters denote significant differences between nutrient treatments based on One-way ANOVA and post hoc comparison of the means (α < 0.05).

both a high and low N:P supply ratio (Table 1). The reduced
host N:P under low N:P supply and increased host N:P under
high N:P supply (Figure 2A) indicates nutrient limitation at
the end of the exponential phase and/or early stationary phase.
Moreover, population densities in the low N:P treatment at the
end of the experiment were lower as compared to the control
and high N:P treatment (Figure 1B). These lower population
densities are mainly caused by a low N availability in the low
N:P treatment, but may also result from the lower Planktothrix
population densities at the start of the experiment. Differences
in host population density may affect light availability in the
cultures. A lowered population density, as observed in the low
N:P treatment, may have resulted in an increased light availability
due to reduced self-shading. Earlier studies have indicated that
zoospores may find their host using chemical cues that are related
to photosynthetic activity, since zoospores are generally attracted
to carbohydrates, polysaccharides, proteins and amino acids
(Muehlstein et al., 1988; Donaldson and Deacon, 1993; Moss
et al., 2008). Some studies, however, also reported attachment

of zoospores to new hosts during dark conditions (Barr and
Hickman, 1967). Indirectly, the relative higher light availability in
the low N:P treatment may thus have favored parasite attraction.
Moreover, with a comparable amount of zoospores added at the
start of the experiment, the zoospore-to-host ratio was also higher
in the N limited treatment, which may favor infection rates.
Yet, both the zoospore production rate and production efficiency
were lower in the low N:P treatment, and did not lead to a
different infection rate as compared to the control (Table 1). This
suggests that higher relative light availabilities as well as higher
initial zoospore-to-host ratios did not stimulate, and possibly
even impeded the infection dynamics in our low N:P treatment.

In response to an increased N:P supply in the medium, host
N:P increased as well. This resulted in a consecutive increase
in the N:P of the zoospores (Figure 2B). Our results thus show
that stoichiometry of a host can cascade to their parasites. In
the host, changes in stoichiometry seem to be driven mainly
by a change in P content, as host C and N remain constant
with changing N:P supply (Figure 2C). In the parasite, changes
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FIGURE 2 | N:P ratios of uninfected host (A) and zoospores (B), and elemental content of the host (C) and zoospores (D) in the control (circle), low N:P (triangle)
and high N:P (square) treatments. Symbols represent mean ± standard error (n = 4). In (C,D) black, gray, and white symbols indicate carbon, nitrogen and
phosphorus content, respectively. Solid lines indicate significant correlations (P < 0.05).

TABLE 3 | Zoospore nutrient content and stoichiometry (mean ± SE).

Nutrient content (×10−4 µmol per spore) Stoichiometry (molar)

Treatment C N P C:P C:N N:P

Low N:P 10.71 ± 0.77a 2.41 ± 0.18a 0.19± 0.01a 57.8 ± 0.7a 4.4 ± 0.0a 13.0 ± 0.2a

Control 5.27 ± 0.55b 1.11 ± 0.11b 0.09± 0.01b 59.9 ± 1.7a 4.7 ± 0.0b 12.6 ± 0.4a

High N:P 2.63 ± 0.49c 0.45 ± 0.08c 0.02± 0.00c 149.9 ± 6.5b 5.8 ± 0.1c 25.9 ± 1.0b

Superscript letters denote significant differences between nutrient treatments based on One-way ANOVA and post hoc comparison of the means (α < 0.05).

in zoospore stoichiometry are also mainly driven by P content,
but C and N contents decrease as well. Yet, P content decreases
faster, suggesting a higher flexibility of the chytrid with respect
to P (Figure 2D). These findings indicate that chytrid parasites
can be stoichiometrically flexible, while maintaining their ability
to infect along an N:P supply gradient. N:P and C:P ratios
of the chytrid used in this experiment are relatively high as
compared to two other studies using different chytrid species
(Kagami et al., 2007, 2017), but fall well within the range

of aquatic fungi reported before (Danger and Chauvet, 2013;
Danger et al., 2015). These data furthermore suggest that fungal
elemental homeostasis is indeed limited (Persson et al., 2010;
Danger et al., 2015). Zoospore N:P ratios largely resembled that
of the host under control conditions, but were different from
the host in the low and high N:P treatment. We could not
separate zoospores from the heterotrophic bacteria, and our
results may therefore have been confounded by shifts in bacterial
numbers. To prevent high bacterial numbers fueled by the lyses of
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FIGURE 3 | Prevalence of infection (A) and zoospore concentration (B) in the control, low N:P and high N:P treatments. Symbols represent mean ± standard error
(n = 4).

Planktothrix, we ran the experiments over a relatively short time
period. Consequently, the overall biomass of bacteria and thereby
their contribution to the elemental composition at the time of
sampling is likely to be small.

Increasing N:P supply ratios resulted in an increased zoospore
production rate and production efficiency (Figures 4A,B). These
results are in contrast to earlier findings of an experiment
that showed that under P-limitation (and presumably high
N:P) zoospore production decreased (Bruning, 1991). It might
be possible that the chytrid species (R. planktonicum Canter
emend.) used in the experiment by Bruning (1991) has higher
P-requirements, and therefore suffered more from P-limitation.
Or, because the chytrid in our experiment can potentially infect
and exploit multiple adjacent cells within one cyanobacterial
filament (Canter and Lund, 1951), it might be less vulnerable to
nutrient limitation. In other words, the chytrid might continue
infecting adjacent cells until it has consumed sufficient nutrients
to complete an infection cycle. However, this is only profitable if
the energetic costs of growing rhizoids and producing degrading
enzymes to invade host cells balance the gains with respect to
resource acquisition.

Under low N:P conditions, the parasite zoospores were fewer
but contained more C, as well as N and P as compared to the
control (Figure 2D). Although we did not assess zoospore size
in this experiment directly, increases in elemental contents do
suggest that the chytrid produced larger zoospores. Zoospore size
of the used chytrid was shown to vary from 2.84 to 5.36 µm
under control growth conditions (Supplementary Material), and
variation in spore size was also shown in other studies describing
shifts in spore size with climatic conditions (Kauserud et al.,
2008, 2011). Presumably, larger zoospores facilitate zoospore
survival time, since they can contain more lipids and fatty
acids that might represent an energy source to fuel zoospore
metabolism (Steinhoff et al., 2011). A longer spore survival time
may be particularly favorable at lower host densities, and may
explain the unaltered chytrid infections in the low N:P treatment.
Conversely, in the high N:P conditions, more zoospores were

produced per host biomass but contained less C, N and P per
zoospore, suggesting that they were smaller. These findings are
supported by earlier observations indicating that the efficiency of
spore production by a parasitic dinoflagellate is increased under
high N:P conditions, which might result in a higher transmission
to new hosts under high host density conditions (Yih and Coats,
2000).

At low N:P supply the chytrid seems to produce a low amount
of large zoospores, while at high N:P supply it produced a higher
amount of small zoospores. The chytrid thus possibly produced
smaller spores with a higher production efficiency (Figure 4C),
suggesting a trade-off between size and production rate as well as
success of infection. In other words, larger spores may survive
longer providing the chytrid more time to find a suitable host
under low host density conditions, while smaller ones survive less
long but due to their high numbers achieve a higher infection
transmission in high host density conditions. A trade-off between
organism size and growth rate has also been reported for various
other organisms, including phytoplankton (Nielsen, 2006) and
zooplankton (Stemberger and Gilbert, 1985). Moreover, a trade-
off between zoospore survival time and production rate was
observed in another chytrid, the amphibian killing fungus
Batrachochytrium dendrobatidis (Woodhams et al., 2008). Thus,
changes in host N:P stoichiometry may affect the growth strategy
of the parasite, following a more general trade-off between cell
size and production rates (Figure 4C). Such changes can have
consequences not only for the infection dynamics, but also for
higher trophic levels that are provided with either many smaller
zoospores, or fewer larger ones.

As expected, intracellular MC content closely followed the
relative availability of N, and thus increased with cellular N:P
ratios (Figure 5). These results are in line with earlier work,
showing a strong dependency of MC contents on N availability
(Van de Waal et al., 2009, 2010). In the treatment with
high N:P supply and high MC production, however, zoospore
production (Figure 4A) and infection rate (Table 1) were highest.
Additionally, in the low N:P treatment, MC contents was lowest
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FIGURE 4 | Zoospore production rate (A) and production efficiency (B) plotted against host N:P and zoospore carbon content (C) in the control (circle), low N:P
(triangle) and high N:P (square) treatments. Symbols represent mean ± standard error (n = 4).

TABLE 4 | Zoospore production rates and production efficiencies (mean ± SE).

Treatment Rate (d−1) Efficiency (10−6

spores µm−3)

Low N:P 1.14 ± 0.07a 2.17 ± 0.04a

Control 1.27 ± 0.18ab 3.14 ± 0.42b

High N:P 1.86 ± 0.21b 5.02 ± 0.53c

Superscript letters denote significant differences between nutrient treatments
based on One-way ANOVA and post hoc comparison of the means (α < 0.05).

while zoospore production and infection rate were not different
from the control. So, there was no clear relation between
intracellular MC content and chytrid proliferation. Possibly, a
considerable fraction of the total MC might be bound to proteins
of cyanobacterial cells (Zilliges et al., 2011), which were not
included in our extraction processes. Furthermore, Planktothrix
may produce other oligopeptides that play a role in parasite
defense systems (Sønstebø and Rohrlack, 2011; Rohrlack et al.,
2013), which were not analyzed here.

The intracellular MC seemed to be lower in the parasite
exposed treatments as compared to the unexposed treatments.
This may possibly result from leakage of MC from the cells
into the liquid phase (Jones and Orr, 1994). Moreover, chytrid
rhizoids that invade the host cells might use enzymes that are
able to digest MC. Indeed, fungi were shown to be capable of
degrading MC (Jia et al., 2012). In our experiment, however,
extracellular MC concentrations nor chytrid MC contents were
analyzed. If MC is released into the water column from
cyanobacterial cells, it can have consequences for other organisms
present (Carmichael, 1992; Zurawell et al., 2005). For instance,
high MC concentrations in the water can accumulate in Daphnia
(Chen et al., 2005) and have adverse effects on growth and
development of fish (Jacquet et al., 2004). Yet, actual exposure
of other organisms to MC in the water may be limited, as MCs
can be rapidly biodegraded and detoxified by bacteria and adsorb
to plants and sediments (Harada and Tsuji, 1998; Pflugmacher
et al., 2001; Kato et al., 2007). Whether MCs can bind to- or

FIGURE 5 | Seston microcystin content in the cultures with and without
parasite exposure, in the control (circle), low N:P (triangle) and high N:P
(square) treatments. Symbols represent mean ± standard error (n = 4). Letters
denote significant differences between treatments of unexposed (lower case)
and chytrid exposed (upper case) cultures based on One-way ANOVA and
post hoc comparison of the means (α < 0.05).

be transported into zoospores is unknown. But, if this would
occur, zooplankton might be exposed to MCs via this indirect
route, since zoospores can serve as a food source for copepods,
cladocerans and possibly rotifers (Kagami et al., 2004, 2007, 2011;
Buck et al., 2011; Agha et al., 2016; Frenken et al., 2016).

Our results demonstrate an increase in infection rate with
host N:P stoichiometry, thereby showing the opposite to what we
hypothesized. Because chytrids seemed relatively more P rich as
compared to their host, we initially predicted that host P content
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would constrain chytrid growth more than it would constrain
the host (Bruning and Ringelberg, 1987; Bruning, 1991). Our
results suggest, however, that chytrid proliferation is much more
sensitive to the relative availability of N. Specifically, if this
increases (i.e., higher host N:P), infection rates increase, while if
this decreases (i.e., lower host N:P), infection rates decrease. This
is also shown by the lower flexibility of the parasite N content
as compared to P, suggesting that spores are more likely to be
constrained under low N conditions. It remains unclear why
infection rates increase under P limitation and relative high N
contents. Particularly as under these high N:P conditions, MC
contents were highest as well. We initially expected that under
such conditions, chytrid infections can be inhibited by MCs in
its host. The increase in MC content with high N:P conditions,
however, was relatively small and may therefore not have been
sufficient to inhibit the chytrid infection. Possibly, regulation
of other oligopeptides in response to N:P supply could have
explained the observed responses, and should thus be included
in future analyzes. Moreover, other metabolites synthesized by
cyanobacteria under high N:P supply may have facilitated chytrid
growth and reproduction. Further detailed biochemical analyses
of chytrids and their distinct developmental stages would be
required to fully understand the stoichiometric interactions with
their hosts, and particularly the putative important role of N in
controlling infections.

Our analysis revealed some still poorly understood effects
of nutrient availability on the interaction of a host–parasite
system. Shifts in nutrient supply ratios not only lead to a
shift in host stoichiometry, but also to comparable changes in
the parasite. Thereby, we show that elemental stoichiometry
of a host can cascade to their parasites. We hypothesize that,
in response to changes in nutrient supply, the parasite may
exhibit a trade-off between size and zoospore production rate
to optimize reproductive success. Therefore, nutrient limitation

may indirectly affect parasite abundance and stoichiometry.
Since chytrids can facilitate growth of zooplankton (Kagami
et al., 2007; Agha et al., 2016), changes in parasite production,
stoichiometry and cell size may have implications for aquatic food
web dynamics.
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Biological stoichiometry is an approach that focuses on the balance of elements in

biological interactions. It is a theory that has the potential to causally link material

processes at all biological levels—from molecules to the biosphere. But the lack of a

coherent operational framework has so far restricted progress in this direction. Here, we

provide a framework to help infer how a stoichiometric imbalance observed at one level

impacts all other biological levels. Our framework enables us to highlight the areas of

the theory in need of completion, development and integration at all biological levels.

Our hope is that this framework will contribute to the building of a more predictive

theory of elemental transfers within the biosphere, and thus, to a better understanding

of human-induced perturbations to the global biogeochemical cycles.

Keywords: biological organization, biological stoichiometry, consumer-driven nutrient recycling, ecological

theory, theory integration, growth-rate hypothesis, light:nutrient hypothesis

INTRODUCTION

Ecological stoichiometry studies the balance of chemical elements in ecological interactions
(Sterner and Elser, 2002). Most hypotheses in ecology are born from the clever integration of
previously unrelated assumptions and observations (Pickett et al., 2007d). Ecological stoichiometry
is a great illustration of this principle since it came as a eureka combination of two observations:
the demonstration that zooplankton can increase the growth rate of phytoplankton through
the recycling of limiting nutrients (Sterner, 1986) and the shift in phytoplankton limitation
between phosphorus (P) and nitrogen (N) that sometimes results from manipulations of the
zooplankton community species composition (Elser et al., 1988). The result was a model of how
zooplankton N and P composition could drive phytoplankton limitation through differential
recycling of N and P (Sterner, 1990). The hypothesis was then called the Consumer-DrivenNutrient
Recycling Hypothesis (Sterner et al., 1992). Hypotheses grow into fully-fledged theories through
further integration of new observations, concepts, hypotheses and models, thus increasing their
contribution to the understanding of the phenomena they are meant to explain (Pickett et al.,
2007c; Marquet et al., 2014). Accordingly, the Consumer-Driven Nutrient Recycling hypothesis
grew up into the field of ecological stoichiometry by incorporating more hypotheses, such as the
growth rate and light:nutrient hypotheses (Sterner et al., 1997; Elser et al., 2000c). The depth
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and breadth of ecological stoichiometry then expanded through
the integration of empirical observations and experimental
results from increasingly diverse habitats, ecosystems and trophic
interactions (Sardans et al., 2012). One cannot help but be struck
by the vitality of the theory, expressed in a large number of
mechanistic hypotheses and testable predictions, as well as in the
wide scope of biological phenomena it now encompasses: from
freshwater plankton interactions to, for example, the evolution
of terrestrial plant genomes (Acquisti et al., 2009), the growth
of cancerous tumors (Elser et al., 2003) or the macroevolution
of life during the early Cambrian period (Elser et al., 2006).
Thus, the theory shows the greatest potential in the midst of
many contemporary ecological theories to unify ecology across
all biological levels, from molecules to the biosphere (Sterner
and Elser, 2002; Elser, 2006; Hessen et al., 2013). Some even
argue, with good reason, that the theory should now be called
“Biological Stoichiometry,” since it no longer restricts itself to the
study of ecological patterns (Elser et al., 2000c).

But completeness—breadth of scope and diversity of
components—is not the only axis along which a theory can grow
(Sterner and Schulz, 1998). Two other axes are the development
of each component toward more realism and applicability;
and integration, the connection among components toward
better articulation (Pickett et al., 2007c). The ultimate objective
of a theory being to generate understanding, it must also be
judged by the advancement it provides to our comprehension
of natural patterns (Pickett et al., 2007a; Marquet et al., 2014).
Only when organized into a logical framework that assembles
its components into an explicit structure, can a theory correctly
predict or explain occurring natural patterns (Pickett et al.,
2007b). Natural patterns are generally the result of complex
multi-scale hierarchical processes (O’Neill, 1986), and so, most
of the fundamental and urgent questions in ecology nowadays
are multi-scale and integrative (Irschick et al., 2013; Sutherland
et al., 2013). The logical framework of an ecological theory
should thus typically be nested and hierarchical as well as
integrated, both in terms of its internal components and with
other theories.

In the case of biological stoichiometry, foundations for such
a logical framework have already been laid, notably in the canon
book by Sterner and Elser (2002) and more recently in review
articles (Hall, 2009; Sardans et al., 2012; Hessen et al., 2013).
Despite offering a panorama of the insights gained from applying
the stoichiometric approach to processes spanning from the
physiological to the ecosystem level, those reviews do not
provide the kind of framework that is needed to help the theory
progress along the three axes of completeness, development
and integration. Not enough efforts have been made to
integrate and organize the various stoichiometric breakthroughs
into one coherent framework. Moreover, links between
mechanisms at the lower and higher ends of the biological
organization levels are often inferred but seldom fully explicated
(Schade et al., 2005).

Here, we offer a methodological framework that describes the
processes that need to be investigated at each biological level
in order to characterize the repercussions of a stoichiometric
imbalance at one level over all the other levels. This framework

is operational rather than descriptive. It explains “how to”
derive consequences of stoichiometric imbalances rather than
“what” will be those consequences. As such, it is adaptable
to all biological systems and open to further development.
Armed with this framework, we surveyed the literature, in order
to assess the current understanding of stoichiometric patterns
and processes at each biological level (see our framework on
Figure 1). We focus particularly on the degree of completeness
of current understanding (i.e., whether are there any important
considerations missing or not), the degree of development (how
reliable are the proposed concepts and hypotheses?) and the
degree of integration (how are other theories, approaches and
knowledge considered and included?).We selected readings from
the stoichiometry literature, from seminal publications by Liebig
and Playfair (1840) and Redfield (1934) to the most recent
literature (>900 articles read). Articles were first selected using
generic search engines (Web of Science, Scopus) and generic
keywords (biological OR ecological AND stoichiometr∗). Articles
were then more selectively pursued according to their relevance
to the component of the framework evaluated and the elements
that we assessed as in need of completion, development or
integration. Our evaluation of each framework component is
discussed below in separate sections. We have also summarized
the elements that we deemed in need of enhancement according
to the three axes of completeness, development and integration in
Tables 1, 2.

FRAMEWORK DEFINITION

Our framework is organized along a rendition of the classical
biological levels, defined by their stoichiometry, the distribution
of elements within them, and connected by the processes that
mediate the repercussions of changes in the stoichiometry of
one level upon another (Figure 1). We are aware that there
is no universally agreed-upon description of hierarchical levels
in biology, arguably because such a description depends to a
large extent on the specificities of the system studied (Allen
and Hoekstra, 1993). So, we open the possibility for adapting
the choice and definition of levels to the specificities of the
systems to which the framework is applied. Also, we acknowledge
that the highest conventional biological levels can be defined
at any spatial and temporal scale (Allen and Hoekstra, 1990).
Ecosystems for example can be as small as a drop of water
or as incommensurable as an ocean (O’Neill, 1986). So the
landscape and biosphere levels in our framework should not
be understood according to the common-sense definition of
the terms. We define a landscape as a set of connected
ecosystems, themselves operational units defined according to
the aims of the investigators, be it a moss patch, a water
pool or a continental forest. The biosphere is the surrounding
medium that circulates unbounded between the ecosystem
units. Populations are the sum of individuals from the same
species (or any other relevant taxonomic unit) contained in
one ecosystem unit that can reproduce or exchange genetic
information at the timescale considered; community is the
ensemble of populations present in a unit ecosystem. Levels from
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FIGURE 1 | Framework for a molecule-to-biosphere stoichiometry theory. This framework presents explicitly the biological levels and processes that need to be

investigated in order to characterize the repercussions of a stoichiometric imbalance at one level over all the other levels. Each biological level should be described by

the patterns of elemental distribution within it. As the framework shows, the processes investigated should go beyond the fluxes and rates of elements between

components that are classically considered in stoichiometric studies. Any process affecting the structure of a biological level should be considered if the changes

provoked relate to changes in the distribution of elements. Numerous examples are discussed within the text.

the organism and below are scale independent. We also include
tissues as part of the cellular level to the extent that the cells that
compose them answer uniformly to the factors affecting their
stoichiometry.

The other elements of the framework are the processes that
relate changes in the elemental distribution of a given level
to the stoichiometric properties of the other levels (Figure 1).
They are the medium by which imbalances in the stoichiometry
of one level reverberate throughout all biological levels. In
practical terms, they are the processes whose rates have to be
measured by investigators interested in the multi-scale effects of
stoichiometry. The framework reveals that the cellular, organism
and ecosystem levels are essential nodes that cannot be bypassed
when connecting high and low levels (Figure 1). Obviously,
regional processes may affect individual organisms only if they
influence the local ecosystem that embeds them. Within the
local ecosystem, changes in the distribution of elements among
chemical forms may impact organisms only if they affect at least
one ecophysiological rate, altering the distribution of elements
within cells. This highlights the central role of metabolism
and ecosystem processes in connecting the biotic and abiotic
cycles of elements. Ecophysiological rates and evolutionary
forces are the only processes that enable the highest levels to
reach the lowest levels (genomic and cellular). They are also
the processes that allow organisms to adapt to changes in
stoichiometry at larger scales. Biotic adaptation can then lead
to further larger-scale changes through recycling processes, thus
closing the feedback loop of stoichiometry from molecules to the
biosphere.

BIOLOGICAL LEVELS

Stoichiometric studies can be found for all levels, some of
them having acquired a foundational character in ecology,
often solidifying into paradigms (e.g., Liebig and Playfair, 1840;
Redfield, 1958; Tilman, 1982). The emergence of the biological
stoichiometry approach made use of these paradigms, sometimes
unaltered, sometimes developing them further, and sometimes
challenging them (e.g., for the Redfield ratio paradigm, Cleveland
and Liptzin, 2007; Sterner et al., 2008; Flynn, 2010; Loladze
and Elser, 2011; Sardans et al., 2012). New paradigms have also
been developed for various biological levels, and integrations
with other ecological theories attempted. In this section, we
briefly discuss the contribution of stoichiometric approaches to
our understanding of the elemental distribution within each
biological level, as well as the areas still in need of improvement,
starting from genomes, the lowest level, to the biosphere.

Genome
Nucleic acids are known to be N-rich and, singularly, P-
rich molecules (Sterner and Elser, 2002). But only recently
has the new field of stoichiogenomics started working on a
comparison between the elemental compositions of the genomes
of various organisms (Elser et al., 2011). Intriguing differences
in N content between wild plants and domesticated crops were
revealed (Acquisti et al., 2009). As one Guanine-Cytosine (GC)
pair contains 8 N atoms, one more than an Adenine-Thymine
(AT) pair, correlations between the GC and N contents of
genomes has been postulated (McEwan et al., 1998) but hotly
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TABLE 1 | Brief summary of the major advances at each biological level of our framework for a molecule-to biosphere stoichiometry theory and of the elements of

understanding identified as in need of improvement.

Major advances In need of development Needed for completeness Theories for integration

BIOLOGICAL LEVELS

Genome Genome elemental content reflects

selective pressures

Stoichiometric differences within

and between genomes

Elements more loosely associated

to genomes such as transition

metals

Cellular Association between given pools of

elements, biomolecules and

organelles (e.g., N and chloroplasts)

Contribution of storage organelles

and molecules

Cellular components besides

chloroplasts and ribosomes

(mitochondria, intracellular

membranes...)

Ionomics

Organisms C:N:P composition of major taxa

such as unicellular algae, vascular

plants and crustacean zooplankton

Neglected taxonomic groups Other elements besides C, N, and P

Populations Intraspecific variability mainly

determined by environmental

conditions, growth and body size in

autotrophs

Mechanistic model for degree of

homeostasis in heterotrophs

Major determinants of intraspecific

variability in heterotrophs

Physiological homeostasis

Developmental biology

Communities Species in local competitive

communities should converge

toward similar stoichiometries

Functional traits can explain some

variations within communities

Species diversity and body size are

factors affecting community

stoichiometries

Scale resolution from biomes to

local communities

More data on stoichiometric

imbalances in realized interactions

and across trophic levels

Patterns in stoichiometry-related

traits (threshold elemental ratios,

growth efficiencies...)

Community ecology theories

(coexistence theory, neutral

theory, etc.)

Ecosystems Ecosystems should be close to

co-limitation by multiple elements

Extensive monitoring of local

elemental limitations for classically

studied elements C, N, P and other

elements such as K, Mo and Fe

Role of catchment properties and of

the regional context

Landscapes Increasing role of watershed as

water bodies decrease in size

Important role for depth along the

water column and for the biota

along soil profile

Interaction between mixing and

stoichiometry along the water

column

Stoichiometry patterns along

connected terrestrial landscapes

Hydrodynamics

Biosphere Local heterogeneity in in elemental

distribution on emerged lands and

to a lesser extent in oceans

Global P distribution in the

biosphere

Global distribution of other

elements such as K, Fe and Mo

The elements singled out here have been divided into those in need of development (if they have been already tackled in the literature, but insufficiently) and those needed for completeness

(if they have not been tackled in the literature, or only rudimentarily). The integration column lists the relevant theories and fields whose integration would greatly promote understanding

of stoichiometry at the corresponding level.

debated (Bragg and Hyder, 2004). Correlation between genome
size and P content is also controversial (Hessen et al., 2010b;
Vieira-Silva et al., 2010). There is another more subtle way
for stoichiometric constraints to imprint on the genome of
organisms. The N contents of codons and the amino acids
they encode are positively correlated, resulting in a strong
relationship between the nitrogen:carbon (N:C) ratio of genomes
and proteomes across prokaryotic species (Bragg and Hyder,
2004). Hence, organisms under selection for lower N in their
proteins should also see their genome N content decrease,
although many other genomic processes may obscure the picture
(Gunther et al., 2013). Regarding P, it is the causal association
between rDNA structure, rRNA expression, cellular P content
and growth rate that is likely to affect the structure of genomes
(Weider et al., 2005). Despite these notable breakthroughs, the
field of stoichiogenomics is at its early stages. Still lacking is
information on potential differences in the stoichiometry of

various types of sequences (eu- and heterochomatin, introns
and exons, transposons, etc.), of distinct physical structures of
genomes (chromosomes, telomeres, centromeres, etc.), as well
as differences between the genomes of different organelles (e.g.,
chloroplasts and mitochondria), cell types (e.g., immune cells,
or syncitia) and species (Table 1). Other elements beside C,
N, and P are worth assessing too. For example, a rather old
study by Kearns and Sigee (1979) suggests that some transition
metals in cells, like nickel and copper, are mainly associated with
chromosomes in dinoflagellates. Thus, differences in genome
size among dinoflagellates may result in differences in transition
metal contents.

Cellular
Genomes represent only a small fraction of a cell’s biomass. Major
pools of elements in cells are proteins and nucleotides for N,
RNA and phospholipids for P, and carbohydrates and lipids for
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TABLE 2 | Brief summary of the major advances at each biological level of our framework for a molecule-to biosphere stoichiometry theory and of the elements of

understanding identified as in need of improvement for each process of our framework for a molecule-to biosphere stoichiometry theory.

Major advances In need of development Needed for completeness Theories for integration

PROCESSES

Genetic

expression

Fundamental links between rRNA

production, rDNA gene structure,

total P, and growth rate

Relation between elemental content

and level of expression of genes

activated by a given elemental

limitation

Organisms beyond classical models

such as E. coli, A. thaliana and

Daphnia

Interactive effects of multiple

elements

Systems biology;

Nutrigenomics

Ecophysiological

rates

Feedback through increased

investment in consumption of

scarce resources, leading to

co-limitation

Explore alternative resource

acquisition strategies

Chemical side effects of elemental

resources (e.g., O and anoxia;

cations and salinity).

Effects of the chemical environment.

Nutritional biology;

Environmental chemistry

Physiological rates Growth penalties for strictly

homeostatic organisms under both

limitation and excess of given

elements

The Growth rate Hypothesis and

light:nutrient Hypothesis

Molecular and cellular mechanisms

at the basis of empirical

growth-stoichiometry patterns

A theory of homeostasis.

Diseases linked to stoichiometric

imbalances

Systems biology;

Nutrigenomics

Demographic

processes

Somatic growth and reproduction

are affected by elemental limitation

Effects of stoichiometry on mortality

and dispersal

Density-dependence and

demographic stochasticity

relationships with stoichiometry.

Study of taxa beyond crustaceans

Population biology

Evolutionary forces N limitation shape N content and

gene expression of plant genomes

Measurement of natural selection

mechanisms on stoichiometric

properties

Other types of evolution (sexual

selection, genetic drift, gene flow...)

Evolutionary biology

Ecological

interactions

Limitation of herbivores and

detritivores by mineral content of

their resources

Host-pathogen interactions are

affected by the stoichiometry of the

host

Growth limitation in trophic levels

above primary consumers

Other dimensions of food quality

besides stoichiometry

Inclusion of non-trophic interactions Multi-level framework

Recycling rates Consumer-Driven Nutrient

Recycling Hypothesis

Chemical and spatio-temporal

variability in recycling.

Effects of species diversity.

Feedback loops between the

chemical environment and

recycling.

Effects of organisms on the

stoichiometry of outputs and inputs

in ecosystems

Biodiversity-Ecosystem

Functioning theory

Transfer rates Importance of dispersing organisms

and of boundaries between

ecosystems

Data reporting transfer rates of

multiple elements simultaneously

Conceptual and predictive

frameworks for coupled elemental

transfer rates

Meta-ecosystems

Nutrient spiraling

Lagrangian models

General circulation Dominant effects of plants and

humans on global circulation of

elements

Study of abiotic and biotic

processes together

Study of multiple elements

simultaneously

General circulation models

The elements singled out here have been divided into those in need of development (if they have been already tackled in the literature, but insufficiently) and those needed for

completeness (if they have not been tackled in the literature, or only rudimentarily). The integration column lists the relevant theories and disciplines whose integration would greatly

promote understanding of the stoichiometric role of the corresponding processes.

C (Sterner and Elser, 2002). Hence, the stoichiometry of cells is
to all intents and purposes the result of the relative investment
of the cell in those few dominant macromolecules (Vrede et al.,
2004). This fundamental understanding allows us to predict
the stoichiometry of cells in many cases. For example, actively
photosynthesizing leaves should show high N:C ratios, because
of their heavy investment in RubisCo and other photosynthesis
proteins (Field and Mooney, 1986; Evans, 1989). The Growth
Rate Hypothesis (Elser et al., 1996) states that fast growing cells
should have high contents of ribosomal RNA, and thus also of P,

such as in rapidly dividing cancerous cells (Elser et al., 2007b).
There can also be a special association between a macromolecule
type and a specific cellular structure, e.g., between chlorophyll
and chloroplasts, lipids andmembranes, or rRNA and ribosomes,
resulting in an association between specific metabolic processes
and specific elements (Sterner and Elser, 2002; Allen and
Gillooly, 2009). Relatively neglected in stoichiometry are storage
organelles and associated storage molecules (Table 1). In many
organisms—like in most autotrophs and prokaryotes (Lee, 1996;
Raven, 1997), storage is a major process that may disrupt the

Frontiers in Marine Science | www.frontiersin.org September 2017 | Volume 4 | Article 286259

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Cherif et al. Framework for a Stoichiometry Theory

functional link described above between cell stoichiometry and
other organelles (Lukas et al., 2011), as well as play many other
unforeseen roles (e.g., the many roles of polyphosphates, in
Bjorkman, 2014). The role of other cellular components, such as
mitochondria and intracellular membranes has been given very
little consideration too. Elements beside C, N and P have seldom
been analyzed at the cellular level in mainstream biological
stoichiometry, outside the realm of unicellulars (Ho et al., 2003).
They are however the major concern of the whole field of
ionomics and both approaches certainly benefit from each other
(Salt et al., 2008), revealing intriguing and potentially meaningful
correlations among various elements (Loladze, 2014; Jeyasingh
et al., 2017).

Organism
Knowledge of the C:N:P composition of species has greatly
expanded since the first systematic measurements done on
a couple of zooplankton taxa (Andersen and Hessen, 1991).
The current datasets allow generalities to be drawn, as
well as comparisons among various taxa, life forms, trophic
levels and habitats to be performed (Sardans et al., 2012).
However, besides the C, N, and P triptych, knowledge of
other elements is still limited even though it is potentially of
great ecological significance. For example, the oxygen content
(O) of organisms may be a signature of their physiological
conditions and of the type of molecules they store (Fagerbakke
et al., 1996; Table 1; see also Han et al., 2011). Biases in
the groups of organisms represented in datasets also exist,
with unicellular algae, terrestrial vascular plants, crustacean
zooplankton—mostly herbivorous—and insects overrepresented
(but see Amatangelo and Vitousek, 2008; Martinson et al., 2008;
Xia et al., 2014; Danger et al., 2016 for examples of recent
attempts at evening the balance).

Population
Intra-specific variability in elemental stoichiometry is less well
documented than inter-specific variability. There are different
ways to measure variability within a population: according to
ontogenetic stages (Main et al., 1997; Meunier et al., 2016), driven
by amaster trait such as body size or reproductive status (Mendez
and Karlsson, 2005), controlled by genotypes, environmentally
driven (DeMott et al., 2004), or as stochastic inter-individual
variability. Teasing apart all these sources of variation is anything
but straightforward and only a few attempts have been made
so far, revealing a surprisingly large effect of abiotic conditions
on supposedly homeostatic organisms (e.g., El-Sabaawi et al.,
2012). Intraspecific variability in autotrophs is notoriously large
and determined to a great extent by environmental conditions,
with little difference between genotypes (Agren, 2008; Agren
and Weih, 2012). Interestingly, ontogenetic stage and body
size also strongly affect autotroph stoichiometry, reflecting
the fundamental links between growth rate, biomolecules and
elements as described in the Growth rate hypothesis (Agren,
2008; Elser et al., 2010). Heterotrophs are classically viewed
as maintaining a strict stoichiometric homeostasis, but the
paradigm is slowly shifting toward the view that the degree of
homeostasis differs from strict to loose in heterotrophic species

(Persson et al., 2010; Meunier et al., 2014). It is still unclear
what determines the degree of homeostasis (Table 1). Potential
candidates are ecological factors such as mortality rates (Wang
et al., 2012) and the degree of osmotrophy (bacteria, fungi, and
flagellates are often highly non-homeostatic, see Godwin and
Cotner, 2015; Golz et al., 2015; Danger et al., 2016). Under natural
conditions, non-homeostatic species, or conformers—to borrow
the concept from physiological studies of homeostasis, are likely
to show more intraspecific variability than homeostatic species,
or regulators (Meunier et al., 2014). But the latter may still see
substantial stoichiometric variability between different life stages
or genotypes. It will be important to study the extent of these two
sources of intraspecific variability and their effects on populations
and nutrient fluxes in ecosystems, likely by integrating elements
from the field of developmental biology.

Community
There are numerous studies that examine how elemental
composition varies within local communities (Sterner and
George, 2000; He et al., 2006; Hattenschwiler et al., 2008).
Technical developments in electron microscopy (Gundersen
et al., 2002) and microspectroscopy (Hall et al., 2011) allows
for such studies in unicellular organisms too. Despite increasing
data availability, comparatively few generalities on stoichiometric
variability have been drawn (but see Sardans et al., 2012). One
reason might be that such studies have not separated scales
clearly, mixing data taken from one locality with other data
from other localities (Table 1). For example, McGroddy et al.
(2004) show that variability in N:P ratios is lower within than
between biomes. Phylogeny may contribute to this pattern as was
found in plants (Broadley et al., 2004) and insects (Woods et al.,
2004). The resource-ratio theory may provide some theoretical
underpinning as to why local communities feeding on shared
resourcesmight converge toward the same stoichiometry, the one
ensuring co-limitation by the multiple shared resources (Cherif
and Loreau, 2007; Danger et al., 2008). Functional traits may
also explain some of the local variation in ratios. For example,
N:P ratios are higher in graminoids and stress-tolerant plants
than in forbs and ruderals (Gusewell, 2004). Body size is a
recurring trait affecting stoichiometry distribution within local
communities (Vanni et al., 2002). Other potential factors affecting
inter-specific differences in stoichiometry within and between
communities are reviewed in Carnicer et al. (2015). Alternatively,
neutral processes might control stoichiometric patterns in
communities as they may do for abundance distributions (Chave,
2004). Combination of multiple community ecology theories
would certainly improve our understanding of community
stoichiometry, since competition theory alone does not explain
the high biodiversity found in, for example, phytoplankton
communities (Passarge et al., 2006).

Species diversity is a factor that has received special interest
recently, both as a factor affecting (Striebel et al., 2009; Abbas
et al., 2013) and being affected by stoichiometry (Evans-White
et al., 2009; Lewandowska et al., 2016). The study by Guiz et al.
(2016) is unique in its attempts at causally explaining both the
mean and variation in stoichiometry within local communities
and suggests an intriguing convergence in the mean and variance
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of C:N ratios between plant communities established on different
soil fertilities.

Vertical diversity, the number of trophic levels, is another
dimension of biodiversity that has garnered some attention from
stoichiometry. Causal interactions between food chain length
and variation in stoichiometry across trophic levels have been
touched upon lately, but without any general conclusions drawn
yet (Doi, 2012; Peace, 2015). Few generalities have been found
regarding systematic stoichiometric differences across trophic
levels, beyond the known fact that herbivores are generally
poorer in C than their food, but show similar N:P ratios among
habitats (Elser et al., 2000a; Table 1). For secondary consumers
and higher trophic levels, studies have found increases, decreases
or no change in N and P when climbing the food chain
(Lemoine et al., 2014). Missing are more studies measuring the
stoichiometric imbalances between predators and their prey in
realized interactions (Malzahn et al., 2010; Lemoine et al., 2014),
as well as measuring efficiencies and other important metabolic
parameters if one wants to infer consequences on nutrient cycling
(Doi et al., 2010).

Ecosystem
Generic knowledge of the balance of N and P inmajor ecosystems
has been available for a long time. In terrestrial systems,
chronosequence analyses suggest that terrestrial vegetation shifts
from N limitation to P limitation as soils age, N2 fixation
increases N stocks, and erosion depletes soil P (Vitousek and
Farrington, 1997). Hence, it is assumed that P is limiting in
the tropics and on old bedrocks, while N is limiting in soils
recently sedimented or newly exposed by deglaciation. In oceans,
the classical work by Redfield has ingrained the view that total
C:N:P ratio in pelagic waters is constant around a mean value of
105:15:1 (Redfield, 1958), with competition between N-fixer and
non-fixer phytoplankton as the main regulating process (Lenton
and Klausmeier, 2007). In freshwater systems, lakes are assumed
to be P limited in temperate areas, because C and N can be
incorporated into lakes from their vast atmospheric reservoirs
(Schindler, 1977), while N limitation was noted for some large
lakes in the tropics (Hecky and Kilham, 1988) and some humic
lakes in Scandinavia (Jansson et al., 2001). But with biological
stoichiometry, there was a renewed interest in measuring the
balance of elements in ecosystems, and the classical paradigms
depicted above has seen many challenges (Sterner, 2008). The
current image emerging is that of ecosystems that are co-
limited, or close to co-limitation, unless high imbalances or
perturbations in the relative inputs of elements in the ecosystem
occur (Elser et al., 2007a). Recent advances even advocate for
light limitation in boreal lakes which are rich in colored dissolved
organic matter (Karlsson et al., 2009). Anthropogenic alterations
of the biogeochemical cycles may also push ecosystems toward
limitation by new elements such as K or Mo (van Groenigen
et al., 2006). Hence, the general rules about the balance of
elements in ecosystems require constant revision as new studies
at the local scale emerge (Table 1). Important lessons from the
analysis of an extensive regional lake database (Hessen et al.,
2009) are the significance of catchment properties (type and
density of terrestrial vegetation), and of the regional context

(N or S deposition intensity) in determining lake stoichiometry.
The importance of the landscape context should prompt further
distantiation from the “lake as a microcosm” paradigm (Jenkins,
2014).

Landscape
The stoichiometric focus in lake studies greatly highlighted the
role of the watershed in determining the nutrient status of
freshwater bodies (Frost et al., 2009; Hessen et al., 2009). But
it also describes a decreasing influence of landscape as the sizes
of water bodies increase, with an increasing convergence toward
Redfield ratios from lakes to coastal areas to oceanic water bodies
(Sterner et al., 2008). Depth is an equally important spatial
dimension in aquatic ecosystems. Vertical profiles of nutrients
along the water column, and the role of salinity, temperature
and turbulence in their generation are classical material of
hydrodynamics and aquatic ecology textbooks (Barnes et al.,,
1991). Additions taken from stoichiometry to these classical
approaches look very promising already, indicating important
interactions between water mixing and stoichiometric properties
of organisms (Diehl et al., 2005; Frassl et al., 2014; Table 1).

Terrestrial ecology lags behind in terms of characterizing
stoichiometry at the landscape level. Studies searching for
differences in elemental availabilities between forests and
grasslands for example yielded unresolved contrasting results
(Cleveland and Liptzin, 2007; Bond, 2010). There are obvious
factors that may affect soil nutrient availabilities between adjacent
areas, such as age, vegetation type, or local climate. But there
is a lack of knowledge about stoichiometric variation along
connected terrestrial ecosystems, for example along a shared hill
slope (Porder et al., 2005; Table 1). Stoichiometric approaches
proved more beneficial when it comes to vertical profiles in
soils, demonstrating a great effect of the biota on the relative
distribution of elements along soil depth (Jobbagy and Jackson,
2001). Despite recent efforts, understanding landscape variation
in ecosystem stoichiometry remains a challenge (Chadwick and
Asner, 2016) and considering supplies from the biosphere is often
necessary to balance large-scale elemental budgets (Chadwick
et al., 1999).

Biosphere
Recent intensive sampling campaigns, global survey tools and
data sharing allow for a better mapping of stoichiometry over
continents and oceans (Cleveland and Liptzin, 2007; Elser et al.,
2010; Weber and Deutsch, 2010), although P may require more
data (Wang et al., 2010). Even less information is available on
other elements (Table 1). The emerging picture so far is that local
heterogeneity marks elemental distributions on emerged lands,
and to a lesser extent in oceans (Key et al., 2004). Atmospheric
circulation mixes gases very efficiently in the atmosphere despite
persistent spatial and temporal variations (Wunch et al., 2011).
But for other elements, like P and sulfur, homogenization is
not fast enough compared to their turnover in the atmosphere,
and so, deposition is localized around their sources of supply
(Garland, 1978; Mahowald et al., 2008). Their radius of impact
can still be surprisingly large as, for example, P from Saharan dust
is known to fertilize American ecosystems (Okin et al., 2004).
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PROCESSES

Processes are generally harder to measure than standing stocks of
elements. They often require specific methods and equipment, as
well as manipulative experiments, which may be different among
elements thatmust bemeasured simultaneously in stoichiometric
studies. Despite these complications, there are a large number
of studies reporting on the various processes affecting the
stoichiometry of all biological levels. The picture emerging from
these studies, its beacons and shadows, are briefly discussed in
this section.

Genetic Expression
Various genetic, biochemical and physiological methods have
already been used in order to characterize genetic responses to
stoichiometric imbalances (reviewed in Wagner et al., 2013).
Studies of the genetic regulation of nutrient limitation has a
strong tradition outside of the biological stoichiometry umbrella,
mostly from the study of classical model organisms such as the
bacterium Escherichia coli, the plant Arabidopsis thaliana and
the yeast Saccharomyces cerevisiae (see, e.g., KEGG PATHWAY
Database1; Broadley and White, 2009; Broach, 2012). The field
seems now ready to move to the next step, from a reductionist
to systemic approach, based on approaches such as systems
biology and nutrigenomics (Muller and Kersten, 2003; Ruffel
et al., 2010; Table 2). In parallel, the stoichiometric approach
has provided its own novel perspective, by demonstrating, e.g.,
a fundamental causal link between the number of rDNA copies
in a genome, the length and composition of the associated
regulatory IGS regions, the cell ribosomal content, its total P
content and somatic growth (Elser et al., 2000c; Weider et al.,
2005). Stoichiometry sheds a unique light on the link between
the economy of elements in organisms and genome structure
by showing that the bulk elemental composition of the genetic
material itself matters. Genes answering to a given elemental
limitation tend to contain less of the limiting element and to
code for proteins that do similarly (Gilbert et al., 2013). The two
approaches of nutritional genetics and stoichiometry increasingly
exchange methodologies (Wagner et al., 2013), but results and
conclusions rarely flow in between. For example, a highly cited,
comprehensive investigation of the interactive effects of C and N
availability on gene expression regulation (Gutierrez et al., 2007)
has gone un-cited in the stoichiometry literature so far.

Ecophysiological Rates
Rates of resource acquisition by organisms as modulated by
elemental availability in their environment is an old topic in
biology at least since the 1940s (Monod, 1947). The general
rule is that of a negative feedback resulting from the availability
of a given resource: the lower the availability, the higher
the investment of the consumer to acquire it. Stoichiometry
has made a substantial contribution to the subject by adding
concerns about the potential role of other essential elements.
On optimisation grounds, it is expected that organisms should

1KEGG PATHWAY Database. Available online at: http://www.genome.jp/kegg/
pathway.html (Online).

use the excess availability of non-limiting elements to increase
their acquisition of the limiting elements until co-limitation
by all essential elements is reached (Darchambeau et al., 2003;
Klausmeier et al., 2004a; Cherif and Loreau, 2007). However, a
number of mechanisms may prevent co-limitation establishing
in practice, like limits to physiological adaptation (Klausmeier
et al., 2004b). Organism needs are complex, and resource
acquisition strategies may have ultimate goals beyond just
insuring immediate maximum growth for an organism (Flynn,
2009; Table 2). Besides, variations in the availabilities of various
resources tend to be coupled under natural circumstances
(Lemoine et al., 2014), sometimes in conjunction with under-
appreciated limiting factors, such as water availability (Sardans
et al., 2008). Hence multifactorial analyses beyond the usual
N and P (sometimes also C) limitation experiments should
be extended to include simultaneous variations in combined
resources. Besides, the molecules that contain the essential
resources may have peripheral chemical properties that otherwise
affect growth, e.g., they may be toxic or change the pH of cells
(McGrath and Quinn, 2000). They may also play other roles
in the metabolism, for example as ions maintaining constant
osmolality (e.g., Na, K, and Ca) or as electron donors/acceptors
(e.g., O, N, and S). Such side effects have been considered in
classical nutritional biology, but mostly ignored in stoichiometry.
It is only recently that consideration of factors such as salinity
and anoxia in stoichiometry emerged (Marino et al., 2006;
Helton et al., 2015; Tadonleke et al., 2016). Even fewer studies
have attempted to integrate the role of elements as biomass
components with their other chemical functions (but see Payn
et al., 2014). Environmental chemistry should thus be better
integrated into the stoichiometric analyses of ecophysiological
rates (Table 2).

Physiological Rates
Organisms have to match elemental demands set by genetic
expression with the ecophysiological rates of resource uptake.
They do this through various physiological processes that
redistribute elements within the organism or between the
organism and its environment, as well as through feedbacks that
regulate the genetic expression. Elemental metabolism in primary
producers and in some model microorganisms like E. coli and S.
cerevisiae is an established part of research. So-called genome-
scale metabolic models now offer the possibility to quantitatively
predict the effects of changes in resource availabilities or of
mutations in genes (e.g., Liu et al., 2010). On the other hand,
stoichiometric studies generally concentrate on designing simple
models describing the link between elements and growth in
autotrophs and osmotrophs (Cherif, 2016). These models are
mostly empirically-based and to a great extent divorced from
the potential molecular and cellular underpinning mechanisms,
which is both a strength and weakness for such models (Flynn,
2008). When it comes to consumers, classical stoichiometric
theories assume strict homeostasis of elemental composition,
resulting in strong constraints on the physiological fluxes of
elements, particularly excretion (Sterner, 1990). This vision of
homeostasis in heterotrophs is increasingly challenged (Persson
et al., 2010). The quest is now for a mechanistic understanding
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of the determinants of the degree of homeostasis in organisms
(Meunier et al., 2014; Table 2). The main physiological
consequence of strict homeostasis is a decrease in growth rate
because one element becomes limiting (Sterner and Hessen,
1994). Another consequence is an increase in the costs related
to the regulation of the elements in excess, which may also lead
to a decrease in growth (Boersma and Elser, 2006). Tolerating
changes in stoichiometry by lowering the content of the limiting
element, or storing the elements in excess, are strategies that
dampen the sensitivity of a species to elemental deficiencies
(Mulder and Bowden, 2007; Seidendorf et al., 2010) and may
even prove competitively advantageous under both constant and
variable environments (Grover, 1991; Grover and Chrzanowski,
2006). The stoichiometry theory has specifically emphasized two
ecologically relevant stoichiometric rearrangements: the decrease
in P content under P limitation, through a decrease in ribosome
numbers (the “Growth rate hypothesis,” see Elser et al., 1996)
and the storage of excess C by plants when light and CO2

are non-limiting (the “Light:nutrient hypothesis,” see Sterner
et al., 1997). Maintaining health and immunity in the face of
a varying environment is a fundamental homeostatic feature, a
fact acknowledged by nutrigenomics (Afman and Muller, 2006)
but overlooked by stoichiometry (Table 2). If stoichiometric
imbalances trigger diseases, then consequences for the organisms
may go beyond a decrease in growth rate or reproductive
output. More generally, stoichiometric adjustments that affect
the life history traits of organisms, should display a variety of
demographic and ecological consequences.

Demographic Processes
Classical population biology teaches us that life-history traits
determine the demographic processes that set the structure
and dynamics of populations (Tuljapurkar and Caswell, 1997).
However, classical stoichiometric theories mainly considered
the effects of elemental limitation on somatic growth, and
more rarely its effects on life history traits (reviewed in Moe
et al., 2005). Fecundity was generally found to be affected
by poor diet quality (Sterner, 1998; Urabe and Sterner, 2001;
Zandona et al., 2011). Few studies focussed on stoichiometry-
related mortality (Sterner et al., 1993; Nelson et al., 2001;
Declerck et al., 2015; Table 2). Only a couple of studies look
into links between stoichiometry and dispersal or migration
(Sterner and Schwalbach, 2001; Huberty and Denno, 2006).
Empirically, much of this work concentrated on Daphnia and
copepods at the expense of other taxa (Sterner and Schulz,
1998; Urabe and Sterner, 2001; Jeyasingh and Weider, 2005;
but see Bertram et al., 2006). Hence, the effects of nutrient
limitation, more specifically P limitation, on life-history traits in
those organisms are reasonably well understood. But we know
only of one study that put this information to use in a P-
limited population model by Nakazawa (2011). One intriguing
result from this study, but in line with most recent population
ecology theory (Roos and Persson, 2013), is that, assuming
that P limitation affects mainly somatic growth, more P-limited
populations should be dominated by P-rich juveniles, and
hence be more P-rich (Nakazawa, 2011). More models releasing
simplifying assumptions are needed, as well as experimental data

outside of the crustacean realm. Other fundamental concepts
in population biology, such as demographic stochasticity and
density dependence (feedbacks from the population to the
organism and cellular levels), are virtually untouched by the
stoichiometry theory so far. In short, a stoichiometric theory of
demography is sorely lacking (Table 2).

Evolutionary Forces
If sustained over a sufficiently long time, changes in a population
structure that are underlain by differences among genomes
should result in evolution. Many studies have postulated
evolution through adaptation to stoichiometric constraints.
Evidence for N limitation shaping the DNA composition of
plant genomes, and for P limitation decreasing genome size,
P content (Hessen et al., 2010a) and P recycling efficiency
(Elser et al., 2000b) has been presented. Evolutionary adaptation
requires variability in traits, heritability and correlation to fitness.
For a given trait, careful experiments and models examining
the mechanisms of natural selection are required. Very few
stoichiometric studies committed to examine these mechanisms,
either through models (Branco et al., 2010; Yamamichi et al.,
2015) or experiments (Declerck et al., 2015; Lind and Jeyasingh,
2015). The absence of mechanistic underpinnings to most
evolutionary stoichiometric hypotheses exposes them to criticism
(Worman and Kimbrell, 2008; Vieira-Silva et al., 2010; Gunther
et al., 2013; Table 2). Moreover, other mechanisms for evolution
besides natural selection, such as genetic drift and gene flow,
are not yet addressed by any stoichiometric hypotheses (but see
Morehouse et al., 2010 for sexual selection).

Ecological Interactions
Ecological interactions are the cornerstones of ecological
stoichiometry. The theory established the idea that herbivores are
most often limited in their growth by the mineral content of their
resources, because most autotrophs are richer in C than their
consumers (Elser et al., 2001). Later, mineral limitation was also
demonstrated in detritivores (Frost et al., 2002). Subsequently,
both deficits and excesses of mineral elements were found
to adversely affect the growth rate of consumers (Boersma
and Elser, 2006). Secondary consumers were first deemed to
be limited by energy, since their prey have similar elemental
contents, but given that excess elements can impact growth
negatively and that consumer stoichiometry is more variable than
previously thought, the jury is still out on whether limitation
by resources other than energy is possible (Boersma et al.,
2008; Lemoine et al., 2014; Table 2). Besides, imbalance in the
stoichiometry of a prey may be associated with other changes
in prey quality that may impact predators, an acknowledged
but often neglected complication (Mitra and Flynn, 2005).
The stoichiometric approach has extended its predictions
beyond the immediate effect of stoichiometric imbalances
on the growth of the consumer. For example, consumer-
driven nutrient recycling predicts that primary consumers
should affect the availability of elements at the ecosystem level
(Elser and Urabe, 1999) and therefore influence coexistence
criteria of primary producers (Grover, 2002); the light:nutrient
hypothesis predicts that increased photosynthetic C fixation with
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increasing light availability should result in widespread mineral
limitation throughout the food web (Sterner et al., 1997); a
stoichiometric approach to host-pathogen interactions predict
that strength of infections should depend on the stoichiometry
of the host resources (Smith et al., 2005; Aalto et al., 2015);
and stoichiometrically-explicit food webs models suggest food
quality-driven changes in trophic cascade strength (Hall et al.,
2007). However, those derived predictions often proved difficult
to demonstrate unequivocally in theory or experiments (e.g.,
Daufresne and Loreau, 2001; Sommer et al., 2004; Faithfull
et al., 2011; Pulkkinen et al., 2014) probably because the
conjectured mechanisms take place at various biological levels
and thus need the type of multi-level framework we endeavor to
sketch here. Another explanation is that neglecting non-trophic
interactions (Kefi et al., 2012) and feedback loops between
ecological interactions and physiological rates may have potent
stoichiometric effects on higher-level processes (Leroux and
Schmitz, 2015).

Recycling Rates
A clear conceptual advance gained from the stoichiometry
theory is the connection between stoichiometric consumer-
to-resource imbalances and the ratios of elements recycled
by consumers (Sterner, 1990). This approach, however, has
abstracted release rates as spatially, temporally and chemically
uniform. But recycling by consumers is known to be spatially
localized (Augustine, 2003), temporally fluctuating (Blackburn
et al., 1998) and chemically variable (Anderson et al., 2005).
This variability bears important consequences for the overall
effects of recycling (Kato et al., 2007; Ramin et al., 2012;
Table 2). Recycling rates are predominantly metabolic rates
(i.e., excretion and egestion rates). As such, body size and
temperature are important rate controllers in concert with
stoichiometry (Cross et al., 2015). Recent integration of both
stoichiometry and metabolic ecology approaches generally
improved rate predictions (Vanni and McIntyre, 2016). The
overall chemical conditions, such as anoxia levels, also interact
with stoichiometry to determine recycling (Steenbergh et al.,
2013). Oxygen minima zones are thus likely to affect and be
affected by the recycling rates of essential elements (Stramma
et al., 2010; Penn et al., 2016). This example points to the
importance of considering the potential feedbacks between the
chemical environment and recycling (Table 2). Research in
biodiversity-ecosystem functioning relationships has otherwise
shown that species diversity affects elemental rates within
ecosystems (Hooper et al., 2005), as well as biomass production
and stoichiometry of primary producers (Striebel et al., 2009).
However, interactive effects of stoichiometry and biodiversity
on recycling rates are still poorly understood and in need
of further development (Hillebrand et al., 2014). In the long
term, it has been shown that it is recycling of the forms
that are not available to other organisms that determine the
impact of a consumer on nutrient availability in its ecosystem
(Paterson et al., 2002; Vanni et al., 2013). This impact depends
on the quantity and quality of matter that it subtracts from
its environment through, e.g., sedimented feces, recalcitrant
carcasses or emigration. Potential control of the consumer on

the inputs of elements in the ecosystem needs to be considered
similarly (e.g., through N fixation, immigration). Hence, the
effects of recycling are intimately related to transfer rates
among ecosystems, because elements that are removed from
an ecosystem are obligatorily added to another ecosystem thus
affecting both ecosystems.

Transfer Rates
Translocation of elements among ecosystems has been an
early scientific concern, defining the field of biogeochemistry
(Gorham, 1991). However, the role of living organisms in the
coupling of the fluxes of multiple elements has only been
conceptualized and generalized to all ecosystems with the birth
of the stoichiometric approach (Sterner and Elser, 2002). On
the theoretical level, Schade et al. (2005) attempted to model
the interaction of ecosystems through transfers of elements
among them with an extension of the classical resource-ratio
theory (Tilman, 1982), insisting on the importance of dispersing
organisms and of boundaries in altering the stoichiometry of
the transferred material and of the recipient ecosystem. Usage of
this framework remains limited however, probably because of a
relative paucity in data reporting the transfer rates of multiple
elements simultaneously (reviewed in Sitters et al., 2015;Table 2).
Other unifying frameworks, such as meta-ecosystems, are worth
exploring as well (Loreau et al., 2003; Manzoni and Porporato,
2011; Marleau et al., 2015).

General Circulation
Shortcuts to localized transfers between adjacent ecosystems
take place when elements are redistributed on larger scales by
the atmospheric and oceanic circulations. Multiple processes
put elements in general circulation: erosion, evapotranspiration,
respiration, and most important, human-mediated processes
such as fossil fuel burning. Other processes ensure that those
elements fall back on local ecosystems. Some are physical
(atmospheric deposition, precipitation, upwelling), others are
mediated by living organisms (photosynthesis, N-fixation,
fertilizer production by humans). Those processes are rarely
studied together, or for multiple elements simultaneously
(Table 2). Because of their sheer biomass and level of activity,
plants (Wassen et al., 2013) and humans (Penuelas et al.,
2013) are the biotic components that most affect the general
circulation of elements. Explicit stoichiometric considerations
increased the predictability of general circulation models that
include the potential effects of these biotic drivers on the
dynamics of the biosphere (Thornton et al., 2009; Penuelas et al.,
2013).

CONCLUSION: A ROADMAP FOR A

MULTILEVEL, COMPREHENSIVE THEORY

OF STOICHIOMETRY

Our framework provides a roadmap of the way a given
stoichiometric imbalance at a given biological level, or alteration
in a given stoichiometric process can cascade to other biological
levels by affecting higher- or lower-level processes. The survey
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of the literature structured by our framework, although non-
exhaustive, shows that the theory has proved astonishingly
vigorous despite its relatively young age, as judged by its degree
of completeness and development. But we also identified, for
each level and each process of the framework, areas in need
of completion, development, or articulation with other relevant
non-stoichiometric theories (see Tables 1, 2 for a summary).
Stoichiometric theories for population dynamics and community
composition appear to us as most urgently needed. Populations
and communities obey constraints that are beyond physiology.
These two biological levels may thus result in departures
from the physiological rules that are used by stoichiometry
theories to predict the flows of multiple elements. Various
disciplines have already developed reliable theories, concepts and
methodologies related to these areas in need of development,
which are highly relevant to the stoichiometric approach. But
lack of familiarity with other fields from the stoichiometry
side, and lack of a comprehensive view on the stoichiometric
approach on the other side, is likely to hinder integration,
unless the links between fields are explicitly laid out, like in our
framework.

By highlighting many areas in need of improvement, our
framework indicates that the stoichiometry approach has not
yet delivered a predictive theory of elemental transfers within
the biosphere. But, we have every hope that our framework will
help the theory reach a level of maturity such that it will be

able to consistently relate local, microscopic processes to global,
macroscopic processes. Current general circulation models often
flagrantly ignore lower-scale biological processes for lack of
a proper methodology, potentially restraining our capacity to
accurately predict future global change. Our framework is one
step in this direction.
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The theories developed in ecological stoichiometry (ES) are fundamentally based on

traits. Traits directly linked to cell/body stoichiometry, such as nutrient uptake and

storage, as well as the associated trade-offs, have the potential to shape ecological

interactions such as competition and predation within ecosystems. Further, traits that

indirectly influence and are influenced by nutritional requirements, such as cell/body size

and growth rate, are tightly linked to organismal stoichiometry. Despite their physiological

and ecological relevance, traits are rarely explicitly integrated in the framework of

ES and, currently, the major challenge is to more closely inter-connect ES with

trait-based ecology (TBE). Here, we highlight four interconnected nutrient trait groups,

i.e., acquisition, body stoichiometry, storage, and excretion, which alter interspecific

competition in autotrophs and heterotrophs. We also identify key differences between

producer-consumer interactions in aquatic and terrestrial ecosystems. For instance,

our synthesis shows that, in contrast to aquatic ecosystems, traits directly influencing

herbivore stoichiometry in forested ecosystems should play only a minor role in the

cycling of nutrients. We furthermore describe how linking ES and TBE can help predict

the ecosystem consequences of global change. The concepts we highlight here allow

us to predict that increasing N:P ratios in ecosystems should shift trait dominances in

communities toward species with higher optimal N:P ratios and higher P uptake affinity,

while decreasing N retention and increasing P storage.

Keywords: food web, biological stoichiometry, functional trait, fitness, trade-off, resource

INTRODUCTION

Ecological stoichiometry (ES) is a framework that links an organism’s metabolic demands with
the relative supply of elements in the environment (Sterner and Elser, 2002; Hessen et al., 2013). It
postulates a crucial relationship between the balance of elements, typically but not limited to carbon
(C), nitrogen (N), and phosphorus (P), and their role in determining growth and reproduction of
organisms as well as in ecological interactions. The recognition of the importance of stoichiometric
constraints between consumer needs and prey nutrient content has substantially increased our
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understanding of trophic interactions. For example, high C:P
food is often of low-quality for a variety of organisms including
molluscs (Stelzer and Lamberti, 2002; Fink and Elert, 2006),
crustaceans (Boersma and Kreutzer, 2002; Meunier et al., 2012,
2016a), insects (Perkins et al., 2004), fish (Borlongan and Satoh,
2001; Vrede et al., 2011), and birds (Grone et al., 1995). ES has
therefore proven to be a highly suitable framework in community
ecology, explaining consumer responses to prey food quality
(food intake, growth, as well as competition between consumer
species, and consumer effects on prey nutrient composition
(Sterner, 1990; Sterner et al., 1992; Sterner and Hessen, 1994).

Trait-based ecology (TBE) focuses on functional traits
expressed by an organism allowing its growth and survival
under distinct environmental conditions (McGill et al.,
2006). Functional traits are the morphological, physiological,
phenological, and behavioral characteristics of an organism
that influence its performance or fitness. As such, TBE couples
biological function to the success of species in a food-web
(Litchman and Klausmeier, 2008; Litchman et al., 2013; Kremer
et al., 2016). More specifically, TBE focuses on traits rather
than taxa, providing a functional approach to understanding
ecological interactions. For example, it has been shown that
trait diversity can provide a better predictor of primary
production as compared to taxonomic diversity (Vogt et al.,
2010). Numerous studies indicate that abiotic parameters, such
as temperature, precipitation, and nutrient concentrations, can
directly influence spatial and temporal trait patterns both at the
population and at the community levels (Brun et al., 2016). TBE
therefore constitutes a powerful tool linking species functional
characteristics to their distributions along environmental
gradients, as well as to community interactions and ecosystem
function.

The framework of ES is essentially, although not explicitly,
based on traits such as homeostasis, growth rate, and nutrient
uptake. For instance, the relationship between organism size and
stoichiometry has been well studied (see below for more detail)
but connecting these ES traits with more traditional TBE traits
still remains a major challenge. Combining the framework of
ES with TBE furthers the coupling of elements to functional
traits from subcellular processes to species interactions and
ultimately ecosystem dynamics. For example, linking ES with
TBE could help studying how variation in traits related to
elemental body composition influences organismal fitness (Leal
et al., 2016). The focus of this paper is to explore and synthesize
existing insights, and to develop novel connections between
ES and TBE. We first review key traits and their elemental
requirements, highlighting differences between trophic levels as
well as ecosystems. Next, we describe trade-offs between traits
that directly or indirectly affect the elemental composition or
requirements of organisms. We also develop hypotheses on how
different traits could be linked to life history trade-offs, and we
outline community and ecosystem consequences of variation in
ES traits and identify limitations and opportunities for future
research further connecting TBE and ES. This framework will
foster collaboration between scientists of different disciplines
(freshwater, marine, and terrestrial ecologists) and enhance our
understanding of fundamental ecological issues.

TRAITS AND ELEMENTAL BALANCES

Four interconnected major trait groups affect the balance
of energy and elements in organisms: acquisition, cell/body
stoichiometry, storage, and excretion. These traits define how
organisms interact with their environment as well as with one
another, and are, therefore, among the key determinants of
ecological niches. This elemental trait framework has already
been successfully used to identify how resource imbalances
affect basic physiological processes (Frost et al., 2005). In the
following sections, we describe different strategies utilized by
autotrophs and heterotrophs to acquire and use C and nutrients,
and we explain how these traits directly influence organismal
stoichiometry. While traditional stoichiometric approaches are
implicitly trait-based, we here aim to fully place life history
trade-offs in a stoichiometric context. This conceptual framework
should enhance our ability to predict how communities will
respond to changes in nutrient conditions in the environment.

Autotrophs
Autotrophs obtain energy (mostly sunlight) and material
from different, uncoupled sources within their environment.
Therefore, plants needed to develop strategies to store these
resources, as the availability of one resource does not guarantee
another one. Nutrient uptake strategies are often linked to storage
capacity and therefore to plasticity in cellular stoichiometry.
When C or nutrients are taken up and fixed by autotrophs,
they may be used immediately for growth or accumulate as
storage pools for later use (Chapin, 1980; Reynolds, 2006).
Due to their need and hence capacity to store nutrients,
autotroph C:N:P ratios greatly vary with available nutrient ratios,
indicating a high flexibility in chemical composition and a
lack of homeostasis (Sterner and Elser, 2002; Meunier et al.,
2014). This can result in different competitive strategies between
various autotroph species. For instance, for phytoplankton,
three major nutrient acquisition strategies have been proposed
(Sommer, 1984): (1) velocity-adapted species, or r-strategists,
with high maximum nutrient uptake rates and high maximum
growth rates that are able to directly utilize nutrient pulses
for growth, (2) storage-adapted species, with high rates of
nutrient uptake but lower maximum growth rates that have
the ability to store excess nutrients, and (3) affinity-adapted
species, or K-strategists, with the ability to effectively take up and
assimilate growth-limiting nutrients even at low concentrations,
a strategy that is advantageous in oligotrophic environments.
Comparable nutrient-acquisition strategies exist in terrestrial
systems, and nutrient availability strongly influences interspecific
plant interactions and community composition (Zemunik et al.,
2015). For instance, tall-growing species with high growth rates
are generally favored by high nutrient inputs at the expense
of species with conservative growth strategies (Diekmann and
Falkengren-Grerup, 2002). Physiological traits such as nutrient
requirements also alter interspecific competition, giving a
competitive advantage to species with high-nutrient affinity
(Price and Morgan, 2007).

Such different strategies may affect the stoichiometry
of autotrophs. For instance, high growth rates may lead
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to higher demands for P (see below), storage will increase
cellular quota of distinct elements, while high affinities will
reduce the minimum nutrient requirements (Figure 1).
Stoichiometric plasticity will furthermore be determined by
physiological limits, as was shown for phytoplankton N:P
ratios that increased non-linearly with increasing N:P supply
ratios (Rhee, 1978; Persson et al., 2010). In other words,
the upper limit of nutrient quota is determined by storage
capabilities, while the lower limits are determined by minimal
structural and functional requirements, as well as the affinity
for a nutrient. These boundaries within which the organism’s
stoichiometry can fluctuate represent the “homeostatic capacity”
parameter defined by Meunier et al. (2014). This parameter
corresponds to the boundaries within which the organism’s
body stoichiometry can fluctuate and therefore characterizes
storage capacity. Consequently, storage- and affinity-adapted
species will be generally characterized by variable stoichiometric
composition while velocity-adapted species with high P
demands will have low cellular N:P ratios (Hillebrand et al.,
2013).

Variation in N:P ratios between organisms often reflect
functional differences, such as the ones that have been described
for optimal N:P ratios (Güsewell, 2004; Hillebrand et al.,
2013), i.e., the N:P ratio at which growth is maximized.
In aquatic environment for example, a recent meta-analysis
identified a scaling relationship between maximum growth
rate and phytoplankton nutrient demand (Hillebrand et al.,

FIGURE 1 | Influence of N and Pavailabilities on trait dominance in

autotrophs. Low N and P supplies will favor species with high affinities and

may also facilitate synthesis of C-rich woody structures. Furthermore, species

with C-rich woody structures may be facilitated by low N and P supplies.

Relatively high N supplies may selectively favor synthesis of N-rich secondary

metabolites, while relatively high P supplies may selectively favor faster growth,

and N2 fixation (in cyanobacteria). Both high N and P supplies may facilitate

large species not limited by nutrients, and favor high maximum uptake rates.

Furthermore, high N and P supplies will promote autotroph biomass and

consequently self-shading, and thus may favor species with high pigment

contents and/or species with accessory pigments.

2013). Phytoplankton N:P ratios decrease with increasing
growth rates and simultaneously display decreasing variance,
particularly driven by P limitation, which follows predictions
of the Growth Rate Hypothesis (Sterner, 1995a; Elser et al.,
1996; Sterner and Elser, 2002). This suggests that fast growing
phytoplankton species, or within a species under less severe
limiting conditions, phytoplankton are relatively more P-rich.
Using a trait-based eco-evolutionary model, Klausmeier et al.
(2004) showed that different environmental conditions select
for species with different N:P ratios: P-rich conditions select
for fast growers with low N:P, while P-limited conditions
select for better P competitors with higher N:P ratios (due
to their investment in resource acquisition proteins, Figure 1).
Not only the N:P ratio itself but the form of N and P
available to phytoplankton matters. While we may expect higher
biomass of small phytoplankton at lower N:P supply due to
their generally fast growth (and thus high P requirements),
higher picophytoplankton densities are only observed under
high N:P conditions (Figure 1; Glibert, 2016) which is likely
caused by changes in N redox and relative proportions of
reduced relative to oxidized N (Glibert et al., 2016). A review
of interspecific differences in N:P ratios of terrestrial plants
concluded that N:P ratios correlate negatively with maximum
relative growth rate in herbaceous and woody plants (Güsewell,
2004). Species with inherently low N:P ratios are predicted
to dominate N-limited communities and should be favored
during P fertilization (Figure 2; Tilman, 1997). Therefore,
nutrient supply and composition often shape terrestrial and
aquatic autotroph community composition by species sorting
as well as by dynamic shifts in species’ C:N:P stoichiometry
(Sterner and Elser, 2002; Persson et al., 2010; Meunier et al.,
2014).

FIGURE 2 | Influence of N:P supply on trait dominance. With increasing

N:P supply, an organism’s optimal N:P ratio, P uptake affinity, and size are

expected to increase, and organisms that selectively retain P over N should

have higher maximal growth rates than those which do not, as predicted by

the Growth Rate Hypothesis (Sterner, 1995b; Elser et al., 2000c). Further,

Tilman’s resource-ratio based theory of competition predicts that biodiversity

should be maximal (gray arrow) at balanced supply ratios (Tilman, 1982).
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Heterotrophs
Autotrophs’ stoichiometry also reflects their quality as food
for herbivores. Since autotrophs are usually more C-rich than
animals, herbivores typically ingest a diet rich in C but deficient
in nutrients (Sterner and Elser, 2002), which has implications for
herbivore and detritivore performance and subsequent trophic
dynamics (Elser et al., 2000b; Hessen et al., 2013). Grazers
however possess a large range of adaptations that allow them to
minimize the consequences of these nutrient imbalances. Besides
selective feeding (e.g., Kagata and Ohgushi, 2011; Meunier et al.,
2012, 2016a) and habitat choice (Winder et al., 2004; Reichwaldt,
2008), consumers may handle poor food quality by selectively
retaining and excreting nutrients (Elser and Urabe, 1999; Knoll
et al., 2009). These physiological adjustments are tightly linked
with the stoichiometry of traits such as elemental ratios of
recycled materials and body stoichiometric homeostasis.

Nutrient storage capacity is a much more confined trait in
heterotrophs than in autotrophs resulting in more constrained
body composition (Persson et al., 2010; Meunier et al., 2014).
While the lack of homeostasis allows organisms to store nutrients
(see above), the advantages of stoichiometric homeostasis remain
unclear. It can be argued that the ability to store nutrients, which
results in flexible body stoichiometry, is the more advantageous
strategy, especially where food supply or food quality fluctuates
(Meunier et al., 2014). It has been hypothesized that homeostasis
is the optimal response strategy to fluctuations in food quality, as
it should minimize the cost of adjusting to new conditions (e.g.,
selective nutrient retention and excretion) while maximizing
growth rate (Giordano, 2013). Indeed, when feeding conditions
are relatively stable within an organism’s life span, homeostasis
minimizes noise in physiological channels and establishes a
stable environment for cellular processes (Woods and Wilson,
2013).

Stoichiometric homeostasis also results from adjustments in
the elemental ratios of recycled material. The stoichiometry
of excreted material is influenced by both the consumer’s
stoichiometry, e.g., low N:P consumers will have high N:P
excretion, as well as by the resource stoichiometry, e.g., the
excreted N:P ratio will increase with increasing resource N:P ratio
(Vanni, 2002). However, several studies question the link between
body stoichiometry and elemental ratios of excreted material
(Allgeier et al., 2015; Vanni and McIntyre, 2016). The lack of
evidence for the relationship between resource stoichiometry and
consumer nutrient excretion is likely due to the fact that, in
these studies, bulk stoichiometry was measured instead of the
stoichiometry of assimilated materials (e.g., Dodds et al., 2014).

Interspecific variations in recycling traits will also have
consequences at the ecosystem scale. For instance, experiments
in lakes provided evidence that the replacement of the high
body N:P copepods with low N:P Daphnia caused a transition
from N to P limitation for primary producers (Sterner, 1990;
Elser et al., 1996), likely driven by the higher N:P ratio of
recycled material (Elser et al., 1988). In addition, intraspecific
variation in nutrient recycling traits during copepod ontogeny
has been suggested to influence biogeochemical cycling within
marine systems (Meunier et al., 2016a). Like zooplankton,
aquatic vertebrates such as fish and amphibians can also

have important stoichiometric impacts on nutrient cycling and
trophic dynamics (Vanni et al., 2002). Similarly, in terrestrial
systems, consumers’ body stoichiometry and nutrient recycling
traits are expected to shape limitation patterns (Cherif and
Loreau, 2009, 2013). However, it is important to consider the
intrinsic differences between producer-consumer interactions in
aquatic and terrestrial ecosystems. While planktonic herbivores
may eat a very large percentage (70–80%) of the daily
primary production (Calbet, 2008; Löder et al., 2011), in
terrestrial ecosystems, plants are less nutritional and lose
lower percentages of production to herbivores, and a higher
level of C is channeled as detritus (Cebrian, 1999). Traits
directly influencing herbivore stoichiometry should therefore
play only a small role in the cycling of nutrients in forested
ecosystems, with decomposers and detritivores playing a
more important role (Cherif and Loreau, 2009, 2013). Given
the importance of homeostasis for biogeochemical cycling
in food webs, quantifying the contribution of this trait to
ecosystem services related to biogeochemical cycles (i.e., C
sequestration, water quality) represents a promising avenue for
future research. The consequences of differences in homeostasis
between autotrophic and heterotrophic microbes for nutrient
cycling have been explored in a number of studies (e.g.,
Cross et al., 2005; Cotner et al., 2010). Further, exploring the
importance of the stoichiometry of traits as both drivers of, and
responses to, ecosystem changes will result in datasets that will
advance our understanding of how biological communities will
perform under different environmental conditions, including the
changing climate. This approach could in turn be used to explore
traits that both directly and indirectly affect a given ecosystem
function or service.

TRAIT CONNECTIONS

Correlative Relationships
Several studies have linked elemental stoichiometry to distinct
species traits in order to explain ecosystem structure (for an
overview see Table 1). As we previously mentioned, the tight
relationship between the body N:P ratio and organismal growth
rate is formulated in the Growth Rate Hypothesis (Table 1), a
central hypothesis in ES. It postulates that species with high
growth rates have more ribosomal RNA content for rapid protein
synthesis than slow-growing species (Sterner and Elser, 2002).
Because ribosomal RNA is rich in P, faster growing species should
have a higher P content and lower body N:P ratios (Sterner,
1995a; Elser et al., 1996; Sterner and Elser, 2002). Although
the Growth Rate Hypothesis is supported for a large range of
organisms, several studies have questioned its generality (Sardans
et al., 2012, and reference therein). For instance, mass-balance
modeling demonstrated that maintenance costs for high biomass
P content can drive the relationship between P content and
growth rate (Shimizu and Urabe, 2008). This has been confirmed
in experiments showing that consumers release P at a substantial
rate, even when fed high C:P food (Demott et al., 1998; Shimizu
and Urabe, 2008). Despite these limitations associated with P
losses, e.g., through molting (Shimizu and Urabe, 2008), a large
body of literature points toward a negative relationship between
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TABLE 1 | Relationships between elemental stoichiometry characteristics and physiological traits among autotrophs and heterotrophs, with abbreviated

description of the linkage and associated citations.

ES characteristics Physiological trait Description Citations

AUTOTROPHS

Organismal C:P and

N:P contents

Growth rate Autotrophs of lower C:P and N:P contents exhibit greater

maximum growth rates

Güsewell, 2004; Hillebrand et al.,

2013

Structure (wood investment) Investment in woody structures reduces plant tissue N

and P contents

Han et al., 2005

Homeostasis Temporal stability Homeostatic plant species show reduced temporal

variation in grassland communities

Yu et al., 2015

Maximum growth rate Homeostatic phytoplankton exhibit faster growth rates Hillebrand et al., 2013

Nutrient uptake Cell size Phytoplankton nutrient uptake affinities decline with

increased cell size

Irwin et al., 2006; Edwards et al.,

2012

Growth rate Higher phytoplankton maximum growth rates with

greater nutrient uptake affinity

Edwards et al., 2012

Resistance to grazing Phytoplankton resistant to grazing may be poor

competitors for limiting nutrients

Litchman and Klausmeier, 2008

Symbioses (mycorrhizae) Mycorrhizal symbionts increase host plant nutrient

acquisition

Brundrett, 2009

HETEROTROPHS

Organismal C:P and

N:P contents

Growth rate Heterotrophs of lower C:P and N:P exhibit greater

maximum growth rates

Elser et al., 2003; Hood and Sterner,

2014

Defense (bone investment) Investment in bone decreases vertebrate body C:P

contents

El-Sabaawi et al., 2016

Ontogeny Vertebrate C:P and N:P decline during development,

whereas invertebrate C:P and N:P increase during

development

Pilati and Vanni, 2007; González

et al., 2011; Back and King, 2013;

Tiegs et al., 2016

Sex Divergent P contents between males and females Back and King, 2013

Homeostasis Maximum growth rate Species of flexible homeostasis tend to have high

maximum growth rates

Hood and Sterner, 2014

Sex Divergent flexibility in body P contents between males

and females

Goos et al., 2014

Generalism vs. specialism? Homeostatic consumers may exhibit greater nutritional

specialism

Sperfeld et al., 2017

Nutrient assimilation Gut residence time or gut length Increased gut length confers increased nutrient

assimilation efficiencies

Liess et al., 2015

Consumer-resource

elemental imbalance

Trophic level Higher trophic levels exhibit reduced consumer-resource

elemental imbalances

Lemoine et al., 2014

Omnivory Selective feeding may reduce imbalances between

consumers and resources

Snyder et al., 2015; Meunier et al.,

2016a

Nutrient recycling Growth rate Faster-growing animals recycle less P Elser et al., 2000a

Body size Higher mass-specific nutrient recycling by organisms of

smaller body size

Allgeier et al., 2015; Vanni and

McIntyre, 2016

Phylogeny Taxonomic identity affects size scaling and rates of N

and P excretion

Allgeier et al., 2015

growth rate and body C:P or N:P (e.g., Carrillo et al., 2001;
Meunier et al., 2016a).

Interestingly, organisms’ size and growth rate are usually
negatively correlated (Table 1), which implies that, based on
the growth rate hypothesis, smaller heterotrophic organisms
might generally have lower N:P ratios (Figure 2). These explicit
connections between body size, ontogeny, and N:P stoichiometry

have been well documented (Elser et al., 1996; Gillooly et al.,
2005;Méndez and Karlsson, 2005;Meunier et al., 2016a). Further,
larger cells have higher biomass-specific storage capacity due
to smaller surface/volume ratios and higher minimum cellular
metabolic requirement that selectively allows them to provide
them with a competitive advantage over smaller cells under
higher resource concentrations (Figure 3; Irwin et al., 2006).
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FIGURE 3 | Influence of variability in resource supply on traits.

Increasing variability is expected to influence the trade-off between fast growth

and investment in storage. Higher variability should therefore yield

communities with larger organisms with greater storage and homeostatic

capacities, but slower maximal growth rates. Moreover, the intermediate

disturbance hypothesis suggests that local species diversity should be

maximized when ecological disturbance is neither too rare nor too frequent

(Wilkinson, 1999). Biodiversity should therefore be maximal at intermediate

resource supply variability (gray arrow).

Experiments in lakes showed that the interaction between top-
down and bottom-up controls can lead to the replacement of
small zooplankton with high N:P by larger species with low N:P
(Sterner et al., 1992; Hall et al., 2004). This community shift also
causes a transition from N to P limitation for primary producers,
likely caused by the higher N:P ratio of recycled material
(Elser et al., 1988). However, the relationship between size and
stoichiometry is expected to be opposite in vertebrates (i.e.,
decreasing N:P ratios with increasing body size) due to relatively
higher P needs for bones (Elser et al., 1996; González et al., 2011).
The interplay between traits and elemental requirements hence
influences the success of an organism in response to different
environmental conditions (Table 1), which, in turn, will shape
community structure.

Changes in environmental conditions can also lead to
evolutionary changes in traits. The mutual interactions between
the evolved functional traits and environment characteristics
therefore have gained increasing interest over the past two
decades. In particular, understanding how genome and proteome
adaptations are shaped by selection on growth-related traits
and the parameters determining the extent of stoichiometrically
relevant variation in genomes across taxa are increasingly studied
(Kay et al., 2005). For example, genes that respond to changes
in P availability have received much attention, and variation
in the environmental supply of P has been associated with the
expression of highly conserved genes (Jeyasingh and Weider,
2007; Frisch et al., 2014). Rotifer populations with a P limitation
selection history yielded higher biomass and reduced food to
lower levels when fed with P limited food (Declerck et al., 2015).
Although this adaptation of populations did not involve changes
in elemental composition, it did alter important population
traits, including birth and death rates, population structure and

grazing pressure. Both TBE and ES are at the intersection of
evolution and ecology, and their integration will thus greatly help
understanding eco-evolutionary dynamics (Jeyasingh et al., 2014;
Declerck et al., 2015).

Trade-Offs
Natural selection balances traits associated with the three main
missions of any organism, i.e., to eat, survive, and reproduce
in order to maximize fitness. However, it is generally not
possible to maximize all traits simultaneously, particularly as
resources are often limiting. Trade-offs are therefore inevitable
and different organisms specialize in various aspects of their
life history. Such trade-offs are typically enabled by trait
specialization and plasticity. For example, consumers with
lower P requirements and higher body N:P ratios should
be abundant in low P environments despite having reduced
maximum growth rates (Sterner, 1995b; Elser et al., 2000c).
The quantification of trade-offs associated with key traits will
therefore yield a set of comparisons allowing the prediction
of physiological, morphological, and behavioral responses
of communities to environmental changes (Litchman and
Klausmeier, 2008; Litchman et al., 2013). Particularly regarding
stoichiometry, Montechiaro and Giordano (2010) discussed
the conditions influencing the trade-off between stoichiometric
homeostasis andmaximal growth rate. Generally, when enduring
periods of nutrient limitation, an organism should adopt a
strategy that lessens the cost of adjusting to the new conditions
(degree of homeostasis) and maximizes growth rate. This trade-
off has been observed in experiments where phytoplankton were
grown at different growth rates and subjected to a stress (Fanesi
et al., 2014). The authors observed that, when the duration of the
perturbation was long enough, cells with lower growth rate were
more elementally homeostatic after a change in nutrient supply,
which indicates that the trade-off between acclimation and
homeostasis depends on the duration of the perturbation relative
to cellular division rate (Fanesi et al., 2014). Based on these
results, we hypothesize that homeostatic strength should decrease
with increasing variability in resource supply (Figure 3). Similar
patterns are expected in heterotrophs (Meunier et al., 2014) but,
to our knowledge, no experiment has yet been conducted to test
this prediction.

Similarly, low nutrient availability in the environment forces
plants to adopt different strategies. For example, they can
invest in storage traits and preferentially accumulate N rather
than P (Chapin et al., 1990; Yu et al., 2015). Experimental
work in freshwater (e.g., Sommer, 1984; Li and Stevens,
2012), marine (e.g., Smayda, 1997), and terrestrial systems (for
review see Chapin et al., 1990) has shown that investing in
storage traits provides a competitive advantage under highly
variable and unpredictable nutrient availabilities (Figure 3).
For example, organisms with high N affinity and storage
capacity relative to other nutrients should have a competitive
advantage under low N supply, as is often observed in N-
limited terrestrial systems (Meunier et al., 2016b). These results
indicate that the trade-offs between size, rapid growth, and
storage capacity are strongly regulated by nutrient availability
as well as the frequency and duration of nutrient pulses
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relative to organismal growth rates (Figure 3). Thus, if nutrient
pulses are regular, small velocity-adapted species should prosper
due to their high maximum nutrient uptake rates and high
maximum growth rates (Figure 3; Sommer, 1984). Along similar
lines of reasoning, the intermediate disturbance hypothesis
suggests that local species diversity should be maximized when
ecological disturbance is neither too rare nor too frequent
(Wilkinson, 1999), although the theoretical underpinnings of
this hypothesis have been increasingly questioned (Fox, 2013).
This implies that biodiversity is maximized when the resource
supply is intermediately variable (Figure 3). Indeed, N pulses
of intermediate frequencies may lead to coexistence of different
strategies, i.e., velocity and storage specialists (Grover, 1991;
Litchman et al., 2009).

In their review of phytoplankton traits and trade-offs,
Litchman and Klausmeier (2008) suggest that the trade-off
between nutrient competitive abilities and grazer resistance is
key among phytoplankton. One strategy to obtain resistance to
grazing is through a large cell size, which is associated with
lower growth rate and reduced nutrient uptake abilities because
of the decreased surface area to volume ratios (Reynolds, 1988)
but increases the cell’s storage capacity (Litchman et al., 2009;
Wirtz, 2013). However, small size also offers several advantages
to phytoplankton, including a more efficient acquisition of
limiting nutrients (Sherwood et al., 1975; Ploug et al., 1999)
and higher maximum growth rates (Banse, 1976), although it
can increase susceptibility to grazing (Thingstad et al., 2005).
This trade-off is one of the drivers for species succession during
phytoplankton blooms as well as annual changes in community
composition (Reynolds, 1984; Sommer et al., 1986). Organismal
replacement along nutrient gradients can also be driven by this
trade-off (Leibold, 1996), which ultimately has consequences for
biodiversity within communities (Kneitel and Chase, 2004). The
trade-off between cell size and competitive ability for limiting
nutrients is therefore a key determinant of species dominance in
phytoplankton communities. In addition to pairwise trade-offs,
traits can be linked via multidimensional trade-offs. For example,
Edwards et al. (2011) identified a three-way trade-off between
N vs. P competitive abilities and cell size as a proxy for grazer
resistance.

IMPLICATIONS

Understanding the link between nutrient stoichiometry and
organismal traits can help predict how human-induced changes
in biogeochemical cycles will alter the interaction between
producers’ stoichiometry and consumer elemental requirements.
Human activities have altered the C, N, and P biogeochemical
cycles on a global scale (Peňuelas et al., 2012). These changes
are apparent from increasing atmospheric CO2 concentrations
and the large amounts of nutrients applied on land, subsequently
also enriching lakes, rivers, and marine coastal waters. More
specifically, the use of agricultural fertilizers has tremendously
disturbed global biogeochemical cycles and increased the amount
of N and P available to plants and animals (Bobbink et al.,
2010). Not only do the C, N, and P supplies increase, also their
relative abundances are changing both in aquatic and terrestrial

environments (Grizzetti et al., 2012; Peňuelas et al., 2012; Sardans
et al., 2012). Such shifts in the relative abundances of elements
will alter autotroph stoichiometry and thereby their quality as
food for herbivores (Van De Waal et al., 2010). For example, the
N:P ratio available to plants has risen over the past decades in
both terrestrial and aquatic systems (Sardans et al., 2012). The
concepts we highlight here allow us to predict that such changes
in nutrient availability should lead to communities dominated
by species with higher optimal N:P ratios and higher P uptake
affinity, while decreasing N retention and increasing P storage
(Figure 2). The Growth Rate Hypothesis allows us to predict
slower maximal growth rates at higher N:P supply and decreasing
organismal size with increasing N:P supply, because body size
is generally negatively correlated with growth rate (Figure 2).
Linking TBE with ES therefore enables us to make predictions
regarding the impact of human activities on both community
structure and functioning. For example, it has been observed
that communities dominated by species with higher optimal
N:P ratios will substantially influence biogeochemical cycles by
preferentially recycling N over P (Vanni et al., 2002; Knoll et al.,
2009; El-Sabaawi et al., 2016).

CONCLUSION

Coupling functional traits to the stoichiometry of organisms
allows a more general understanding of ecological interactions.
Specifically, optimal body N:P ratios, nutrient uptake and
storage traits, as well as their associated trade-offs, have the
potential to drive species competition and thereby influence
food web interactions and ecosystem dynamics. Quantifying
the contribution of these traits to ecosystem services (i.e., C
sequestration, water quality) represents a promising avenue
for research into changes in biogeochemical cycling associated
with global environmental change. At the same time, traits
indirectly coupled to elemental demands, such as cell/body
size and growth rate have a strong influence on, and are
affected by, organismal stoichiometry. Therefore, combining
observations and ideas from ES and TBE offers a unified
framework that enables answering a wide array of complex
ecological questions, for instance how biological communities
will perform under changing environmental conditions. Linking
and applying multiple ecological frameworks allows crosstalk
between the various scientific disciplines, fostering the exchange
of comparable efforts in understanding the complexity of
ecosystem structure and functioning.
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The niche concept is essential to understanding how biotic and abiotic factors regulate

the abundance and distribution of living entities, and how these organisms utilize,

affect and compete for resources in the environment. However, it has been challenging

to determine the number and types of important niche dimensions. By contrast,

there is strong mechanistic theory and empirical evidence showing that the elemental

composition of living organisms shapes ecological systems, from organismal physiology

to food web structure. We propose an approach based on a multidimensional elemental

view of the ecological niche. Visualizing the stoichiometric composition of individuals

in multivariate space permits quantification of niche dimensions within and across

species. This approach expands on previous elemental characterizations of plant

niches, and adapts metrics of niche volume, overlap and nestedness previously used

to quantify isotopic niches. We demonstrate the applicability of the multidimensional

stoichiometric niche using data on carbon, nitrogen, and phosphorus of terrestrial and

freshwater communities composed by multiple trophic groups. First, we calculated the

stoichiometric niche volumes occupied by terrestrial and freshwater food webs, by

trophic groups, by individual species, and by individuals within species, which together

give a measure of the extent of stoichiometric diversity within and across levels of

organization. Then we evaluated complementarity between these stoichiometric niches,

through metrics of overlap and nestedness. Our case study showed that vertebrates,

invertebrates, and primary producers do not overlap in their stoichiometric niches,

and that large areas of stoichiometric space are unoccupied by organisms. Within

invertebrates, niche differences emerged between freshwater and terrestrial food webs,

and between herbivores and non-herbivores (detritivores and predators). These niche

differences were accompanied by changes in the covariance structure of the three

elements, suggesting fundamental shifts in organismal physiology and/or structure. We

also demonstrate the sensitivity of results to sample size, and suggest that representative

sampling is better than rarefaction in characterizing the stoichiometric niche occupied

by food webs. Overall, our approach demonstrates that stoichiometric traits provide

a common currency to estimate the dimensionality of stoichiometric niches, and help

reduce and rationalize the number of axis required to characterize communities.

Keywords: chemical elements, ecological stoichiometry, food webs, multidimensional space, niche overlap, niche

nestedness, traits
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INTRODUCTION

The niche concept is fundamental to ecology. The idea of the
ecological niche has been central to most theory explaining
how biotic and abiotic factors affect the abundance and
distribution of species, and how species utilize, modify and
compete for resources in the environment. However, the
ecological niche has been defined multiple times through
the history of ecology (Leibold, 1995; Chase and Leibold,
2003). Grinnell (1917) defined a species’ niche in terms
of the match between the species’ traits and its habitat,
whereas Elton (1927) considered the niche to be a qualitative
description of the resource requirements for species persistence,
as well as the impacts of species on their environment. By
contrast, the Hutchinsonian niche (Hutchinson, 1957) represents
a more quantitative description of all biotic resources and
abiotic conditions (i.e., multiple n-dimensions) that affect the
fitness of a species. More recently, trait-based approaches
have merged the Hutchinson n-dimensional niche perspective
with the Eltonian niche to quantify a species’ niche based
on multiple functional traits. The main premise of trait-
based ecology is that the niche can be characterized by
the phenotypic space occupied by a group of organisms.
Quantification of this functional trait space has provided insights
into understanding the ecological and evolutionary processes
that structure functional diversity, and the relationship between
functional diversity and ecosystem processes (Carmona et al.,
2016).

An alternative to trait based or Hutchinsonian niches are
niches based on the chemical composition of organisms.
As energy and material acquisition, storage and exchange
are essential to life, and because the chemical composition
of an organism has been shown to shape its ecology, it
has been argued that biochemistry represents a key aspect
of a species’ niche (Sterner and Elser, 2002; Elser et al.,
2003; Newsome et al., 2007; Carnicer et al., 2015). The
chemical composition of an organism (isotopic, elemental, and
molecular) is determined by the resources it consumed and
the environmental conditions it experienced, as constrained
by its nutritional and metabolic requirements. Importantly,
these nutritional and metabolic requirements can often be
expressed in only a few well-established dimensions, potentially
resolving some of the ambiguity in selecting traits. In
particular, isotopic ecology (Layman et al., 2007; Newsome
et al., 2007; Jackson et al., 2011; Cucherousset and Villéger,
2015; Swanson et al., 2015), the geometric framework of
nutrition (Simpson and Raubenheimer, 1993; Raubenheimer
and Simpson, 2004; Raubenheimer et al., 2009, 2015; Kearney
et al., 2010; Raubenheimer, 2011), and ecological stoichiometry
(Elser et al., 2000; Peñuelas et al., 2008, 2010) have all
represented the ecological niche using the chemistry of living
organisms.

A number of metrics originally developed by functional
ecologists to quantify trait functional diversity have been
repurposed and applied in stable isotope ecology research
(Rigolet et al., 2015; Comte et al., 2016). Like traditional
traits, isotopic traits can be fit with a convex hull, the size

of which has been extensively used as a proxy of the size
of the trophic niche occupied by a group of individuals
(Layman et al., 2007, 2012; Cucherousset and Villéger, 2015).
Similarly, the geometric framework of nutrition (NGF)
has been used to build multidimensional models of animal
macronutrient budgets (i.e., multidimensional nutritional
niche) in which information on food macronutrient contents
(i.e., proteins, carbohydrates, lipids), animal macronutrient
requirements, and animal nutritional processes such as
macronutrient intake, growth and macronutrient use, are
integrated, modeled and visualized as three macronutrient axes
(Raubenheimer et al., 2015; Machovsky-Capuska et al., 2016.
Although this approach has been extremely useful to improve
our understanding of the foraging behavior, post-ingestion
allocation of macronutrients, and the dietary niche breath of
a large diversity of animals, it is a data hungry approach and
some of the required nutritional descriptors are restricted to
specific taxonomic groups—such as animals but not plants.
Further, it does not allow for a formal empirical or theoretical
application of the laws of conservation of matter to link the
chemical niche of individual organisms to ecosystem-level
processes (Sperfeld et al., 2016, 2017). This imposes some
limitations on the use of NGF to integrate and describe
entire ecological communities, and to identify links between
chemical phenotypes and ecosystem processes (Sperfeld et al.,
2016). Here we propose a new way to chemically describe the
niche—the multidimensional stoichiometric niche, based on
ecological stoichiometry theory—which may be even more
useful.

THE MULTIDIMENSIONAL
STOICHIOMETRIC NICHE

All living organisms share biochemistry based on carbon (C),
nitrogen (N), phosphorus (P), and other chemical elements (Elser
et al., 2000; Sterner and Elser, 2002). However, organisms differ
widely in the proportion of these elements in their biomass, both
across taxonomic groups and trophic groups (Elser et al., 2000;
Sterner and Elser, 2002). Ecological stoichiometry (henceforth
ES: Sterner and Elser, 2002) studies the balance of energy
and multiple chemical elements in ecological interactions, and
assumes that the elemental composition of living organisms
reflects their demands for chemical elements and the degree
of elemental homeostasis. The demands of chemical elements
largely depend on the individual investment in structural
resources such as C-rich cellulose and lignin by plants, C-and
N-rich chitin and muscle by arthropods, and P-rich bones by
vertebrates, but are also influenced by physiological processes
such as growth and reproduction (Sterner and Elser, 2002;
Elser et al., 2003; Leal et al., 2017). Similarly, the different
degrees of elemental homeostasis among living organisms (e.g.,
plants and animals) can determine important variation in
organismal stoichiometry (Sterner and Elser, 2002; Persson et al.,
2010). Therefore, stoichiometric traits are defined here as the
composition, assimilation, allocation, or excretion of elements
at the individual level, quantities that are usually assessed by
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the elemental content or elemental ratios of living organisms
(Leal et al., 2017). Overall, stoichiometric trait variation, just like
variation in any other trait, can be scaled-up from individuals to
entire communities (Violle et al., 2007).

As with other quantitative traits, elemental composition and
variation can be represented in a multivariate space (Sterner and
Elser, 2002). Thus, each axis can represent the quantity (e.g.,
proportion) of a chemical element in the body of an organism,
which allows a hypervolumetric visualization and analysis of
the niche and trait distribution at multiple scales (groups of
individuals, entire communities or regional pools of species; see
Villéger et al., 2008; Cucherousset and Villéger, 2015; Carmona
et al., 2016). This elemental view of a living organism has been
called the elemental phenotype, which could include the ∼25
elements composing the biomass of living organisms (Jeyasingh
et al., 2014; Leal et al., 2017). Each of these chemical elements
play key roles in the chemistry of life ranging from biomolecules
and organelle structure to its life history (Sterner and Elser,
2002), and consequently the elemental phenotype is thought to
be shaped by the variation in classic traits (e.g., growth rates,
body size) related to the structural and functional demands of
individuals (Sterner and Elser, 2002; Hessen et al., 2013; Jeyasingh
et al., 2014). Although the elemental phenotype approach goes
beyond the mere quantification of the elemental composition of
an organism, it relates to the niche by considering an integrated
and multidimensional view of the elemental make-up of life.
This multiscale approach—from individuals within a species to
entire communities—allows ecologists to determine how much
different levels of biological organization contribute to overall
trophic and resource diversity.

The ES focus on chemical elements has significant advantages
over the nutritional niche framework for analyses of ecological
niches. The ES perspective provides a common currency
that facilitates comparisons across diverse taxonomic groups,
ecological levels of organization (individuals, populations,
communities or regional pools of species), and habitats (e.g.,
terrestrial, freshwater), and links the elemental phenotype
to community and ecosystem-level processes. The elemental
phenotype view is not new; in fact plant ecologists previously
described it as the “biogeochemical niche” (Peñuelas et al.,
2008, 2010). The biogeochemical niche represents a species
position in multivariate space as defined by elemental content
(sensu Peñuelas et al., 2008). Much of the progress done
by plant ecologists on this topic has been made possible
because elemental traits in plants show strong responses to
environmental gradients, with consequences for plant fitness. As
with isotopic niches, biogeochemical niches have been quantified
for individual species, based on themean value of plant elemental
traits (Peñuelas et al., 2008, 2010; Violle and Jiang, 2009), and
scaled-up to describe entire plant communities (Kerkhoff and
Enquist, 2006). Although the elemental composition of living
organisms (plants, animals and microorganisms) is known to
shape their ecology and influence the structure and functioning
of ecological systems (Hall, 2009; Hawlena et al., 2012), similar
analyses of the elemental niche of entire communities, including
their size and overlap, remain largely unexplored. Therefore,
further progress can be made by the development of an

approach that allows the description and comparison of the
biogeochemical niche across all taxa (e.g., bacteria, fungi, plants,
and animals) and habitats (e.g., aquatic and terrestrial), as well
as across observational gradients or experimental manipulation
conditions.

Borrowing some ideas from the “biogeochemical niche” as
defined by Peñuelas et al. (2008) and Sardans and Peñuelas
(2013), and adapting metrics developed for the analysis of
stable isotope data and functional trait diversity (Layman et al.,
2007; Cucherousset and Villéger, 2015), we develop here the
multidimensional stoichiometric niche approach for ecological
stoichiometric research. Our approach expands from Peñuelas
et al. (2008) who described and analyzed the “biogeochemical
niche” for plants entirely based on the position of species in
multivariate space using principal component analysis (PCA).
We define the stoichiometric niche as the region of multivariate
niche space occupied by a group of individuals where the axes
represent their elemental content, but the stoichiometric niche
could also be extended to incorporate nutrient recycling rates
(Table 1). Incorporating element fluxes and transformation rates
as additional or alternative axes describing the multidimensional
stoichiometric niche, can provide a more complete picture of the
relative importance of species redundancy in elemental cycling at
the ecosystem level (Table 1).

We propose that the multidimensional stoichiometric niche
offers a powerful and unified framework to perform analyses of
elemental composition data across taxa and habitats in ecological
stoichiometry. Importantly, this concept allows researchers to
examine how different levels of biological organization affect
the stoichiometric trait space occupied by entire food webs,
how organisms differ in their stoichiometric niches based on
ecological role (functional group, trophic level), and how entire
food webs are affected by habitat and exposure to stressors
(see section Discussion and Perspectives, Table 1). Here we
convert some metrics developed earlier for stable isotope and
functional trait data (mainly based on traditional traits such as
growth, survival, photosynthetic rate; Violle et al., 2007) into a
set of stoichiometric metrics based on the elemental content of
individuals or groups of individuals within communities, which
together describe the multidimensional stoichiometric niche.
These metrics are as follows:

(i) Stoichiometric niche volume: Also known as convex hull
volume, this metric measures the amount of elemental space
filled by a group of organisms. This space represents the
stoichiometric diversity of a group of organisms within
a population, functional group or whole community.
For example, a small stoichiometric niche volume would
indicate that individuals of a particular group (e.g., species,
trophic group) exhibit low intra-group variation regarding
their elemental traits.

(ii) Stoichiometric niche overlap and nestedness: Both of these
indices allow comparison of the position and size of
the stoichiometric niches between groups of organisms.
Basically, they provide information about how similar
(i.e., redundant) organisms or groups of organisms are in
terms of their stoichiometry. While stoichiometric niche
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TABLE 1 | Examples of questions that could be addressed using the multidimensional stoichiometric niche approach, including the biological, spatial and temporal scales

involved, and the associated tests to be conducted.

Biological scales Spatial scales Temporal scales Tests in stoichiometric space

Intraspecific Local <life cycle Compare rarefied and absolute species-specific niche sizes
Q1. How much does intraspecific elemental variation contribute to the realized niche of a

species?

Intraspecific Local >life cycle Evaluate niche size, shape and position of the population before and

after the stressor removal
Q2. To what extent is the stoichiometric niche of a population impacted by a given stressor

(e.g., drought, nutrient fertilization, species invasion)?

Intraspecific Global <life cycle Determine changes in consumer-resource niche overlap across a

broad spatial domain
Q3. To what degree is the spatial distribution of a consumer’s stoichiometric niche determined

by that of its resource?

Intraspecific Global <life cycle Assess the ratio of population-level niche size to metapopulation-level

niche size
Q4. How much does the stoichiometric niche of a population contribute to that of a

metapopulation?

Interspecific Local <life cycle Quantify the amount of overlap between the niches of consumers and

resources
Q5. How stoichiometrically balanced is a resource-consumer interaction?

Interspecific Local >life cycle Evaluate niche size, shape and position of the food web before and

after the stressor removal
Q6. To what extent the stoichiometric niche of a food web is impacted by a given stressor (e.g.,

drought, nutrient fertilization, species invasion)?

Interspecific Global <life cycle Compare niche sizes, shapes, and relative position across habitat types
Q7. How do food webs differ among habitat types (e.g., aquatic vs. terrestrial, natural vs.

agroecosystems)?

Interspecific Global <life cycle Compare niche overlap among species, functional groups or trophic

groups. Overlap indicates stoichiometric redundancy
Q8. How does species, functional or trophic diversity within food webs affect the ability of food

webs to exploit stoichiometric space?

Interspecific Global >life cycle Compare niche overlap at varying taxonomic resolutions; compare

niche size and shape between groups at each resolution
Q9. How does phylogenetic relatedness constrain the stoichiometric niche of species (e.g.,

among genera, families, orders)? How do phylogenetic differences between species result in

niche differentiation (e.g., Chordata vs. Arthropoda)?

To simplify, each scale has two modalities: biological = intraspecific (within and among individuals within a species including populations) vs. interspecific (among species including

communities, metacommunities, and ecosystems); spatial = local (< plot scale) vs. global (including landscape, regional and global scales); temporal = < life cycle vs. > life cycle

(relative to the lifespan of focal individuals at the intraspecific level or to the species with the longest lifespan in a given community at the interspecific level). Questions are arranged

primarily according to increasing biological scales, and secondarily, according to increasing spatial scales.

overlap can reveal the degree to which certain elemental
composition may be displayed by only few individuals
or group of individuals in a community, stoichiometric
nestedness allows differentiating between two potential
stoichiometric niche overlap patterns. These two patterns
are: (1) the overlap that occurs when groups or organisms
share a similar portion of the stoichiometric niche volume;
and (2) the overlap that occurs when one group of
organisms occupies a subset of the stoichiometric volume
occupied by the other group (see Carmona et al., 2016).
For instance, a low overlap and/or nestedness between
two groups of organisms indicate that they differ in their
elemental traits (i.e., high elemental complementarity).

(iii) Stoichiometric niche shape: This refers to the contribution
of variation in each of C, N and P to the stoichiometric niche

of a group of organisms, and can be assessed by ordination
techniques like PCA. When there is strong covariance
between two elements, and the collinearity of these elements
is important in defining niche shape (e.g., both elements
load together on one PCA axis), the dimensionality of the
niche may be reduced from three to two. For example,
ES theory suggests that organisms have constrains in their
elemental ratios, which would induce such collinearity.
Thus, stoichiometric niche shape may be underlain by
fundamental biological constraints. This metric reflects the
“biogeochemical niche”approach developed by Peñuelas
et al. (2008).

To illustrate the applicability of the multidimensional
stoichiometric niche approach, we used data on C, N, and
P content of several terrestrial and freshwater communities
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composed by multiple trophic groups (from primary producers
and detritivores to carnivores) and species. We use these data to
answer Questions 1, 7, 8, and 9 in Table 1. First, we calculated
the niche volumes in stoichiometric trait space occupied by the
aquatic and terrestrial food webs, trophic groups, and individual
morphospecies (hereafter “species”). Then we evaluated several
aspects of the stoichiometric niche space (i.e., niche size, niche
overlap and nestedness), which provide information of the
stoichiometric complementarity within and among these groups.
Finally, we identify key limitations of this approach, and discuss
perspectives that may facilitate the development of quantitative
intra and interspecific comparisons, and food-web approaches
using stoichiometric data.

MULTIDIMENSIONAL STOICHIOMETRIC
NICHE IN PRACTICE: DEMONSTRATION
ANALYSIS USING TERRESTRIAL AND
AQUATIC FOOD WEBS

As an example of the multidimensional stoichiometric niche, we
analyzed entire terrestrial and aquatic food webs. The whole data
set includes 73 species (35 families and 18 orders) belonging to
multiple trophic positions along three axes: C, N, and P content.
The terrestrial and aquatic foodwebs include, respectively, 33 and
40 species, 20 and15 families, and 13 and 7 orders.

Terrestrial invertebrates and vertebrates associated with
Tillandsia bromeliads were collected from four sites in the coastal
zone of the Atacama Desert (Chile; 20◦13′S, 70◦8′W) in 2007
and 2009 (González et al., 2011a). Low mean annual rainfall
characterizes this area, as the only source ofmoisture is associated
with fog events (Cereceda et al., 2008). The increased air moisture
and nutrient deposition in the fog zone permits the development
of isolated vegetation “islands.” These “islands” are dominated
by several terrestrial bromeliad species of the genus Tillandsia,
which depend exclusively on fog inputs as their primary water
source (Pinto et al., 2006), and sustain a diverse community of
terrestrial invertebrates (e.g., Coleoptera, Araneae, Solifugae) and
vertebrates (e.g., Squamata). At each of the four sites, we collected
arthropods and lizards, which compose the terrestrial food webs
associated with Tillandsia (see González et al., 2011a for sampling
details).

Aquatic invertebrates were sampled from tank bromeliads
from one site in each of two countries: Estacion Biologica Pitilla
(Costa Rica; 10◦59′N, 85◦26′W), and Cardoso Island (Brazil;
25◦03′S, 47◦53′W) in 2012 and 2013. Costa Rica is dominated
by primary and secondary tropical rain forests with sparse open
clearings whereas Cardoso Island corresponds to a “resting”
ecoregion (i.e., coastal vegetation located on nutrient-poor sand
deposits; Magnago et al., 2012). Tank bromeliads are flowering
plants that accumulate rainwater in their leaf rosettes creating an
aquatic habitat—from a fewmilliliters up to several liters of water
per plant—for a diverse community of macroinvertebrates (e.g.,
Diptera, Coleoptera, Haplotaxida, Ostracoda; Dézerald et al.,
2013). Macroinvertebrates were sampled from tank bromeliads
in each study site either by dissection of the plant or with a
large-mouthed pipette.

Sample Preparation and Chemical
Analyses
The guts of the aquatic and terrestrial invertebrates were not
removed prior to chemical analyses due to their small size;
therefore we kept them alive overnight to allow gut clearance
(Evans-White et al., 2005). In contrast, we removed the digestive
tract of the lizards prior to analyses. Before chemical analyses,
the individuals were counted and identified to the species or
morphospecies level (hereafter, “species”). We also classified
all organisms by trophic groups (e.g., invertebrate detritivores,
vertebrate predators) using information from the literature and
field observations (Merritt et al., 2008; Dézerald et al., 2013).
Most aquatic organismswere collected as larvae as this is themost
common stage of invertebrates living inside tank bromeliads
(except for holobiotic organisms: Ostracoda, Arhynchodbellida,
and Haplotaxida) whereas terrestrial larvae/juveniles and adults
were included in the analyses.

We determined dry mass of individuals using an electronic
balance (±0.1µg). We measured the phosphorus content
on whole invertebrates (aquatic and terrestrial), and whole
lizards, using the persulfate digestion and ascorbic acid
methods (APA, 1992). Prior to digestion, we gently crushed
samples with a Teflon-coated rod. Tissue C and N contents
were measured with an elemental analyzer that involves
complete combustion of samples (Model Carlo Erba NC2500).
For smaller macroinvertebrates (<0.5mg dry mass), we
performed CN analyses on whole individuals. For larger
individuals (invertebrates and lizards), we analyzed CN levels
in homogenized subsamples from dried individuals that were
first crushed with a mortar and pestle. CN analyses were
conducted at the Stable Isotope Laboratory at Cornell University,
Ithaca, NY. We determined the percent recovery in P assays in
aquatic and terrestrial organisms by comparison to apple leaf
and bovine muscle standards, respectively, from the National
Institute of Standards and Technology, US (NIST-1515/8414).
We performed all P analyses using a flow solution auto-analyzer.
We use the term “C (or N or P) content” to describe C (or N
or P) content as a percent of dry body mass. The C, N, and P
contents of primary producers were estimated following the
same protocols as described above for invertebrates and lizards.

Elemental-Body Size Scaling Relationships
Because all three elements (C, N, and/or P) could not be
consistently obtained for small-sized individuals and/or species,
we interpolated missing values using our own body size scaling
relationships. About 31% of C-values (513/1,673), 29% of N-
values (483/1,673), and 35% of P-values (589/1,673) were
estimated, whereas the rest of the C, N, P values (∼75%)
were directly measured. To estimate these elemental values, we
performed ordinary least square regressions on each element
(i.e., C, N, or P) and the log-transformed body size (mg dry
mass) of individuals from any given species (Legendre, 2014;
Finkel et al., 2016). Only significant relationships were used to
interpolate missing values (Supplementary Tables S1–S3). When
scaling relationships were not significant and/or the species had
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less than five individuals, we used significant coefficient estimates
from higher taxonomic levels (e.g., genus, family).

Individual-Based Analysis of
Stoichiometric Niches
To evaluate the stoichiometric niche of species, trophic groups,
and food-web types (aquatic vs. terrestrial), we calculated the
respective convex hull volumes or stoichiometric niche volumes
using individual-based coordinates in the multidimensional
stoichiometric trait space. Specifically, we used a three-
dimensional space constituted by three traits or axes, namely,
C, N, and P contents. The relative size of niche volumes in
functional space has broad ecological implications (Cornwell
et al., 2006; Villéger et al., 2011). For instance, small niche
volumes indicate that individuals are constrained to a limited
range of the functional space and only represent a subset of all
traits in the community or food-web type. In the context of
stoichiometric niches, this would mean that those individuals
exhibit low variation regarding their elemental content. In a
three-dimensional stoichiometric space, as in our study, the
convex hull volume of a stoichiometric niche may be represented
as a polygon where individuals with extreme coordinates define
its edges, vertices, faces and overall shape. However it is difficult
to visually detect differences in polygon volumes when they also
differ in shape (e.g., elongated vs. rectangular polygons). Instead,
we chose to depict the convex hull volumes as spheres with
volumes equal to those of the polygons, which are centered on
the average coordinates of all individuals within a given group
(e.g., trophic group, food web type).

We evaluated the redundancy of stoichiometric niches,
between species, trophic groups, and food-web types, by
measuring the percent overlap among niches (Villéger et al., 2011;
Brandl and Bellwood, 2014). Specifically, niche overlap between
two groups was calculated as the ratio of the niche volume in
common to the combined unique niche volume (i.e., sum of
the two niche volumes minus the volume of the intersection).
Thus, individuals will have complementary niches (i.e., low
redundancy), if they display a low percent overlap. A low percent
overlap can, however, result from two large niche volumes
overlapping marginally (pattern 1) or from a small volume being
nested within a larger niche volume (pattern 2). Although in both
cases the niche overlap may be low, the ecological implications
of these two patterns are not. In pattern 1, most individuals
of the two groups display dissimilar trait values, and only few
individuals of each group share their traits values, suggesting that
the groups do not need to compete for the same resources. In
contrast, in pattern 2, most individuals of the group with the
smaller niche size (group A) fill only a subset of the volume
occupied by the group with the larger niche size (group B). This
implies that individuals of group A display only a fraction of the
trait values exhibited by the individuals of group B, suggesting
that A displays less intraspecific trait variance. To discriminate
between patterns 1 and 2, the nestedness of two niche volumes
can be calculated as the ratio between the overlapped niche
volume and the minimal niche volume occupied by a group
(Villéger et al., 2013). The nestedness component varies between

0 and 1, where 0 means that niche volumes do not overlap, and
tends to 1 when a given niche volume is nested and occupies
a small portion of a larger niche volume displayed by a second
group.

Finally, the last step in describing stoichiometric niche
volumes is to assess which traits (C, N, P axes of the
multidimensional stoichiometric space) or combination of traits
drive variation in the overall shape of those niche volumes.
We thus performed Principal Component Analyses (PCA) on
the individuals of each species, functional feeding groups, and
food webs. PCA allows multivariate data compression into its
main orthogonal features by displaying the data into a lower
dimensional space (Janžekovi and Novak, 2012). In other words,
PCA axes are defined by the stoichiometric traits that best explain
the niche shape in the multidimensional space. We thus expected
spherical niche shapes to display an equal contribution of each
axis to the overall variance in stoichiometric composition of
a group. In contrast, other niche shapes could be driven by
one or a combination of stoichiometric traits, which suggests
that these organisms may have an increased allocation of a
particular element or a combination of elements to structural or
physiological processes (trait trade offs).

Intraspecific Analyses of Stoichiometric
Niches
To further exemplify our approach, we repeated all analyses
described above at the intraspecific level. To this end, we selected
the most abundant morphospecies in our dataset (Arachnida,
Solifugae, Ammotrechidae sp.; N = 141 individuals). This
species is a terrestrial predator of ground-dwelling arthropods
in arid environments, and so its elemental composition may
reflect that of the food web below it. This species is also
widespread, having been captured in all four sampled sites
in the coastal Atacama Desert (northern Chile; see González
et al., 2011a,b for site details). Ammotrechidae sp. thus presents
ideal characteristics to evaluate variations in stoichiometric
niches at the intraspecific level: high abundance and four
geographically distinct populations. First, we determined
whether the stoichiometric niche size of Ammotrechidae sp.
significantly differs from random. Random niche volumes were
generated by subsampling the elemental content (C, N, and P)
of 141 individuals from the total pool of invertebrates, and by
calculating the resulting niche volumes using 999 randomized
permutations. Therefore, null models reflected the natural
abundance of Ammotrechidae sp. (see next section). The
observed niche volume was then compared to the cumulative
distribution of the 999 random niche volumes and considered
not significantly different from random if it fell between the 2.5
and 97.5th percentiles of that distribution. Second, we calculated
all stoichiometric niche metrics (i.e., size, nestedness, and shape)
for each of the four populations of Ammotrechidae sp., as
previously described, in order to examine intraspecific variation
in stoichiometric niches.

Effect of Sample Sizes on Niche Volumes
The total niche volume of a given species or functional group or
food web is influenced by the number of individuals with the
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most extreme positions in the multidimensional stoichiometric
space. Theoretically, an increase in the number of randomly
sampled individuals is associated with a higher probability
of finding individuals with extreme positions, and thus of
estimating the “true” population-level niche volumes of that
species (Brandl and Bellwood, 2014). This may occur until
a threshold number of individuals or is reached, after which
randomly sampling individuals does not further influence the
niche volume. Whether this threshold is common or unique
to species remains unresolved, and is central to debates on the
importance of intraspecific trait variation (Q1 in Table 1). Yet,
the importance of sample size must be addressed as species in
nature differ according to their relative abundances. A common
method to account for different sample sizes among species is to
sample a given subset of individuals (e.g., 30 individuals) and
to calculate the resulting niche volume using 999 randomized
permutations within each species (Brandl and Bellwood, 2014).
This rarefaction method may, however, underestimate the
hypothetically “true” niche volume (e.g., all individuals within
a population) of more abundant species compared to species
with fewer individuals. To tackle this issue, we first evaluated,
with linear regression, whether the number of individuals in each
species was positively correlated to the log-transformed niche
volumes of species. It is important to note that we sampled
species proportionally to their natural abundances, so the niche
volumes uncorrected for sample size are our best estimate
of population-level niche volume. Second, we subsampled an
increasing number of individuals at regular intervals (e.g., every
20, 40, and 100 individuals from each species, trophic group,
and food webs, respectively), and calculated the resulting niche
volumes using 999 randomized permutations. We repeated this
procedure until nearly all individuals from a species (or trophic
group or food web) were sampled. We then quantified the range
of variation in randomized niche volumes using 95% confidence
interval (i.e., within ∼ 2 Standard Deviations from the mean of
randomized permutations), and compared this range with the
population-level niche volume based on all sampled individuals.
Statistical analyses were performed using the packages vegan,
geometry, car, coin and the function CHVintersect (Villéger et al.,
2013) in the R-software V3.2.1 (R Development Core Team,
2015). Data from our case of study and all code (statistics and
graphics) used to quantify the multidimensional stoichiometric
niche is provided in the Supplementary Information to allow
reproduction of our approach.

RESULTS OF A CASE STUDY:
MULTIDIMENSIONAL STOICHIOMETRIC
NICHE IN PRACTICE

Stoichiometric Niches of Primary
Producers, Macroinvertebrates, and
Vertebrates
We first examined phylogenetic effects on the stoichiometric
niche (Q9 in Table 1). Primary producers, macroinvertebrates,
and vertebrates occupied <1.0, 22.5, and 3.3% of the total
niche volume, respectively, with ∼74.0% of the total elemental

FIGURE 1 | Relative size of stoichiometric niche volumes of primary

producers, invertebrates, and vertebrates (combining multiple terrestrial and

aquatic food webs from bromeliads). Sphere sizes depicts the volumes of the

stoichiometric niches, and are centered around the average C, N, and P

contents of all individuals from those variables. Dots are individual coordinates

and show the variability within a given stoichiometric niche. Axes represent

each element as a percentage of dry body mass.

space being unoccupied by any group. The total stoichiometric
niche volume was here calculated as the total convex hull
volume encompassing all individuals regardless of taxonomic
identity, trophic group and food web type (aquatic vs. terrestrial).
This large amount of unoccupied space was due to the
individuals being highly aggregated within each trophic group
with no stoichiometric overlap among primary producers,
macroinvertebrates, and vertebrates (Figure 1). Although we
approximated niche volumes as spheres in Figure 1, there are
a number of points that fall outside these spheres, especially
for primary producers, so we used separate PCA analyses of
each group to explore which elements determined the actual
shape of niches. PCA analyses indicate that the stoichiometric
niche volume of primary producers was driven by C and N
content, which varied in opposite directions along Axis 1 (47.7%
of explained variance), and by P content, which correlated with
Axis 2 (Figure 2; Axis 2 = 30.9% of explained variance). For
invertebrates, the niche volume was mainly driven by variation
in N and P content (both negatively correlated to Axis 1), and by
C content along the Axis 2 (Axis 1 and 2 = 44.9% and 31.8% of
explained variance; Figure 2). In contrast, for vertebrates, both
C and N content were negatively correlated to Axis 1 (61.8% of
explained variance), while P content was positively correlated to
Axis 2 (28.2% of explained variance; Figure 2).

Stoichiometric Niches of Terrestrial vs.
Aquatic Food Webs
To compare niche volumes among terrestrial and aquatic food
webs (Q7 in Table 1), subsequent analyses were focused on
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FIGURE 2 | PCA on the stoichiometric traits of (A) primary producers, (B) invertebrates, and (C) vertebrates. Each plot represents a PCA conducted separately for

each group of organisms, using the data displayed jointly in Figure 1. Vectors show the influence of the three stoichiometric traits (C, N, and P contents) on each PCA

axis.

invertebrate individuals. In this study, terrestrial organisms
spend their entire life cycle on land. Aquatic organisms are
represented by species that either spend their entire life cycle
within the water or have complex life cycles (i.e., involving an
aquatic larval stage and a terrestrial adult). For the later, we only
have stoichiometric data for the aquatic stages. Hereafter, the
total stoichiometric niche space refers to the total niche space
occupied by all invertebrates regardless of taxonomic identity,
trophic group and food-web type (aquatic or terrestrial). We
found that terrestrial and aquatic invertebrate food webs shared
ca. 38.0% of the volume occupied by their respective niches,
where terrestrial individuals occupied a slightly larger volume
(57.1%) of the total stoichiometric niche space than aquatic
ones (50.0%; Figure 3). The low nestedness value (= 0.038, with
1 representing full nestedness and 0 no nestedness) between
terrestrial and aquatic invertebrate food webs further confirms
their relatively high complementarity in stoichiometric traits. In
addition, the niche volume of terrestrial invertebrates was driven
by covariation in N and P contents (both negatively correlated
to Axis 1; 49.1% and Axis 2; 32.0% of total variance explained),
while C and N content explained most of the variation in the
stoichiometric composition of aquatic invertebrates (positively
and negatively correlated to Axis 1; 53.2% and Axis 2; 32.7% of
total explained variance; Figure 4).

Stoichiometric Niches of Invertebrate
Trophic Groups
Our third example question concerns the contribution of trophic
diversity to food web stoichiometric niches (Q8 in Table 1).
Averaging over food-web type, the stoichiometric niche of
herbivores (30.7% of total stoichiometric niche space) was
smaller than the niche of detritivores (47.0%), while invertebrate
predators displayed the highest niche volume (54.1%) (Figure 5).
The highest percent overlap in stoichiometric niches was found
between detritivores and predators (61.5%), while detritivores
and herbivores shared 32.0% and herbivores and predators
shared 29.1% of their niche space. Nestedness was low between
the three trophic groups, with nestedness values between 0.07
and 0.16. Herbivores differed from detritivores and predators in
their niche shape. The niche shape of herbivores was defined by

FIGURE 3 | Relative size of stoichiometric niche volumes of terrestrial and

aquatic food webs (only invertebrates included). Sphere sizes depicts the

volumes of the stoichiometric niches, and are centered around the average C,

N, and P contents of all individuals from those variables. Dots are individual

coordinates and show the variability within a given stoichiometric niche. Axes

represent each element as a percentage of dry body mass.

correlations of C and N content with Axis 1 (51.5% of explained
variance), while P content was positively correlated to the Axis
2 (28.7% of explained variance) (Figure 6). By contrast, the
niche shape of detritivores and predators were driven primarily
by the positive and negative correlations of C and N content,
respectively, with Axis 1 (49.8 and 51.6% of explained variance
for detritivores and predators respectively), and secondarily by
P content (Axis 2; 33.3% and 26.0% of explained variance for
detritivores and predators respectively).

Similar patterns were seen when we examined trophic groups
within each food-web type (Figure 7). Overall, each trophic
group in the various food-web types shared ca. one third of
its stoichiometric niche with any other trophic group (mean
pairwise percent overlap ± SE = 35.0 ± 2.6) and displayed
relatively low nestedness values (mean pairwise nestedness values
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FIGURE 4 | PCA on the stoichiometric traits of (A) terrestrial and (B) aquatic food webs (only invertebrates included). Each plot represents a PCA conducted

separately for each group of organisms, using the data displayed jointly in Figure 3. Vectors show the influence of the three stoichiometric traits (C, N, and P contents)

on each PCA axis.

FIGURE 5 | Relative size of stoichiometric niche volumes of trophic groups

(only invertebrates included). Sphere sizes depicts the volumes of the various

grouping variables, and are centered around the average C, N, and P contents

of all individuals from those variables. Dots are individual coordinates and

show the variability within a given grouping variable. Axes represent each

element as a percentage of dry body mass.

± SE = 0.08 ± 0.02). Within the terrestrial food web, herbivores
(30.7%) and detritivores (18.3%) displayed the largest and
smallest niche, respectively. Terrestrial detritivores and predators
had the most niche overlap (51.1%) and the highest value
of nestedness (0.28), indicating that most individuals of the
former group fill only a subset of the space occupied by the
latter (Figure 7). Within the aquatic food web, predators had

larger niches (28.6%) than detritivores (26.1%); predators and
detritivores shared 28.1% of their niche and more were weakly
nested (nestedness value = 0.02) compared to their terrestrial
counterparts.

Our analyses further indicate that the trophic groups could be
divided into three groups according to the stoichiometric traits
that best explained their differences in niche volumes. The first
group is constituted by aquatic detritivores and aquatic predators,
whose niche shapes were primarily driven by covarying C
and N content, which both correlated negatively with Axis 1
(58.2% and 62.4.1 of the variance for detritivores and predators
respectively), and secondarily by P content (32.7 and 24.4%
of the variance, positively correlated to Axis 2; Figures 8A,B).
The terrestrial detritivores and terrestrial predators composed
the second group (Figures 8C,D). The niche shapes of both
functional feeding groups were driven primarily by the positive
correlations of N and P content with Axis 1 (43.1 and 40.1% of
explained variance respectively for detritivores and predators),
and secondarily by C content (Axis 2; 32.1 and 31.9% of explained
variance respectively). Note that the niches of the first two groups
(aquatic detritivores and predators, and terrestrial detritivores
and predators) and the niches of the aquatic and terrestrial
food webs are driven by similar stoichiometric traits. The third
group was represented by terrestrial herbivores (Figure 6A). The
niche shape of this group was defined by correlations of C and
N content with Axis 1 (51.5% of explained variance), while
P content was positively correlated to the Axis 2 (28.7% of
explained variance).

Stoichiometric Niche Volumes of Individual
Species
We next query the contribution of species diversity to the
exploitation of stoichiometric space by food webs (Q8 in
Table 1). Analyses at the species level were conducted on 37
invertebrate species (N = 22 and 15 terrestrial and aquatic
species, respectively) for which we have > 4 individuals (>
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FIGURE 6 | PCA on the stoichiometric traits of (A) invertebrate herbivores, (B) invertebrate detritivores, and (C) invertebrate predators. Each plot represents a PCA

conducted separately for each group of organisms, using the data displayed jointly in Figure 5. Vectors show the influence of the three stoichiometric traits (C, N, and

P contents) on each PCA axis.

FIGURE 7 | Relative size of stoichiometric niche volumes of aquatic and

terrestrial trophic groups (only invertebrates included). Sphere sizes depicts

the volumes of the various grouping variables, and are centered around the

average C, N, and P contents of all individuals from those variables. Dots are

individual coordinates and show the variability within a given grouping variable.

Axes represent each element as a percentage of dry body mass.

number of axes in the stoichiometric trait space). Of this 37
species dataset, any two species shared 5.0± 0.3% (mean pairwise
percent overlap ± SE) of the total volume of their respective
stoichiometric niches. The overlap was slightly but significantly
higher within terrestrial (6.2 ± 0.7%) than within aquatic (5.7 ±
0.6%) species (permutation-based Wilcoxon and Mann-Whitney
test:Z= 2.86, P= 0.004). Individual species niche volumes varied
between <1% and 11.4% of the total stoichiometric niche space
occupied by all invertebrates (2.4 ± 0.4% on average), and were
not significantly different between terrestrial and aquatic food
webs (permutation-based Wilcoxon and Mann-Whitney test: Z
= −0.35; P = 0.74). These relatively small niche volumes are in
accordance with a low mean nestedness between any two species
(0.11 ± 0.009), suggesting high stoichiometric complementarity
among species. Our PCA analyses did not show any consistent

patterns in the main drivers of species-level stoichiometric
niches.

Intraspecific Analyses of Stoichiometric
Niches
Together, all individuals of Ammotrechidae sp. occupied 11.4%
of the total stoichiometric niche space. This observed volume was
significantly lower than niche volumes generated by chance as
it fell outside the range between the 2.5 and 97.5th percentiles
of the cumulative distribution of 999 random niche volumes
(20.3 and 48.4% for the two percentiles, respectively). Each of
the four populations of Ammotrechidae sp. occupied 1.4–3.6% of
the total stoichiometric niche space (for populations in Guanacos
andHuantajaya, respectively; 2.6± 0.47%, mean± SE; Figure 9).
These geographically distinct populations of Ammotrechidae sp.
shared only ca. 26% of the volume occupied by their respective
niches. Nestedness values among populations ranged from 0.04
to 0.26, indicating a wide range of complementarity of these
populations in stoichiometric traits (0.12± 0.04, mean± SE).

Finally, the niche volumes of all four populations were
driven by different combinations of stoichiometric traits. For
instance, N content was always correlated to the PCA Axis
1 of all populations, and explained most of the variations in
stoichiometric composition of Huantajaya, Isla, and Pajonal
populations (Axis 1: 55.4, 38.9, and 41.8% of total explained
variance, for the three sites respectively), whereas the Guanacos
population was driven by C content (Axis 1: 49.8% of total
explained variance). In addition, P content was correlated with
PCA Axis 2 in all but the Isla population, and, therefore,
explained a large part of the total variance in those sites (Axis
2: 40.5, 33.0, and 32.5% in Guanacos, Huantajaya, and Pajonal
populations, respectively). In contrast, C content of the Isla
population was correlated to the PCA Axis 2, and this element
explained 35.8% of the total variance (Figure 10).

Effect of Sampling Size on Niche Volumes
The population-level niche volume of any species is the result
of both intraspecific niche differences as well as the number
of individuals, and our last question concerns the relative
importance of these two factors (Q1 in Table 1). The 35 species
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FIGURE 8 | PCA on the stoichiometric traits of aquatic (A,B) and terrestrial (C,D) detritivores, and predators. Note that terrestrial herbivores are displayed in Figure 6.

Each plot represents a PCA conducted separately for each group of organisms, using the data displayed jointly in Figure 7. Vectors show the influence of the three

stoichiometric traits (C, N, and P contents) on each PCA axis.

in our analyses were represented by a variable number of
individuals (4–141 individuals/species). Our analyses showed
that the number of individuals had a significant and positive
influence on the log-transformed species niche volumes (F =

34.23; df = 38; P < 0.0001). This relationship is strongly
influenced by species with very few (<19, Nsp = 15) or many
(>120, Nsp = 1) individuals, as removing such species rendered
the relationship insignificant (Nsp = 24; F = 3.9; df = 22; P =

0.06) despite a six-fold difference in the number of individuals.
Our randomized permutation procedure further demonstrates
that considering the number of individuals is crucial when
evaluating the relative contribution of a set of species (or
functional feeding group or habitat) to the total stoichiometric
niche volumes. This can be seen as a reorganization of the rank
order of groups in terms of niche volume as the number of
sampled individuals increases toward the full sample (Figure 11).
For instance, if we compare the species Mecistogaster modesta
and Lepisma sp. by subsampling 20 individuals from each, we
find that the average niche contribution of the former was larger
than that of the latter (i.e., no overlap at 95% CI; Figure 11A).
However, if we base the comparison on all samples (Lepisma sp.

is more abundant than M. modesta, so there are more samples
of the former), this difference is erased. In contrast, Lepisma sp.
contributed more to the total stoichiometric niche space than
Salticidae sp. despite having fewer individuals (N = 91 and 111,
respectively; Figure 11B). Finally, the thresholds (i.e., minimum
numbers of individuals beyond which the range of variation in
randomized niche volumes always included the total volume)
were different for every species (Figure 11A). Similar effects of
sample size were not only found at the species but also at the level
of functional feeding groups (Figure 11B) and food web types
(Figure 11C) thus highlighting the importance of basing samples
sizes on the natural variation in species abundances.

DISCUSSION AND PERSPECTIVES

The elemental composition of living organisms is of fundamental
importance for population dynamics, consumer-resource
interactions, food web structure, and nutrient cycling (i.e.,
effect traits) (Sterner and Elser, 2002; Hall, 2009; Yamamichi
et al., 2015), and can mediate eco-evolutionary responses to
environmental change (i.e., response traits) (Jeyasingh et al.,
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FIGURE 9 | Relative size of stoichiometric niche volumes of four

geographically distinct populations of a predatory species (Arachnida,

Solifugae, Ammotrechidae sp.). Sphere sizes depicts the volumes of the four

populations, and are centered around the average C, N, and P contents of all

individuals from those populations. Dots are individual coordinates and show

the variability within a given population. Populations are labeled according to

the sites where they were collected (Guanacos, Huantajaya, Isla, and Pajonal).

Axes represent each element as a percentage of dry body mass.

2014; Leal et al., 2017). Stoichiometric traits, have been measured
for a large number of very different species: primary producers
(Reich and Oleksyn, 2004; Peñuelas et al., 2008, 2010; Reich,
2014), phytoplankton (Klausmeier et al., 2004; Litchman
and Klausmeier, 2008; Quigg et al., 2011), microorganisms
(Mouginot et al., 2014; Godwin and Cotner, 2015), invertebrates
(Fagan et al., 2002; Woods et al., 2004; Hambäck et al., 2009;
González et al., 2011a; Wiesenborn, 2011, 2013; Lemoine et al.,
2014), and vertebrates (Torres and Vanni, 2007; González et al.,
2011a), allowing across-species comparisons. For plants, studies
on functional traits have revealed the existence of adaptive
trait continua, which describes the phenotypic space of trait
variation produced by evolutionary processes (Donovan et al.,
2011; Carnicer et al., 2015; Diaz et al., 2016). The observed
inter-specific variation in stoichiometric traits (i.e., C, N, and
P contents) along these trait continua has shown strong trait
co-variation between N and P (Carnicer et al., 2015). However,
lacking in this framework are studies of whole communities
focused on the relationships between major axes of variation in
stoichiometric traits.

The multidimensional stoichiometric niche approach
proposed here extends Hutchinson’s (1957) concept of niches as
n-dimensional hypervolumes in order to describe and compare
the stoichiometry of groups of organisms at different scales using
data from observational or experimental approaches. Overall,
stoichiometric traits provide a common currency to estimate
the dimensionality of trophic niche space, and help reduce the
number of axis required to characterize community structures.
All organisms interacting in an ecological community are
composed by the same chemical elements, and these common

currencies enable us to estimate trait similarities or differences
across taxonomic groups. Several lines of evidence support
the idea that differences in the elemental composition of living
organisms reflect the evolution of internal and external structures
(e.g., muscular, skeletal), as well as differences in organism life
histories (e.g., Reiners, 1986; Sterner and Elser, 2002), and these
stoichiometric differences exert strong influences on individual
fitness, ecological interactions and ecosystem functioning (Hall,
2009; Leal et al., 2017). For example, the fitness of consumers
can be directly related to the mismatch between their body’s
own elemental composition and that of their resources (Sterner
and Elser, 2002). This mismatch can be elegantly encapsulated
as the distance and consequent low overlap between the
stoichiometric niches of consumers and resources (Q5 in
Table 1). The multidimensional stoichiometric niche also
provides a means of defining the elemental composition of an
entire food web in more than one dimension, thereby capturing
both the independent and interactive effects of nutrients on
living organisms. This allows us to compare food webs in
different habitats, locations, or points in time, in terms of
their stoichiometric niches, specifically niche position, size and
overlap (Q3, 4, 7, in Table 1). For example, Cross et al. (2007)
reported the effects of experimental nutrient enrichment on
biomass production and pathways of C, N, and P in a detritus-
based stream food web. The multidimensional stoichiometric
niche approach developed here could be used to re-analyze these
and other data from experimental manipulations and evaluate
the extent at which a particular or multiple stressors impact the
stoichiometric niche (i.e., niche size, shape and position) of the
food web in treated and reference systems. Importantly, this
approach provides a novel way to quantitatively assess changes an
ecosystem has experienced as a function of global change drivers,
and to link such changes to shifts in the biogeochemical
processes carried out by organisms (Q2 and Q6 in
Table 1).

The idea of a multivariate description of the relative
elemental content of organisms has been previously suggested
and applied in plant ecology (Peñuelas et al., 2008, 2010),
providing insights into plant trait differentiation and climate
change responses. Here, we expand on those original ideas
to describe the stoichiometric niche of entire communities
from contrasting ecosystem types (i.e., aquatic vs. terrestrial)
and trophic groups. Further, our approach includes novel
ways to estimate the stoichiometric niche by borrowing and
adapting metrics developed by isotopic ecologists to measure
trophic niche (Layman et al., 2007; Jackson et al., 2011;
Cucherousset and Villéger, 2015). These metrics have enabled
us to compare the size, shape and position of the stoichiometric
niche at different ecological levels, from a species niche to
communities. We propose that this direct quantification of a
multidimensional niche across ecological scales is possible from
a set of elemental measurements of the individuals composing
ecological communities, regardless of their taxonomic identity.
Further, as stoichiometric differences within and between species
are widely recognized, this approach enables us to quantify the
stoichiometric niche of a single species up to that of entire
communities.
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FIGURE 10 | PCA on the stoichiometric traits of four geographically distinct populations of a predatory species (Arachnida, Solifugae, Ammotrechidae sp.). Each plot

represents a PCA conducted separately for each population, using the data displayed jointly in this figure. As in this figure, populations are labeled according to the

sites where they were collected: Guanacos (A), Huantajaya (B), Isla (C), and Pajonal (D). Vectors show the influence of the three stoichiometric traits (C, N, and P

contents) on each PCA axis.

Although the primary purpose of the case study was to
demonstrate the use of the multidimensional stoichiometric
niche approach, it also provides some insights into the concept
of stoichiometric niche as a tool to describe and compare the
stoichiometry of organisms at different scales. The questions we
have addressed with this approach include those at the scales
of individual morphospecies (intraspecific variation), trophic
groups and food-web types, as well as questions that cross scales.
Our analyses showed that species-level stoichiometric niches are
relatively small and do not overlap much with each other. This
suggests that species within terrestrial and aquatic systems exhibit
large complementary in their stoichiometric niches. In addition,
our analyses at the intraspecific level revealed similar patterns
of small niche sizes, low overlap, and different niche shapes
among geographically distinct populations of a predatory species
(Ammotrechidae sp.). The observed variability in the elemental
composition of those populations could be related to the fog
nutrient supply that broadly varies across the coastal desert sites,
thus affecting primary producers in those areas (González et al.,
2011b), and potentially influencing the elemental composition of
consumer populations such as Ammotrechidae sp. Finally, the

niche size of Ammotrechidae sp. was significantly smaller than
expected by chance, suggesting that strong deterministic factors
may constrain the elemental composition of those organisms
(including biological, environmental, and phylogenetic factors;
Elser et al., 2000).

Our analyses also revealed that, although the terrestrial and
aquatic food webs differ in both habitat and geographic location,
the two food webs shared more than one third of their total
niche volume. Thus, as with other quantitative traits, there
are both gaps and crowded regions in the elemental space.
The gaps suggest that there are fundamental constraints to
stoichiometric evolution (Kay et al., 2005; Jeyasingh, 2007);
macroscopic life (or at least that subset we sampled) may have
only evolved a restricted set of morphological, physiological
and cellular strategies for exploiting elemental resources. By
contrast, the packed regions of phenotypic space suggest that
certain trait combinations may have evolved either repeatedly
or deep within phylogenetic trees (Pigliucci, 2007; Donovan
et al., 2011). Interestingly, our findings are in agreement with
recent worldwide studies on vascular plants, in which the trait
hypervolume occupied by these plants is highly constrained
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FIGURE 11 | Mean niche volumes (±2*SD ∼ 95% CI) after 999 randomized

permutations on increasing number of individuals of: (A) species; (B) trophic

groups: aquatic detritivores (light blue) and predators (dark blue), terrestrial

herbivores (green), detritivores, (red) and predators (dark brown); and (C)

aquatic (dark blue) and terrestrial (dark brown) habitats. Horizontal lines

indicate the total niche volume of a given grouping variable (i.e., species,

trophic groups, habitats). Note that for the sake of visual clarity in (A) total

niche volumes were shown only for three species that have >80 individuals

(i.e., Lepisma sp.—green, Salticidae sp.—light purple, and Pysogaster

sp.—dark purple). In addition, Mecystogaster modesta is in light blue (topleft in

A; cf main text).

within a relatively small plane, representing a small set of
successful trait combinations (Diaz et al., 2016). We also found
that the size of the terrestrial and aquatic niche volumes are
driven by contrasting stoichiometric traits, this is, by covariance
in N and P for terrestrial food webs and opposing effects of C
and N for aquatic food webs. Although previous analyses have
shown differences in elemental compositions between aquatic
and terrestrial primary producers (Elser et al., 2000; Cebrian
and Lartigue, 2004), our results are remarkable in that aquatic
invertebrate food webs in bromeliads are largely fueled by
allochthonous inputs of terrestrial leaf litter (Farjalla et al.,
2016). Therefore, despite both depending on terrestrial plants,
aquatic and terrestrial invertebrates in bromeliads still show large
differences in their stoichiometric niches. However, we caution
that the terrestrial and aquatic food webs we examined also
differ in terms of biome (desert vs. forest), ontogenetic stage

(mostly larvae for aquatic and mostly adults for terrestrial) and
geographic location (Pacific vs. Atlantic side of the Americas);
we hope that the method we demonstrate here will inspire
more detailed studies that compare terrestrial and aquatic food
webs in the same location. Our analyses also showed that
terrestrial herbivores represent a unique group in terms of
their stoichiometric niche, distinct from animals that consume
detritus or other animals. The differences in stoichiometric niche
between herbivores and detritivores are curious, given that both
groups consume vascular plants, but may reflect the importance
of detrital-based bacteria and fungi in the diet of detritivores
(terrestrial and aquatic), plus opportunistic consumption of
dead or live animals by detritivores. Potential animal matter
consumption by detritivores may explain the large stoichiometric
overlap between them and predators.

Our findings also demonstrate that subsampling abundant
species may substantially underestimate the actual (population-
level) stoichiometric niche occupied by such species in food
webs. We thus strongly recommend integrating the natural
interspecific variability in abundances rather than trying to
standardize the number of individuals per species, as the latter
could lead to erroneous estimates of population-level niches
and thus misleading estimates of species contributions to the
niche of the entire community. This suggestion is contingent
on researchers sampling species proportionally to their natural
abundance. However, once species differences in stoichiometric
niches are established, the role of intraspecific variation in
determining niche differences could then be assessed by rarefying
samples.

In our case study, we focused on the three elements (C,
N, P) that have consistently been shown to constrain species
interactions and limit production in ecological communities
(Sterner and Elser, 2002). However, if other elements (e.g., Ca, K,
S, Fe, Mg) or other physiological (e.g., growth and reproductive
rates) and behavioral (e.g., microhabitat preferences) traits are
found to further define particular ecological communities, then
other dimensions would need to be considered. Hypervolumes
that appear to overlap in low dimensions (e.g., C, N, P) may not
overlap if more dimensions are included, and conversely, with the
addition of extra redundant dimensions, estimates of overlapmay
be falsely inflated. We could thus expand our current method
and include more elements by calculating our metrics in the PCA
space. With this approach we can reduce any set of n elements
to only three principal components, which usually explain most
of the variance in the data (i.e., the first three PCA axes) and
would allow the calculation of our metrics. The resulting metrics
could, then, be compared across studies and ecosystem types if
the same set of elements is used to construct the reduced PCA
space. Therefore, our focus on C, N and P dimensions provides a
useful starting point for broad comparisons.

We think these insights show only a fraction of the
potential of possible applications of the stoichiometric niche in
ecological stoichiometric research, and that themultidimensional
stoichiometric niche can be a general approach for assessing and
comparing stoichiometric variation within and among species,
populations and communities (Table 1). There are numerous
potential applications of stoichiometric data to understand
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trophic structures especially when used in combination with
other trophic-related functional traits, such as body size or
with community-level properties such as species numerical
abundances. This may offer a powerful and unified framework
to assess niche partitioning and food web structures across
contrasting ecosystem types and broad biogeographic scales.
Such approaches could also be applied to explore individual
specialization (Bolnick et al., 2002; Araujo et al., 2011), and to
assess how populations and different genotypes vary in their
fitness within a multidimensional stoichiometric space (Leal
et al., 2017).

Recent research in ecological stoichiometry has highlighted
the large intraspecific variation in elemental composition of
plants and animals (e.g., González et al., 2011a; El-Sabaawi
et al., 2012; Borer et al., 2013; Ebel et al., 2015). Within-species
variation in stoichiometric traits can be driven by differences in
morphological, physiological, behavioral, and life history traits,
as well as predation pressure and spatial-temporal environmental
heterogeneity in the quality of resources (Jeyasingh et al., 2014;
Leal et al., 2017). The magnitude and origin of stoichiometric
trait variation (i.e., phenotypic plasticity or genetic) within
populations can be used to link the fitness of any population to
changes in resource quality (Leal et al., 2017). For example, if
directional selection is acting on stoichiometric traits to reduce
elemental mismatches between a population and its resources,
we should expect a high overlap between the stoichiometric
niches of a consumer and its resources. In contrast, if fluctuating
selection is acting upon stoichiometric traits along spatial or
temporal variation in resource quality, then the stoichiometric
niches of a population should reflect this variation by displaying
a larger niche volume. Following Leal et al. (2017), we envision
the assessment of how different genotypes vary in their fitness
within a multidimensional space, in which stoichiometric trait
axes determine the functional space.

Another exciting area of research in niche ecology is the
analysis and mapping of stoichiometric niche-environment
(i.e., elemental availability of resources) relationships, which
can help understand and predict how well the stoichiometric
niches of individuals are predicted by environmental gradients.

The integration of stoichiometric models and outcomes from
the multidimensional stoichiometric niche could expand and
strengthen predictions derived from traditional approaches
linking stoichiometry traits to fitness consequences to trophic
interactions. Further, as nutrient dynamics are tightly linked

to the stoichiometry of living organisms, analyses of niche
overlap in the multidimensional space can provide insights into
species functional redundancy or complementarity in ecosystem
function (e.g., nutrient recycling rates). The stoichiometric niche
is therefore a concept with the potential to unify physiological,
ecological and ecosystem approaches to understanding the
biogeochemical role of life.
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Although aquatic ecologists and biogeochemists are well aware of the crucial
importance of ecosystem functions, i.e., how biota drive biogeochemical processes
and vice-versa, linking these fields in conceptual models is still uncommon. Attempts
to explain the variability in elemental cycling consequently miss an important biological
component and thereby impede a comprehensive understanding of the underlying
processes governing energy and matter flow and transformation. The fate of multiple
chemical elements in ecosystems is strongly linked by biotic demand and uptake;
thus, considering elemental stoichiometry is important for both biogeochemical and
ecological research. Nonetheless, assessments of ecological stoichiometry (ES) often
focus on the elemental content of biota rather than taking a more holistic view
by examining both elemental pools and fluxes (e.g., organismal stoichiometry and
ecosystem process rates). ES theory holds the promise to be a unifying concept to link
across hierarchical scales of patterns and processes in ecology, but this has not been
fully achieved. Therefore, we propose connecting the expertise of aquatic ecologists
and biogeochemists with ES theory as a common currency to connect food webs,
ecosystem metabolism, and biogeochemistry, as they are inherently concatenated by
the transfer of carbon, nitrogen, and phosphorous through biotic and abiotic nutrient
transformation and fluxes. Several new studies exist that demonstrate the connections
between food web ecology, biogeochemistry, and ecosystem metabolism. In addition
to a general introduction into the topic, this paper presents examples of how these
fields can be combined with a focus on ES. In this review, a series of concepts have
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guided the discussion: (1) changing biogeochemistry affects trophic interactions and
ecosystem processes by altering the elemental ratios of key species and assemblages;
(2) changing trophic dynamics influences the transformation and fluxes of matter across
environmental boundaries; (3) changing ecosystem metabolism will alter the chemical
diversity of the non-living environment. Finally, we propose that using ES to link nutrient
cycling, trophic dynamics, and ecosystem metabolism would allow for a more holistic
understanding of ecosystem functions in a changing environment.

Keywords: nutrient dynamics, trophic interactions, energy transfer, ecosystem function, carbon quality, element
cycling, ecological stoichiometry

INTRODUCTION

Aquatic ecologists and biogeochemists are well aware of the
importance of biologically mediated ecosystem functions in
driving biogeochemical cycling and its feedback (Figure 1). The
magnitude of ecosystem fluxes and stoichiometric constraints
on biogeochemical processes are determined by turnover of
elements, including the most commonly studied, carbon (C),
nitrogen (N), phosphorus (P). These basal resources can be
governed by ecosystem metabolism, where the balance of gross

primary production (GPP) and ecosystem respiration (ER)
dictate net ecosystem production (NEP). In freshwater aquatic
ecosystems, when GPP exceeds ER (NEP > 0) the ecosystem is
autotrophic and when ER > GPP (NEP < 0), it is heterotrophic
indicating a reliance on imported C inputs, often of terrestrial
origin, for respiration (Lovett et al., 2006). In other words, the
biological processes of production, respiration, and excretion
can drive biogeochemical cycles, therefore making it critical to
understand how the elements (e.g., C, N, and P) required for these
processes are coupled.

FIGURE 1 | Conceptual framework demonstrating the connection between biogeochemistry, food web interactions, ecosystem metabolism, and stoichiometry.
Biogeochemistry and food webs are linked through trophic interactions according to nutrient requirements between trophic levels, food webs, and ecosystem
metabolism according to the nutrient limitations (C:P or C:N ratios), and ecosystem metabolism and biogeochemistry through fluxes and transformation rates.
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Chemical diversity in aquatic ecosystems is enormously
high (Santos et al., 2008; Cai and Guo, 2009; Singer et al.,
2012) and is a result of the high variety of metabolic
pathways and abiotic reactions in the water column and
sediment. Biological diversity can affect biogeochemical diversity,
e.g., phytoplankton composition shapes the structure and
functioning of the microbial loop by controlling dissolved
organic matter (DOM) composition (Grossart et al., 2007;
Murray et al., 2007; Passow et al., 2007; Pete et al., 2010),
and thus the respective transformations and fluxes. As groups
of organisms differ in terms of their elemental composition
and turnover ratios, changes in the diversity of organisms
are likely to affect the stoichiometry and patterns of different
biogeochemical transformations and thus the flux of major
elements. Scott et al. (2012) demonstrated that bacterial
stoichiometry can provide a biogeochemical “set point” around
which environmental variation is regulated from bottom-up
controls. Furthermore, heterotrophic bacteria assemblages can
have flexible and dynamic stoichiometric requirements, allowing
for tight coupling and negative feedback between the bacterial
requirements and the resource stoichiometry (Godwin and
Cotner, 2015). Capps and Flecker (2013) showed that the
growth of an introduced population of P-rich armored catfish
significantly changed stream nutrient dynamics by altering
nutrient storage and remineralization rates. This shows that
changes in species composition can alter N and P cycling and C
sequestration, producing large-scale effects on element fluxes and
biogeochemical cycles.

Autotrophs and heterotrophs drive C and nutrient cycling
in aquatic ecosystems. Therefore, the balance of GPP and ER
controls the source and quality of C, thereby creating the basis
for food webs (Marcarelli et al., 2011). Autochthonous material is
usually higher in C quality than allochthonous material (Findlay
et al., 1986) although terrestrial allochthonous material can have
higher C:N and N:P ratios (Lennon and Pfaff, 2005). In terms
of ecosystem metabolism, when NEP > 0 (i.e., autotrophic), the
bulk C source is likely of autochthonous origin, and hence of
high quality. When an ecosystem is heterotrophic (i.e., NEP < 0),
allochthonous material subsidizes ER, indicating the potential for
a lower quality C source (Findlay et al., 1986; Zhou et al., 2016).
Most aquatic ecosystems are heterotrophic throughout the year
(Vannote et al., 1980; Battin et al., 2008; Hoellein et al., 2013),
resulting in high-flux, low-quality subsidies driving freshwater
ecosystem dynamics (Marcarelli et al., 2011). However, the
production of autochthonous material, including any window
of autotrophy, is a key flux. The autochthonous fluxes are
often low in quantity, but of high-quality, which support food
webs and affect ecosystem processes (Marcarelli et al., 2011).
The extent to which allochthonous material incorporated into
food webs is less understood for many stream ecosystems
(Marcarelli et al., 2011; Bartels et al., 2012; Collins et al., 2015;
but see Wallace et al., 1999 for forest streams). Additionally,
ecosystem metabolism is inherently linked to nutrient (N and/or
P), and C-cycling; yet, given this fact, there are few studies
which have coupled ecosystem metabolism to nutrient cycling
(Hall and Tank, 2003; Webster et al., 2003; Hall et al., 2013;
Hoellein et al., 2013), C-spiraling (Hall et al., 2016), or both

nutrient and organic C egestion and assimilation (Hall et al.,
2003).

Changes in environmental drivers, such as temperature or
nutrient availability, can alter biodiversity and influence the
transformation and fluxes of organic matter and nutrients in
these ecosystems. Temperature has strong effects on growth
rates and the physiology of phytoplankton (Eppley, 1972;
Karentz and Smayda, 1984; Butterwick et al., 2005) and can
also influence protist mean cell size (Atkinson et al., 2003;
Forster et al., 2013), nutrient uptake rates (Senft et al., 2008),
N metabolism and cell stoichiometry (Lomas and Glibert, 1999;
Montagnes and Franklin, 2001; Litchman et al., 2010), and ER
(Yvon-Durocher et al., 2012). Such effects on autotrophic and
heterotrophic producers likely affect consumers directly. Thus,
trophic interactions, food web structure and mutualistic networks
can result in cascading effects on ecosystem metabolism or vice
versa. Many studies take a biogeochemical approach (mainly in
streams) focused on individual elements (e.g., Meyer and Likens,
1979; Triska et al., 1984; Mulholland et al., 2000) or on the effect
of ratios on the flux of single elements (Dodds et al., 2004; Schade
et al., 2011). Martiny et al. (2013) showed that strong latitudinal
patterns exist in the elemental ratios of marine plankton and
organic matter and others have examined the relationship
between phytoplankton diversity and particulate ratios across
biogeochemical gradients (Salter et al., 2014; Rembauville et al.,
2015). In general, most studies from aquatic ecosystems focus
on the cycling of N or P as these are the nutrients most likely
to limit primary production. However, Elser et al. (2007) and
Harpole et al. (2011) pointed towards the prevalence of multiple
nutrient limitation to primary production in most aquatic and
terrestrial habitats. Further, Boersma and Elser (2006) and Glibert
et al. (2013) underscored the importance of nutrients not just
at the limiting end of the availability spectrum, but across the
continuum from limitation to excess. Combining biogeochemical
models with ecological stoichiometry (ES), and thus using
traceable mass balance relationships, can be a way to describe
and understand the complex interactions and feedbacks more
completely (Franklin et al., 2011).

Here, we discuss the many ways in which ES links food webs,
ecosystem metabolism and biogeochemistry, thus influencing
stocks and fluxes of key elements (cf. Glibert et al., 2011). The
fate of multiple elements in ecosystems requires consideration of
elemental stoichiometry for both biogeochemical and ecological
research. Based on a literature search (Table 1), a large number of
studies included any of the three terms—food webs, ecosystem
metabolism, and biogeochemistry—together with ES, but only
eight studies used ES in connection to all three terms. ES has the
potential to be a concept unifying flux-oriented biogeochemistry,
ecosystem metabolism, and population-oriented ecology, but so
far only a few studies have achieved this (Reiners, 1986). For
example, Hall et al. (2003) linked N production and demand,
ecosystem metabolism, and snail production using ES. By
assuming that net primary production was 50% of GPP, and
based on the expected C:N ratio of 14:1 of C to N fixation,
the authors estimated that these snails ingested 75% of daily
GPP and that excretion of snails was estimated 65% of total
NH4 demand. The authors concluded that this invasive snail
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TABLE 1 | Numbers of publications (Web of Science searching all databases,
accessed March 2017) including key words for one of the research fields
(metabolism, stoichiometry, food web, or biogeochemistry) and combinations of
these key words.

Keyword Number of
publications

Metabolism 7,480,534

Stoichiometry 98,372

Food web 34,496

Biogeochemistry 11,441

Metabolism + stoichiometry 15,166

Metabolism + food web 4,950

Metabolism + biogeochemistry 1,620

Food web + stoichiometry 521

Food web + biogeochemistry 454

Biogeochemistry + stoichiometry 278

Metabolism + food web + biogeochemistry 79

Metabolism + food web + stoichiometry 111

Metabolism + biogeochemistry + stoichiometry 66

Food web + biogeochemistry + stoichiometry 39

Metabolism + food web + biogeochemistry + stoichiometry 8

dominated C and N fluxes, despite very high GPP and N
demand. In this case, ES provided a quantitative framework for
linking inorganic nutrients, stream metabolism, and secondary
production.

Studies of ES have often focused on the elemental content
of specific types of organisms rather than combining biological
with physical and chemical drivers of element fluxes, including
ecosystem metabolism. Changes in the diversity of key taxa
can have major impacts on a range of biogeochemical
transformations and overall fluxes. For example, both increased
light and the introduction of the guppy (Poecilia reticulata)
increased N fluxes to some invertebrate functional feeding
groups (Collins et al., 2016). The advantage of combining these
fields of expertise is that effects of multiple changes of more
than one parameter can be investigated. For example, when
considering multiple nutrient limitations, the flux of more than
one element should be considered—a task that can be achieved
by combining biogeochemical approaches using ES. Investigating
the interactions of temperature and nutrients by combining
ES (Sterner and Elser, 2002) and metabolic theory of ecology
(Brown et al., 2004) will improve the understating of microbial
and ecosystem ecology (Hall et al., 2010) on different levels of
organization (individuals, populations, communities, food webs,
ecosystem; see reviews by Cross et al., 2015; Vanni and McIntyre,
2016). Diet-induced metabolic plasticity contributes to variation
in metabolic allometry, at least at small scales of body size due to
the greater respiratory response of smaller species to altered diets
(Jeyasingh, 2007). Moorthi et al. (2016) showed that unifying
ES and metabolic theory allows us to predict production and
trophic transfer in a marine planktonic food web. Changes in
nutrient loading have become a major concern among all scales
of organization and can have strong impacts on biogeochemical
cycles (Falkowski et al., 2000). Results from Manning et al.
(2016) indicate that changes in basal resource stoichiometry

can occur due to effects on either autotrophic (e.g., biofilm) or
heterotrophic microbial communities, resulting in diminished
stream consumer biodiversity related to either heterotrophic or
autotrophic food web pathways. Many environmental changes,
such as climate warming, eutrophication, acidification, and CO2
alter absolute nutrient supply and likely nutrient ratios (e.g., Boyd
and Hutchins, 2012; Glibert et al., 2014). Therefore, a combined
approach including metabolic theory and ES is valuable for
assessing the possible effects of environmental changes (Hessen
et al., 2013).

EMPIRICAL ASSESSMENTS

In the following section, we exemplify how food web interactions,
ecosystem metabolism, and biogeochemistry can use ES theory to
integrate from microbial to ecosystem-scale processes through a
series of case studies. The examples are derived from a special
session at the 2016 Association for the Sciences of Limnology
and Oceanography (ASLO) meeting in Santa Fe, NM, United
States, with the aim to merge the fields of biogeochemistry,
food webs and ecosystem metabolism by using ES as a common
theoretical framework. Using the following research highlights,
we convey the depth and range of approaches which have been
applied, that merge these disciplines, which are conceptualized
in our model (Figure 1). In our first case study, ES links a
general trait of metabolism (body mass dependence) to trophic
interactions and biogeochemistry by demonstrating changes in
resource transport and N:O ratios. Secondly, ES demonstrates
the interactions between trophic dynamics of benthic aquatic
invertebrates and two large-scale biogeochemical fluxes. Thirdly,
the addition of trace elements to the traditional C:N:P ratios
improves the understanding of altered trophic interactions and
nutrient fluxes. And then in the subsequent two examples, the
N:P loads shift over time, allowing for the proliferation of
invasive species which further impact that quality of carbon and
N:P availability. Furthermore, the sixth case study uses ES to
demonstrate how changes to N:P alters ecosystem metabolism
through enhanced microbial respiration rates and food web
interactions. Finally, the interaction between biogeochemistry
with regard to changing temperature is quantified using ES
and the impact on ecosystem metabolism. The diversity of our
examples illustrates the potential strength of this approach for
understanding relationships among and across trophic levels,
including biogeochemical interactions as well as direct and
indirect effects.

A New Model to Explain the Body Mass
Scaling of Diverse Biological Rates in
Aquatic Invertebrates
Body size is a “master trait” that affects all vital rates, including
feeding, reproduction, excretion and metabolism (Kleiber, 1932,
1961; Schmidt-Nielsen, 1984; Hirst et al., 2014). Understanding
what drives the body mass dependence of such a wide diversity
of rates is of fundamental biological importance, indeed, this
has been a much-debated topic over the last century. Recent
work has explored body mass scaling exponents of metabolic
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rates within planktonic species (Hirst et al., 2014; Glazier
et al., 2015) in order to better appreciate what controls
these terms, and ultimately to better predict these rates for
species and communities. These authors tested two groups of
theories that predict the body-mass dependence of metabolism,
those built upon internal transport networks (including the
Metabolic Theory of Ecology; West et al., 1999; Savage et al.,
2008; Banavar et al., 2010), and those based on a Surface
Area model [a reapplication of Rubner’s surface dependent
model of heat exchange in endotherms (Rubner, 1883), but
more broadly applied to the influx and efflux of materials
and energy]. Importantly, many zooplankton change body
shape as they grow, while also using significant proportions
of their body surface for the exchange of materials. While
the major geometric scaling theories produce rather similar
predictions when shape does not change over ontogeny (i.e., they
are isomorphic), the predictions from these two groups of
theory diverge starkly when organisms increasingly flatten
or elongate in shape over ontogeny. These shape changes
result in a reduction in the predicted scaling exponents of
many resource transport model, but increase the predicted
scaling exponent for the Surface Area dependent model. While
the mass-scaling of respiration has been shown to correlate
with body surface enlargement in many pelagic invertebrates
(Hirst et al., 2014; Glazier et al., 2015), Hirst et al. (2016)
predicted that body-mass scaling exponents for rates of soluble
N excretion (bN) should also then relate to the degree of
body-shape change during growth. They tested this hypothesis
using literature data on bN for pelagic invertebrates across five
different phyla, and found that bN is significantly positively
correlated with predicted surface area enlargement, whilst also
co-varying with the mass-scaling of respiration rate (bR).
Indeed, intraspecific differences between bN and bR values
have revealed there are shifts in the ratio of O2-consumed to
N-excreted over ontogeny. This suggests that changes in the
relative anabolism and catabolism of proteins and lipids over
development, may cause these consumption-excretion ratios
to change too. In conclusion, diverse pelagic invertebrates,
that dominate vast open water ecosystems, therefore appear to
falsify the predictions of general metabolic scaling theories built
upon resource-transport networks, while supporting predictions
of surface-area dependent theory. Furthermore, ontogenetic
variation in ratios of O2 consumed to N excreted of these species,
may not only provide insight into the developmental metabolism,
but also the stoichiometry of ecological systems, including, for
example, seasonal changes in N-budgets that are linked to pelagic
animal life cycles.

Enhancement of Carbon Dioxide,
Methane, and Nitrous Oxide Flux by
Invertebrates
Aquatic ecosystems can be sources of greenhouse gases (GHG),
a process that is strongly controlled by the availability of C, N,
and P, which can stimulate emission of nitrous oxide (N2O),
methane (CH4), and carbon dioxide (CO2) (Cao et al., 1996;
Burgin et al., 2013; Nisbet et al., 2014; Deemer et al., 2016).

However, mounting evidence suggests that benthic aquatic
invertebrates such as midge larvae (Diptera: Chironomidae),
snails (Gastropoda), and aquatic worms (Oligochaeta and
Polychaeta) can enhance the emissions of GHG through
high N excretion rates, by creating anoxic microenvironments
within their guts, and through bioturbation and bioirrigation
of surrounding sediments (Kristensen et al., 1991; Nielsen
et al., 2004; Figueiredo-Barros et al., 2009; Stief et al.,
2009; Heisterkamp et al., 2010; Nogaro and Burgin, 2014;
Poulsen et al., 2014; Hölker et al., 2015; Mehring et al.,
2017).

A large portion of the CH4 produced in freshwater and
marine sediments that is not released by ebullition is oxidized
to CO2 or assimilated by methanotrophic bacteria (Bastviken
et al., 2008). Some species of midge larvae and zooplankton
have been shown to assimilate methane-derived C through
consumption of methanotrophic bacteria (Deines et al., 2007),
as evidenced by exceptionally low stable isotopic ratios (δ13C
as low −64h for midge larvae; Jones et al., 2008). It is still
unclear if differences in faunal isotopic ratios among aquatic
ecosystems can be consistently linked to differences in ecosystem
function, or if the effects of methanotroph consumption by
invertebrates are substantial enough to influence emissions across
the air–water interface of lakes and wetlands. For example,
Kajan and Frenzel (1999) observed that both production and
oxidation of CH4 were enhanced in chironomid burrows in
rice paddies, but there was no net effect on benthic CH4
flux. The feeding activity of bacterivorous zooplankton such as
Cladocera has been shown to suppress methanotrophic activity
in laboratory mesocosms (Kankaala et al., 2007), but this has
not yet been demonstrated to affect CH4 fluxes at large scales.
Conversely, bioturbation is a non-consumptive mechanism by
which benthic fauna may influence CH4 flux, which has been
demonstrated in manipulative laboratory studies (Figueiredo-
Barros et al., 2009) but has yet to be linked to differences in faunal
stoichiometry.

While much work is needed to further elucidate the
enhancement of microbial metabolic pathways and GHG flux
by aquatic invertebrates, previous studies have demonstrated
enhancement of GHG flux by invertebrates under highly
controlled conditions in laboratories. An assessment of the
effects of mixed assemblages (and likely resulting in a wide
range of nutrient stoichiometry) under variable conditions is
important to our understanding of faunal influence on GHG
fluxes in aquatic ecosystems. Since taxa such as Tubificinae
have been shown to enhance GHG flux (Nogaro and Burgin,
2014; Mehring et al., 2017) and also to reach high densities
in eutrophic aquatic environments (Devine and Vanni, 2002),
invertebrate enhancement of GHG emissions from aquatic
ecosystems may be linked both to anthropogenically induced
nutrient loading and resulting shifts in aquatic community
structures. Given the variable environmental conditions in
mixed biotic assemblages outside of controlled laboratory
conditions, the degree to which the effects of invertebrates
and their corresponding C:N:P can be detected relative to
other drivers of GHG flux in field settings requires further
investigation.
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Including Trace Elements for a Holistic
Stoichiometric Approach in Food Webs
ES is an important framework for examining paired
biogeochemical processes; however, ES studies in both terrestrial
and aquatic systems are biased toward C, N, and P while
trace elements are often neglected (Sterner and Elser, 2002).
Recently, Kaspari and Powers (2016) argued the importance
of expanding traditional models of co-limitation to include
all 25 of life’s building elements. Including non-essential trace
elements is also crucial to a holistic stoichiometric approach
(MacNeill et al., 2016). Arsenic (As), mercury (Hg), selenium
(Se) and other non-essential trace elements have been well
studied individually (Boening, 2000; Farag et al., 2003; Schaller
et al., 2010; Walters et al., 2015), but their pairings with other,
more common elements have less frequently been evaluated
(but see Wang et al., 2013). Integrating trace elements, their
interactions with each other and their interactions with C, N,
and P into studies of ES will provide a more complete picture
of elemental cycling in ecosystems (Wang et al., 2013). The
toxic trace element As can alter both ecosystem structure and
function: In terms of ecosystem structure, As contamination
decreases stream invertebrate abundance and diversity (Chaffin
et al., 2005). Functionally, As affects cycling of common (N and
P) stream nutrients (Lottig et al., 2007; Rodriguez Castro et al.,
2015; MacNeill et al., 2016). In freshwaters, P is usually in the
form of phosphate (PO4

3−), which shares the same chemical
structure as arsenate (AsO4

3−), the most common form of As
in oxygenated freshwaters (Button et al., 1973; Schaller et al.,
2010). Consequently, As can be taken into bacterial, algal,
and animal cells in place of P and decouple oxidative- and
photo-phosphorylation, hindering energy production (Finnegan
and Chen, 2012). Cells are less able to distinguish between As
and P when P is low relative to As (Rodriguez Castro et al., 2015)
and in particular when total P is less than∼50 µg/L, as is the case
in a majority of freshwaters (Villanueva et al., 2000; Binkley et al.,
2004; Hall et al., 2013). Recently published research shows that
As metabolism by the algae Chlorella vulgaris depends on the
relative amount of P, which determines both uptake of P and the
dominant metabolite excreted by cells (Baker and Wallschläger,
2016).

In addition to the interchangeability of As and P, the cycles
of N and P are intimately linked (Cross et al., 2005; Schade
et al., 2011). Because the cycles of N and P are so intertwined,
it is likely that the As cycle is linked to the N cycle through P.
Toxic effects of As tend to be greater in P limited environments
(Rodriguez Castro et al., 2015) and P limitation depends on
relative N availability (Tessier and Raynal, 2003; Schade et al.,
2011; Rodriguez Castro et al., 2015). Therefore, linkages with N
may explain why previous studies have not satisfactorily resolved
how As affects P uptake (Pringle, 1991; Lottig et al., 2007; Hoellein
et al., 2012). MacNeill et al. (2016) found evidence that ambient
dissolved N:P, rather than P concentration alone or relative As:P,
influences the amount of As removed from the water column
by biofilm (assemblages of bacteria, algae, and fungi growing on
rocks) uptake. The relative N:P dissolved in water as a driver
of As uptake by biofilms has implications for the amount of
As, metabolized by, retained in, and transferred through food

webs. Therefore, expanding the framework of ES to include trace
elements is important to understand their relationships with
common elements and their effects on ecosystem functioning.

Applying Ecological Stoichiometry and
Biogeochemistry Together to
Understand Changes in Aquatic Food
Webs and Invasive Species
ES, together with biogeochemistry has been applied to
understanding invasive species and changes to aquatic food
webs in the San Francisco Bay Delta (Glibert et al., 2011; Glibert,
2012). In this ecosystem, the food web has changed significantly
over the past decades, from phytoplankton to fish. Using 30 years
of records of nutrient loads and concentrations and abundances
of phytoplankton, zooplankton, macroinvertebrates, and fish
it was shown that changes in ratios of N and P, together with
changes in N form, have been significant drivers of changes in
the food web (Figure 2). Members of different trophic levels
were found to have different correlations with N and P, as
did taxa within trophic levels. These patterns were consistent
with the premise that the fish community shifted to species
that were proportionately more P-rich over time as N and
P ratios increased due to substantial increases in N loading
and reductions in P. The patterns were also consistent with
increased importance of a benthic food web following reductions
in P loading. Changes in external nutrient loads also drove
changes in biogeochemical fluxes at the sediment water interface,
leading to increasing abundance of macrophytes, clams, and of
the toxic algae Microcystis, along with more omnivorous fish
fueled by a benthic food web. The picture that has emerged of
this ecosystem is one where changes in the food web are now
understood to follow the conceptual model of stoichiometry,
and not purely stochastic events. Previously considered one
of the most heavily invaded estuaries in the world, it is now
clear that environmental changes, including nutrient ratios and
concentrations, interact with vectors of invasion to enhance their
success.

The Role of Invasive Quagga Mussels in
Affecting Dissolved Organic Matter in
Lake Michigan
Invasive quagga mussels (Dreissena rostriformis bugensis) have
caused unprecedented ecological and environmental changes in
Lake Michigan. Declines in primary production, fish biomass,
and turbidity as well as significant changes to food web structure,
phytoplankton composition, and nutrient cycling pathways
have all occurred as a result of the introduction of quagga
mussels (Bunnell et al., 2006; Cuhel and Aguilar, 2013; Lin and
Guo, 2016). As efficient ecosystem engineers, quagga mussels
voraciously filter pelagic particulate matter and excrete/egest
nutrients in the benthos resulting in significant alterations to
water column and benthic chemistry (Schindler and Scheuerell,
2002; Madenjian et al., 2015). Specifically, nutrients and organic
matter that served as an energy source for forage fish have been
intercepted by quagga mussels and sequestered in the benthos.
Therefore, quantifying the specific mechanisms and pathways
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FIGURE 2 | Conceptual depiction of the change over time in major nutrients, flow, dominant biogeochemical processes, and the food web of the Bay Delta. The first
panel represents the period from 1975 to ∼1982, when flow was low, and diatoms and Eurytemora were the dominant phytoplankton and zooplankton, respectively,
and smelt were common. The second panel represents the period from ∼1982 to 1986 when flow was high, and NH4

+ was increasing. During this period the food
web began to change. Under very low flow conditions, depicted by the third panel, and representing ∼1987 to 1995, the NH4

+ load was high but PO4
3- began to

decrease. The food web also began to change significantly, with changes in the dominant phytoplankton and zooplankton, increasing abundance of macrophytes,
increased importance of sediment nutrient processes, and increase in piscivores. Finally, post 1995, NH4

+ loads remain high, while PO4
3- loads are proportionately

low. Sediment biogeochemical processes are of increasing importance in nutrient processing, macrophyte production is important and omnivorous fish have
increased. At the microbial level, Microcystis is more common and the zooplankton is dominated by cyclopoids, e.g., Limnoithona. Reproduced from Glibert (2012)
with permission of the publisher.

by which invasive quagga mussels have altered organic C and
nutrient cycling are needed to understand the response of the
Lake Michigan ecosystem to these non-indigenous bivalves. In

the absence of particulate organic matter, which has become
scarce in the water column of Lake Michigan, quagga mussels
have been shown to efficiently remove materials in the dissolved
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and colloidal phase (DeVilbiss and Guo, 2017). For example,
laboratory incubations have demonstrated the ability of quagga
mussels to efficiently remove material as small as 0.5 µm,
indicating their potential to directly uptake DOM in the water
column. Quagga mussels also directly excrete DOM, with
smaller mussels excreting at a significantly higher rate than
larger mussels. Excreted DOM had unique chromophoric and
fluorescent properties characteristic of protein-like materials, a
colloidal size spectrum centered at 1–5 kDa, low TOC/TDN
ratios (1.1 ± 0.1) but higher TDN/TDP ratios (33 ± 4)
and was predominately composed of structural (refractory)
polysaccharides. These results indicated that excreted DOM was
chemically altered not only in regards to C molecules, but in N:P
ratios as well. Based on initial estimations, only around 11% of
consumed organic C was excreted/egested by quagga mussels,
indicating that quagga mussels may be a potential sink for organic
matter as well as a CO2 source via metabolism.

Applying ES to Understand Effects of
Added Nutrients on Microbial to
Ecosystem-Scale Carbon Loss
Understanding effects of nutrient addition on microbial to
ecosystem-scale metabolic processes is essential to expanding
theoretical predictions of elemental limitation among ecosystems
(Elser et al., 2007). Ecosystems that are autotrophic are
generally co-limited by N and P (Elser et al., 2007), whereas
donor-controlled, detritus-based ecosystems are dominated by
heterotrophic consumers whose responses to added nutrients
depend on the stoichiometry of detrital resources (Manning et al.,
2015). Added N and P both accelerate C loss in detritus-based
streams through enhanced organic matter breakdown and export
(Benstead et al., 2009; Rosemond et al., 2015; Manning et al.,
2016), as well as through substrate-specific and whole-stream
ER (Suberkropp et al., 2010; Kominoski et al., 2017). Litter
breakdown rates are constrained by microbial nutrient limitation
(both N and P) at low-to-moderate concentrations through
changes in litter C:N and C:P stoichiometry (Kominoski et al.,
2015; Manning et al., 2015). These collective findings emphasize
the importance of microbial processes on ecosystem C loss and
the potential for long-term vulnerability to sustained C losses
with sustained or increased N and P availability (Alexander
and Smith, 2006), which ultimately can be linked to nutrient
stoichiometry.

Long-term studies of nutrient enrichment in forest streams
show declines in ecosystem-scale C. Studies of added N and P in
streams of the Coweeta Long Term Ecological Research Program
in the southern Appalachians, United States, illustrate that
nutrients increase C loss through enhanced microbial respiration
rates and invertebrate feeding activities (Benstead et al., 2009;
Suberkropp et al., 2010). Increasing N and P concentrations
while maintaining N:P ratios can accelerate in-stream biological
process that result in up to a 50% reduction in residence time
of terrestrial C (Rosemond et al., 2015). Declines in organic
matter standing stocks and increases in associated respiration
rates with nutrient enrichment, appear to be driven more by
N than P. Nutrient enrichment can alter the relationships

between N and P supply ratio and ecosystem-level processes.
For example, prior to nutrient enrichment whole-stream ER in
Coweeta streams was higher at lower N:P, but during enrichment
ER increased with increasing N:P (Kominoski et al., 2017).
Increased heterotrophy from microbial to ecosystem-scales can
occur at concentrations of N and P that are now common among
pristine and human-impacted ecosystems (Alexander and Smith,
2006).

Combining Metabolic Ecology and
Ecological Stoichiometry to Develop a
Mechanistic Understanding of How
Temperature Influences Freshwater
Metabolism
A central challenge for ecologists is to understand how climate
warming will influence GPP and ER, due to the central
role these processes play in structuring food web production
and C and nutrient cycles (Peterson et al., 2001; Raymond
et al., 2013; Hotchkiss et al., 2015). The combined frameworks
of metabolic ecology and ES offer promise for developing
a mechanistic understanding of how temperature influences
freshwater metabolism (Sterner and Elser, 2002; Sibly et al.,
2012). Yet, more explicit consideration of the coupling between
metabolic theory and ES is required (Sterner, 2004; Cross
et al., 2015). A growing literature suggests that temperature
dependences of ecosystem processes may diverge strongly from
predictions, particularly when temperature influences—or is
associated with—changes in resource supply (Anderson-Teixeira
et al., 2008; Valett et al., 2008; Yvon-Durocher et al., 2012;
Huryn et al., 2014; Welter et al., 2015). A better mechanistic
understanding of how temperature and nutrients interact to
influence metabolism will likely improve these predictive models.

Model ecosystems, that are natural, can provide a powerful
tool for quantifying these mechanisms at the ecosystem level.
The Hengill geothermal area in Iceland represents one such
natural laboratory for examining how temperature influences
the structure and function of stream ecosystems (O’Gorman
et al., 2012, 2014) by allowing a combination of field
surveys, stream-side channel experiments, and whole-stream
temperature manipulations. Recent experiments have discovered
that temperature dependences (measured as apparent “activation
energies”; Brown et al., 2004) for GPP and ER were 6.5-
and 2.7-fold higher, respectively, than predicted by Metabolic
Theory; interestingly, these relationships were similar to the
temperature dependency of N2-fixation (Welter et al., 2015),
suggesting a strong interaction between temperature and nutrient
supply. The stronger than expected temperature dependencies
for GPP and ER likely resulted from N-limitation of production
at low temperatures and release from N-limitation at warm
temperatures by N2-fixation and the addition of “new” N. In
addition, these studies showed that N limitation was further
alleviated by a temperature-induced increase in N use efficiency
(Williamson et al., 2016). A similar increase in flux-based N
use efficiency was found in a survey of natural geothermal
streams, as well as a whole-stream warming experiment in this
Icelandic catchment (Hood et al., unpublished data). Taken
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FIGURE 3 | Example demonstrating how ecological stoichiometry can be used to link food web interactions, ecosystem metabolism, and biogeochemistry in a
system, as they are inherently linked by the transfer of carbon, nitrogen, and phosphorous through biotic and abiotic nutrient transformation and fluxes. The trophic
interactions (orange arrows) are occurring based on the nutrient requirements which are limited by the available nutrients (green arrows) as they are transferred and
transformed (purple arrows) between the atmosphere, water column, and sediment. The colors of arrows indicate the processes described in Figure 1.

together, these results promise that a better understanding of the
interactive effects of temperature and nutrients on organisms and
elemental fluxes can be used to develop a strong mechanistic
understanding of how climate warming will influence river
metabolism.

SUMMARY AND OUTLOOK

The examples described above demonstrate that ES can be
a useful tool for linking food web interactions, ecosystem
metabolism, and biogeochemistry (Figure 1). As demonstrated
in the previous examples, altered nutrient concentrations,
ratios or fluxes, either through anthropogenic or system-
induced pathways, results in changes in ecosystem functioning
(Figure 3). By increasing nutrient concentrations, organic
matter decomposition increases and results in overall C loss
in aquatic ecosystems. Furthermore, these increased nutrient
concentrations may induce a shift toward favorable conditions
for invasive species to persist (Glibert, 2015), or shifts toward

community structures that enhance microbial metabolism and
GHG emissions. Our examples show that it is not only the
absolute nutrient concentrations that create these conditions;
rather it is both, the concentrations and the ratio of the
nutrients that can alter or drive one process over the other.
Furthermore, organisms can alter the composition of chemical
compounds (as illustrated by the quagga mussel example altering
the DOM diversity in a lake), resulting in an overall change
to the ecosystem. While we have begun to explore the role
of macronutrients, the relative contribution of micronutrients,
especially how they interact with other nutrients (as in the
case of As and P), is less understood. Such interactions
between macro- and micronutrients can potentially alter the
stoichiometric balance and thus should be included in future
studies. Temperature and nutrient turnover are inherently
linked and the examples presented here point to the links
between temperature and nutrient cycling and thus the effect of
temperature on nutrient ratios.

Along with the above examples, we have demonstrated
the current state-of-the-art approaches, which link food web
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interactions, ecosystem metabolism, and biogeochemistry along
the following concepts and processes (Figure 1):

1. Changing biogeochemistry affects trophic interactions
and ecosystem processes by altering the elemental ratios
of key species and assemblages.

◦ The stoichiometry of biogeochemical processes links
the biological turnover rates of major elements, such
that changes in biodiversity result in changes in mineral
nutrient ratios in biogeochemical pools and fluxes.

2. Changing trophic dynamics influences the transformation
and fluxes of matter across environmental boundaries.

◦ Through biogeochemical pathways, change in a focal
group of organisms has propagating consequences on
the functioning of other compartments and on the
metabolism of aquatic ecosystems.
◦ Trophic interactions, food web structure, and

mutualistic networks will result in cascading effects on
ecosystem metabolism or vice versa.

3. Changing ecosystem metabolism will alter the chemical
diversity of the non-living environment.

◦ The alteration of metabolic processes in aquatic
ecosystems affects the transformation and fluxes of
inorganic and organic matter.
◦ The molecular diversity of non-living organic matter

is functionally linked to the diversity of organisms.
Chemical diversity influences and is influenced by shifts
in biodiversity.

The future goal is to use the theory of ES as a common
currency to connect food web interactions, ecosystem
metabolism, and biogeochemistry as they are inherently linked
by the transfer of C, N, and P through biotic and abiotic
nutrient transformations and fluxes in order to improve our
understanding of aquatic ecosystem functioning. Given the

future projections of climate change for increasing temperature
and anthropogenic nutrient loading, ES can be essential to
understand and predict the links between food web interactions,
biogeochemistry, and ecosystem metabolism and elucidate the
controls which underpin the processes that ultimately drives
nutrient and energy fluxes in aquatic ecosystems.
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Nitrogen (N) and/or phosphorus (P) availability can limit growth of primary producers

across most of the world’s aquatic and terrestrial ecosystems. These constraints are

commonly overcome in agriculture by applying fertilizers to improve yields. However,

excessive anthropogenic N and P inputs impact natural environments and have

far-reaching ecological and evolutionary consequences, from individual species up to

entire ecosystems. The extent to which global N and P cycles have been perturbed

over the past century can be seen as a global fertilization experiment with significant

redistribution of nutrients across different ecosystems. Here we explore the effects of

N and P availability on stoichiometry and genomic traits of organisms, which, in turn,

can influence: (i) plant and animal abundances; (ii) trophic interactions and population

dynamics; and (iii) ecosystem dynamics and productivity of agricultural crops. We

articulate research priorities for a deeper understanding of how bioavailable N and P

move through the environment and exert their ultimate impacts on biodiversity and

ecosystem services.

Keywords: crops, genome size, nitrogen, nutrients, phosphorus, polyploidy, stoichiometry

INTRODUCTION

Fertilizers are central to the “green revolution,” which has seen about half of the world’s land
converted to agriculture (Kareiva et al., 2007). Nitrogen (N) and phosphorus (P) are the dominant
rate-limiting nutrients in most natural systems and the major constituents of agrochemical
fertilizers. The consequences of N and P losses from agricultural land, e.g., through runoff and
leaching, can span multiple organizational levels and scales in time and space, threatening essential
ecosystem services (Smith et al., 1999; Elser, 2012; Fowler et al., 2013). In nature excessive loadings
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of N and P are extrinsic drivers that (i) often reduce biodiversity
directly (Chapin et al., 2000; Erisman et al., 2008; Lambers
et al., 2010), and have indirect effects through (ii) increased
local extinction via dominance of a few competitive species,
leading to (iii) altered plant community structure (Rohr et al.,
2016), (iv) reduced functional trait diversity of communities
and ecosystems (Tilman and Lehman, 2001; Díaz et al., 2006),
and (v) ultimately reshaping ecosystem services (Millennium
Ecosystem Assessment., 2005; Figure 1). Examples of such
services include the provision of cleanwater for human needs and
leisure, maintaining and regulating soil fertility, and supporting
services such as nutrient cycling and the transfer of nutrients
through trophic levels (Millennium Ecosystem Assessment.,
2005; Bommarco et al., 2013; Harrison et al., 2014).

At the organism level, N and P availability is known to have
powerful influences on functional traits and growth rates, but
we are only just beginning to understand that genome structure
(e.g., genome size, ploidal level) can also play an important role
(e.g., Neiman et al., 2009, 2013b; Šmarda et al., 2013; Guignard
et al., 2016). At the genomic level, environmental nutrient
limitation may constrain cellular processes (e.g., photosynthesis,
transcriptomes) and over time may result in divergence of genes
and the proteins they encode (Acquisti et al., 2009a,b; Elser et al.,
2011; Seward and Kelly, 2016; Figure 1).

Thus, the fluxes, feedbacks, and availability of N and
P fundamentally impact biota at all levels from genes and
genomes to ecosystems, reshaping ecological and ultimately

FIGURE 1 | Effects of N and P availability—from genomes to ecosystems. Inputs of nutrients, in particular nitrogen (N) and phosphorus (P), act as extrinsic drivers

affecting biological dynamics at the genomic to the ecosystem level, and which in turn feed-back on these drivers. An essential component of the ecosystem is the

cycling of nutrients through the food web and back to the atmosphere and soil in inorganic forms. Such ecosystems provide services of benefit to humans. 1Services

as defined by the Millennium Ecosystem Assessment. (2005).

ecosystem processes. It is therefore crucial to understand
how environmental N and P impact all levels of biological
organization, from genome dynamics and cell metabolism, to
the structure and functioning of multispecies systems (Figure 1).
Such research could dramatically improve both the efficacy
of biodiversity conservation and the development of more
sustainable farming systems with lower N and P demands.

This paper evaluates the roles of N and P (1) in the
environment, (2) within organisms, (3) in multispecies systems,
and (4) in meeting human needs in the context of rising to the
dual challenges of increasing food production and maintaining
functional biodiversity to underpin the delivery of essential
ecosystem services. It also proposes research priorities in these
areas.

(1) N and P in the Environment
Nitrogen and P both underpin photosynthetic processes, cell
growth, metabolism, and protein synthesis (Chapin et al., 2011),
but their natural sources and rates of supply are very different:
in principle, N availability is unlimited as an atmospheric gas,
whereas P comes from rock phosphate, renewed with the uplift
of continental rock. N and P co-limitation is common across
the Earth’s ecosystems in all the major biomes (Elser et al.,
2007a). Today the primary sources of N and P originate from
the massive anthropogenic inputs of fertilizers onto agricultural
land (Fowler et al., 2013; Figure 2). For instance, industrial
N production via the Haber–Bosch process surpassed natural
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FIGURE 2 | Consumption of N and P fertilizer by year (A) globally, and (B,C) by world regions, from 1961 to 2014. Data are available from the Food and Agriculture

Organization of the United Nations (FAO, 2016).

fixation of dinitrogen gas more than 50 years ago. It affects vast
areas by increased deposition of oxidized and reduced N with
increased runoff of N to freshwater and coastal areas (Galloway
et al., 2013).

Anthropogenic N-deposition also originates from nitrogen
oxides created during fossil fuel combustion, from nitrogen
fixation of cultivated legumes (Ciais et al., 2014), and ammonia
produced from animal wastes (Sutton et al., 2013). This elevated
N-deposition may shift ecosystems from N to P limitation, with
subsequent detrimental ecosystem impacts (Elser et al., 2009,
2010). Conversely, the deposition of P from P-rich dust from
sand and agricultural soils may shift some ecosystems from P to
N limitation (e.g., mountain lakes: Camarero and Catalan, 2012;
Brahney et al., 2015).

In ecosystems, N and P are bound within waste organic
products and dead organic matter (e.g., in nucleic acids). They
must first be remineralized to release inorganic orthophosphates
or dissolved and reduced to inorganic nitrate and ammonia
before either element can be absorbed by primary producers
(i.e., autotrophic bacteria, algae, plants). The mineralization
of organic to inorganic forms of N and P is completed
primarily by microorganisms as they metabolize carbon (Spohn
and Kuzyakov, 2013). These microorganisms also require N
investment to synthesize the alkaline phosphatase enzymes that
release P. Because organic N concentrations are higher than
those of P, this investment is balanced by N availability and
the corresponding gain in P. In terrestrial systems, P cycling is
closely linked to mycorrhizal fungi in plant roots that release
extracellular phosphatases. If N is applied above a certain
threshold, P cycles faster in response to greater N availability for
producing phosphatase enzymes. This in turn results in faster
rates of P removal and increased P limitation (Vitousek et al.,
2010). This implies that elemental imbalances generated at the
molecular level can influence elemental stoichiometry in the
ecosystem.

In agriculture, nutrients are also lost from ecosystems when
crop products are harvested, leaving less plant litter to decompose
and fewer nutrients to be returned to the soil. Consequently,
fertilizers are added to build and maintain soil fertility. When

applied at excessive levels, however, N and P may be lost via
leaching, runoff, and erosion (e.g., globally, an estimated 15
million tons of P are lost annually from crop fields due to erosion;
Smil, 2000), and an estimated 8 million tons of P are lost in
runoff from arable land annually (Cordell et al., 2009). Nitrogen
is additionally removed from an ecosystem as N2 and N2O gases
derived from microbial denitrification (when bacteria use nitrate
as a source of oxygen) and anaerobic ammonium oxidation (or
anammox, when the oxidation of ammonium is coupled with
the reduction of nitrite). With entry into aquatic systems, N and
P will trigger eutrophication before being cycled or buried as
sediments.

Future Research Priorities

Frequently, the stores, fluxes, and cycling of N and P have
been considered separately, partly because of the relative ease
of tracing N cycles compared with P. A unified interdisciplinary
approach is needed to fully understand macronutrient fate and
transport through the ecosystem. It needs to incorporate both
terrestrial and aquatic components of the landscape as well as
how different macronutrient cycles interact (Grimm et al., 2003;
Guenet et al., 2010; Soininen et al., 2015). A better understanding
of how N:P supply ratios affect microbial activity (e.g., nitrogen-
fixing bacteria and mycorrhizal fungi), and subsequently the flow
of these nutrients to and between organisms (e.g., Cherif and
Loreau, 2009), may be obtained via controlled experiments. This
may help to develop a clearer understanding of the impact of
fertilizers on soil and water health and a more informed and
environmentally sensitive approach to how we use fertilizers.
The urgent need for a more comprehensive understanding is
highlighted by the rising concern of a potential global scarcity of
P (Cordell et al., 2009).

(2) N and P Usage within Organisms and

Genome Structure
Nucleic acids are approximately 39% N and nearly 9% P by
mass (Sterner and Elser, 2002), making them among the most
N- and P-demanding biomolecules of the cell. Accordingly, the
nucleus of eukaryotes represents a substantial sink for N and P.
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How this nucleic acid “sink” influences N and P stoichiometry
remains unclear, yet these connections are potentially profound:
genome size is one of the most variable of all organismal traits,
varying 4-fold in mammals, 187-fold in insects, 378-fold in
bony fishes, 460-fold in crustaceans (Gregory, 2016), and 2,400-
fold in angiosperms (Pellicer et al., 2010). These differences
in genome size reflect underlying genomic processes such as
(retro)transposon amplification and deletion and whole-genome
duplication (polyploidy). All of these processes can influence
molecular evolution, gene expression, and organismal phenotype
(Neiman et al., 2009, 2013a; Gerstein, 2013; Mayfield-Jones
et al., 2013; Ramsey and Ramsey, 2014; Dodsworth et al., 2015;
Selmecki et al., 2015; Soltis and Soltis, 2016). Polyploidy in
particular has been implicated in the remarkably successful
radiations of angiosperms (Soltis et al., 2009; Jiao et al., 2011;
Albert et al., 2013; Tank et al., 2015; Van de Peer et al., 2017) and
teleost fish (Van de Peer et al., 2009; Braasch and Postlethwait,
2012). Even so, many groups of eukaryotes are characterized
by relatively small genomes, arising from genome-streamlining
processes such as unequal and illegitimate recombination and
chromosomal rearrangements triggered following polyploidy
(Leitch and Bennett, 2004; Hessen et al., 2010; Dodsworth et al.,
2016). Furthermore, the limited availability of environmental
N and P and the expense of building and maintaining nucleic
acids and associated proteins necessary to maintain a larger
genome and hence cell may, under certain circumstances, act as
a selection pressure driving the evolution of smaller genomes.

Selection on N and P use may also have an impact on genome
composition. A comparative genomics approach on a set of
animal and plant model organisms has shown N-conservation in
the transcriptomes of wild plant taxa relative to both crop plants,
which have a history of fertilizer application, and animals, which
harvest N in organic form from other organisms (Acquisti et al.,
2009a,b). Similarly, bias toward lower numbers of N atoms is
reported in the highly expressed proteins of bacteria and yeast (Li
et al., 2009), and in bacterial and eukaryotic parasites with low-N
diets (Seward and Kelly, 2016).

The biochemical link between N and P in growth processes
might underpin the broadly convergent ratios reported in many
eukaryotic groups, such as the classic Redfield ratio, which states
that marine plankton exhibit a mean C:N:P of 106:16:1 (Redfield,
1934; Klausmeier et al., 2004). Most eukaryotes, including
microbes (Cleveland and Liptzin, 2007), maintain a certain
degree of C, N, and P homeostasis. However, ratios vary with
species growth rate (Hillebrand et al., 2013), trophic level, and
environmental parameters. For example, N:P ratios range from
21:1 in broadleaved forests to 43:1 in tropical forests (McGroddy
et al., 2004), while a more general ratio of 28:1 has been attributed
to vascular plants (Chapin et al., 2011). Thus, while general
ratios have been described, there is considerable variation due
to fluctuations in environmental nutrient availability (Güsewell,
2004), phylogeny, and geography.

Biotic stoichiometric ratios are especially good reflections
of nutrient availability at the base of the food web, where the
scope for plasticity is greatest: proxy measures associated with
latitudinal gradients have been described for both terrestrial
plants (Reich and Oleksyn, 2004; Kerkhoff et al., 2006) and

marine phytoplankton (Martiny et al., 2013). For example,
older tropical soils are richer in N than P, whereas soils of
recently glaciated regions at higher latitudes show the opposite
pattern, implying reduced N:P ratios in colder areas (Reich and
Oleksyn, 2004). Latitudinal and temperature-related changes in
N:P likely reflect a higher demand for ribosomes (and thus P)
to maintain sufficient protein synthesis at lower temperatures
(Toseland et al., 2013; Thrane et al., 2017). This apparent link
between temperature and stoichiometry in primary producers
is perhaps unsurprising given that temperature drives the rates
of many biological processes, including photosynthesis (C gain)
and N and P uptake from the environment. At the genomic
level, transcription rates in plants also increase with temperature
(Sidaway-Lee et al., 2014). The higher demands for ribosomes at
lower temperatures may occur to maintain protein synthesis or
arise from the increased number of stored immature ribosomes
in the nucleolus (Leitch et al., 1995), which can also translate into
higher P-demands (and lower N:P) (Woods et al., 2003; Toseland
et al., 2013; Thrane et al., 2017).

Future Research Priorities

At an organismal level, functional traits influence fitness via
their effects on growth rate, reproduction, and survival (Violle
et al., 2007). A stoichiometric perspective leads us to speculate
that genome size and ploidal level are important but often
ignored functional traits. For example, very large genomes in
plants could be selected against in many ecosystems due to
their higher demands for N and P. In animals, there may
also be selection against larger genomes due to the reduced
fitness associated with relatively low developmental rates and
the relatively high demand for P invested in RNA (as much
as 50–80% of cellular P) for protein synthesis (Hessen and
Persson, 2009; Neiman et al., 2013a, but see Larkin et al.,
2016). A definitive answer to the question of the extent to
which larger genome sizes and higher ploidal levels translate
into N and P costs will require characterization of organism-
level consequences. For example, the increased N and P
demands could be offset by the lower number of cells that
are sometimes, but not always, associated with larger genomes
(Neiman et al., 2017). Demands may also be offset by more
efficient allocation of cellular P to RNA. Indeed polyploidy
can rapidly induce a diversity of genetic and epigenetic
responses, which can lead to highly variable total transcriptome
volumes (Grover et al., 2012), a trait upon which selection
can act.

Another key unanswered question is the nature of trade-offs
between the genome, transcriptome, proteome, and metabolites
for N and P usage, under differing N and P stress, at the cellular,
tissue, and organismal levels and in organisms with different
genome sizes. Controlled growth experiments under differing
nutrient regimes, combined with biochemical, DNA/RNA, and
genome analyses, are needed. Understanding the associations
between C:N:P ratios and how these elements are partitioned for
ribosomal synthesis vs., for example, histone synthesis may not
only lead to important insights for organisms within ecosystems,
but also provide novel medical insights into cancer dynamics
(Elser et al., 2003, 2007b).
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(3) The Roles of N and P and Genome Sizes

in Species Assemblies
As we move beyond the organism and population levels, we
can begin to elucidate some of the roles and consequences of
these phenomena on multispecies systems such as communities,
food webs, and entire ecosystems. Polyploidy is a genomic trait
that may have cascading effects on food webs. For instance, in
marine ecosystems, polyploidy may influence the composition
of zooplankton communities. Polyploid zooplankton are more
common in the Arctic, where a time constraint is imposed by
the short growing season (Van Geest et al., 2010). The differential
responses between taxa of different ploidal levels could shift the
balance of power in both horizontal (competitive) and vertical
(consumer-resource) interactions within ecological networks of
interacting taxa.

The functional traits of species can influence energy and
nutrient fluxes and the resilience of ecosystems to environmental
disturbances. Recent evidence suggests that genome structure
(i.e., genome size, ploidal level) and nutrient availability can
influence plant distributions, community composition, and
biomass production in grasslands (Šmarda et al., 2013; Guignard
et al., 2016; Segraves, 2017). This possibility is bolstered by
large-scale comparative analyses using the Plant DNA C-values
database (Bennett and Leitch, 2012) which suggest that plants
with large genomes are at greater risk of extinction and are less
tolerant of polluted soils and extreme environmental conditions
(Vinogradov, 2003; Knight et al., 2005; Greilhuber and Leitch,
2013). Although genome size effects can depend on ploidal
level, these data clearly demonstrate that genome structure has
ecological consequences that can shape the distribution and
persistence of biodiversity.

Variation in DNA and RNA usage in primary producers may
also cascade upwards to higher trophic levels. For example,
higher ploidal-level representatives of aquatic animals fare better
(biomass as well as amount of N and P in their tissues)
than their lower ploidal-level congeners, when their diets
(composed of primary producers) have relatively high nutrient
content. The reverse holds true in low-nutrient conditions
(Neiman et al., 2013b; Jeyasingh et al., 2015). Radiotracer
assays have also revealed that polyploid Daphnia incorporated
significantly more 33P and excreted significantly less 33P
compared with diploids (Jeyasingh et al., 2015), indicating
potentially strong effects of ploidal level on key population
and, by extension, community parameters related to consumer-
resource interactions. In addition to these “green pathways” that
link autochthonous producers to herbivorous consumers, there
is clearly the potential for the “brown pathways” that transfer
energy and nutrients via detrital feeding links to also be affected
by N and P and genome structure. For instance, terrestrial leaf
litter fuels the base of many freshwater food webs and the main
determinants of its consumption are its C:N:P stoichiometry,
which is shaped by the taxonomic and functional attributes of the
plants as well as environmental nutrient conditions (e.g., Hladyz
et al., 2009; Woodward et al., 2012). Consequently, if the C:N:P
stoichiometry of terrestrial plants is itself linked to genome size,
genome attributes of these plants have clear potential to shape

ecosystem-level processes and the trophic basis of production
of the higher trophic levels in the food web. How, and to what
extent, these influences are manifested in natural ecosystems
also could depend on the extent of nutrient enrichment from
agriculture within the surrounding landscape.

Future Research Priorities

Polyploids and taxa with larger genome sizes should be more
commonwhere nutrients are more abundant (Lewis, 1985; Leitch
and Bennett, 2004; Leitch and Leitch, 2008; Hessen et al., 2010;
Neiman et al., 2013a; Leitch et al., 2014). Support for these
predictions has come from recent studies of freshwater snails
(Neiman et al., 2013b) and angiosperms (Šmarda et al., 2013;
Guignard et al., 2016). Further data collection on, and empirical
tests of, the associations betweenN and P limitation, genome size,
and ploidal-level variation in diverse habitat types and biomes
are clearly needed to determine how far such predictions hold
across different ecosystems and larger, continental scales. Such
investigations may take advantage of geographical information
systems and niche modeling approaches.

Organisms are frequently linked in stoichiometric feedback
loops (Sterner, 1990; Gruner et al., 2008) within wider elemental
cycles. Even so, and perhaps due to the sheer complexity
of ecological systems, research is most often focused on
top-down (consumer-directed) vs. bottom-up (resource-based)
effects within only a small part of the food web. A broader
system-level approach that can also include indirect effects or
reciprocity is needed. Elemental availability can also play a large
role in predator-prey interactions, including nutrient cycling by
predators, which, in turn, influences what elements are available
to prey (Grover, 2003; Andersen et al., 2004; Sardans et al.,
2012). With respect to macro-organisms, plants form the base
of the food web; the diversity of plant structures is hypothesized
to influence multiple trophic levels via effects on differential
nutrient requirements, intake, growth rates, and, thus, food
quality for higher trophic levels, either as an autochthonous
resource that is processed via the food web’s green pathways or
as detritus within the brown pathways.

Plants are affected by their environment but they can also
modify this environment via shifts in microbial communities
that have short- and long-term effects (Putten et al., 2013;
Van Nuland et al., 2016). Such ecological feedbacks occur
when interactions at one time determine the performance or
interactions of organisms at another (Hendry, 2016). The impact
of nutrient availability has already been demonstrated to alter
eco-evolutionary dynamics in plants (Wooliver et al., 2016) and
in fish due to increased eutrophication, resulting in changes to
parasite load and individual feeding ecology (Anaya-Rojas et al.,
2016; Brunner et al., 2017). Future research will thus not only
have to focus on direct effects of N and P on species but also
on how they impact the interactions between species at the
ecosystem level.

(4) N and P and Genomes—toward

Sustainable Agriculture
The world’s consumption of N- and P-based fertilizers has
increased substantially since the 1960’s although that rise is now
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largely driven by agriculture across Asia (FAO, 2016; Figure 2).
As discussed above, N and P availability may influence the
productivity of plant taxa differentially, depending on genome
structure: when nutrients are in excess, polyploid plants tend
to increase more in biomass production and competitiveness
than diploids. This increased yield may be one reason why most
crops are polyploids (Leitch and Leitch, 2008). The rapid rate
of biomass production for which crops are typically selected is
associated with high soil nutrient demands. Indeed this high
demand for nutrients has essentially been “designed” into our
current agricultural systems. That in turn has led to a high
dependence for fertilizer inputs, whereby agricultural crops
generally display high critical nutrient requirements (N and
P) for optimal growth with high product removal. This is not
only economically expensive but also biologically inefficient
and environmentally destabilizing, with increased potential for
collateral damage to aquatic ecosystems via eutrophication. For
example, P inputs are two to five times greater than the amount
exported in the final product (Simpson et al., 2011), and crops
take up only 30–40% of applied N (Kant et al., 2011). Nutrient-
use efficiency in crops can be improved by, for example, selection
of morphological and physiological traits that maximize nutrient
uptake (Richardson et al., 2011), optimizing traits that increase
the efficiency of ribosomes (Kreps et al., 2002; Kant et al., 2011;
Veneklaas et al., 2012), and reducing the carbon costs of nutrient
uptake (Lynch and Ho, 2005). Crops are high in P content
with a 15:1 N:P ratio (Veneklaas et al., 2012), in contrast to
the 28:1 ratio across vascular plants as a whole. Moreover, high
concentrations of P in grain crops are undesirable because P is
predominantly stored as phytate, which is indigestible, and which
reduces absorption of other nutrients in non-ruminant animals,
including humans (Veneklaas et al., 2012). The indigestibility of
this form of Pmeans it ends up in our sewage and waterways, and
one solution may be to reduce P uptake and/or P concentrations
in seeds and grains using genomic approaches (Raboy, 2001;
Yamaji et al., 2017).

Future Research Priorities

Many engineering approaches are being considered to help
improve the management of N and P in the environment. One
key goal is to apply less fertilizer while maintaining or even
enhancing agricultural yields. A key part of this process will be
to revisit our polyploid crops. To date, much plant breeding has
exploited polyploids, where genic diversity is fixed and favorable
characters can be selected (e.g., allopolyploids: wheat, cotton,
tobacco, sugarcane; autopolyploids: strawberry, alfalfa, banana)
(Udall and Wendel, 2006; Renny-Byfield and Wendel, 2014). Yet
these crops have been developed in a context of high inputs
of N, P, and other nutrients. By contrast, the wild relatives of
these crop species typically grow in relatively infertile habitats. By
targeting inbred introgressed lines and applying high-throughput
sequencing in combination with marker-assisted or genomic
selection approaches (Heffner et al., 2009; Xu et al., 2014; Jan
et al., 2016; Lv et al., 2016), it may be possible to reduce
nutrient requirements and/or improve nutrient-use efficiency
(higher yield per unit used of fertilizer) of crop plants. There
are significant commercial gains to be made from reducing our

dependency on N- and P-containing fertilizers. For example,
increasing N use efficiency by 1% alone could lead to estimated
annual savings of $1.1 billion (Kant et al., 2011). Additional
reductions in fertilizer use could also come from harnessing
the microbiome in plant selection, especially under limiting N
and P. Future avenues include the use of bacteria and fungi to
increase a plant’s uptake of nutrients, in particular P (reviewed
in Owen et al., 2015), and to exploit new technologies aiming
to inhibit P loss and increase fertilizer recovery (Withers et al.,
2015).

CONCLUSION

In defining a “safe-operating space” for humanity in the
Anthropocene, Rockström et al. (2009a,b) identified nine
planetary boundaries and thresholds for anthropogenic activities
to remain globally sustainable. They argued that some of these
have already been surpassed, including a proposed boundary
of 35 million tonnes (Tg) per year of N2 removed from
the atmosphere, far below the actual annual rate of 121 Tg
(Rockström et al., 2009b). We are very close to the proposed
boundary of 11 Tg per year of P flowing into oceans, currently
at c. 9 Tg per year (Rockström et al., 2009b). However, if
freshwater systems are also taken into account, we have also
surpassed that P boundary (Carpenter and Bennett, 2011).
Because N and P are linked to life systems ranging from
global ecosystems (e.g., oceans) to genomes, a more complete
understanding and an incorporation of stoichiometric analysis
at all levels of biological organization are needed. This is
indeed an urgent goal, as it will enable us to maintain
or enhance agricultural productivity whilst simultaneously
conserving and enriching the biodiversity that is essential
for the continued provision of ecosystem services across the
globe.
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Ecosystems are linked through the transfer of materials and energy. Studies examining

material fluxes across habitat boundaries frequently quantify unidirectional flows of

nutrients and energy. However, material fluxes can be multidirectional, and we lack a

conceptual framework to describe how their quantity and stoichiometry influence the

net transfer of individual elements between ecosystems. Here we develop a zero net

transfer isocline (ZNTI) framework that integrates the relative mass and stoichiometry

of fluxes into and out of an ecosystem. We then use case studies with amphibians

and salmon to elucidate how life history, ontogenetic shifts in stoichiometry, and trophic

interactions shape relative fluxes of nutrients between aquatic and terrestrial ecosystems.

Because they increase in both size and Ca content from ova to metamorphs, amphibian

life histories strongly bias them toward net Ca export into the terrestrial environment.

Because amphibian biomass, C, P, and Ca ZNTIs do not overlap, there is no value of

survivorship where the net flux of biomass, C, P, and Ca are simultaneously balanced

between terrestrial and aquatic habitats. The degree of iteroparity and semelparity in

salmon strongly affects both the magnitude of net biomass and P flux between riverine

and marine environments. While the net direction of biomass flux generally remains

strongly biased toward import into the riverine system, net P flux can reach net export

into the marine environment because of increasing adult breeding survival leading to

reduced mass and %P of what they deposit in rivers (e.g., ova vs. whole carcasses).

These examples highlight how ontogenetic shifts in body size and stoichiometry result in

asymmetric fluxes of elements and biomass that can lead to simultaneous net imports

and exports of different elements within the same system. Furthermore, they demonstrate

how changes in life-history characteristics and stage-specific survivorship can lead to

changes in net elemental transport between ecosystems.

Keywords: body size, calcium, carbon, nitrogen, nutrient cycling, phosphorus, reciprocal subsidy
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INTRODUCTION

The movement of energy and nutrients between ecosystems
has far-reaching impacts on the structure of food webs and
their productivity (Polis et al., 1997). Both physical forces
(e.g., wind, flooding) and motile organisms move nutrients and
energy between ecosystem compartments (e.g., benthos and
water column of a pond) and among ecosystems (DeAngelis,
1992; Vanni, 2002; Regester et al., 2006). The movement of
organisms generates a unique type of material flux among
ecosystems as its quantity and stoichiometry are subject
to evolutionary, ecological, and physiological pressures and
constraints. Furthermore, the movement of living biomass across
ecosystem boundaries is governed by the movement ecology of
the organisms themselves instead of being limited to only passive
transport by physical forces.

Organisms move energy and nutrients among ecosystems
through two main pathways, excreta and their individual
bodies. Organisms with feeding migrations that move across
ecosystem boundaries forage, excrete, and egest in different
habitats, resulting in a strong directional flux out of the
foraging environment and into the habitat where they deposit
nutrients (e.g., sea birds; Anderson and Polis, 1999, hippopotomi;
Subalusky et al., 2015). Inter-ecosystem fluxes of living biomass
likewise have important effects on recipient systems (Helfield
and Naimann, 2001, 2006; Marczak et al., 2007). Furthermore,
several of these living energy and nutrient vectors have life cycles
that obligatorily tie them to multiple habitats, creating reciprocal
fluxes of biomass among those habitats (e.g., many insects,
diadromous fishes, and amphibians). In these cases, anything that
shapes the stoichiometry and or quantity of individuals moving
between ecosystems may change the quantity and or quality of
the flux itself.

Several factors can contribute to within species stoichiometric
variation including local environmental differences and
phenotypic variation (El-Sabaawi et al., 2012). In particular, when
the relative contribution of body structures (e.g., phosphorus-
rich bone) to whole body mass changes across ontogeny, so
too does whole body stoichiometry (Sterner and Elser, 2002;
Luhring, 2013; Boros et al., 2015; Stephens et al., 2016). Thus,
organisms that simultaneously change in body composition
and move between ecosystems change the stoichiometry of the
biomass they bring with them. In these cases, even when the total
biomass coming into and out of a system is equivalent, changes
in the stoichiometry of the biomass coming in and going out of
the system results in net import or export of individual elements
(Luhring, 2013).

Though previous work has successfully cataloged the flow of
materials among habitats and subsequent impacts on recipient
ecosystems (e.g., Regester et al., 2006; Schriever et al., 2014; Capps
et al., 2015), we still lack a conceptual framework to describe
how the quantity and stoichiometry of organisms influence the
net transfer of individual elements across habitat boundaries.
Here we develop a framework integrating the quantity and
stoichiometry of biomass movement between two systems.

We first develop the framework conceptually and then use
four case studies to illustrate the use of this approach. In the

first case study, we use this framework for amphibians with
obligate aquatic and terrestrial life stages and show how changes
to size and elemental composition between these stages alters
the survival needed for net directional flux of biomass and
different elements into or out of the aquatic system. In the
second case study, we apply data from an amphibian mesocosm
experiment to illustrate that the movement of individuals may
cause biomass and different elements to vary in both the direction
and magnitude of their net flux, and that trophic interactions
that alter survivorship and life history alter the net influx and
outflux of different elements. Third, we use Atlantic salmon
to illustrate the effects of complete adult breeding mortality
(semelparity) on biomass and P transfer between marine and
riverine systems. Fourth, we develop the Atlantic salmon model
to include partial adult breeding mortality (iteroparity) which
allows for intermediate possibilities between the amphibian
(breeding mortality absent) and semelparous salmon (100%
breeding mortality) examples.

MATERIALS AND METHODS

The Zero Net Transfer Model
In our model there are two flux directions that occur between two
ecosystems within a set time period (e.g., 1 lifecycle, 1 year). For
simplicity, we will define terms in relation to a focal system and
define fluxes as “in” (components moving into the focal system)
and “out” (components moving out of the focal system). Because
we are interested in the net direction of overall flux, we define
the conditions needed for them to be equal and then explore
conditions that cause net flux transfers to deviate from balanced
conditions. Thus, we start with the assumption that Total Flux
In = Total Flux Out, not because we expect the fluxes in to be
equal to the fluxes out, as our results below will show, but because
this is the most obvious reference point for assessing net import
or export. We define the “in” flux as equal to the product of
the number of components entering the system (NIn) and their
per capita mass (MassIn) (Equation 1). Likewise, the “out” flux is
equal to the product of the number of components (NOut) and
their per capita mass (MassOut). Given an assumption that the
flux in equals the flux out, we have:

NIn ∗ MassIn = NOut ∗ MassOut (1)

If we rewrite Equation (1) with N terms on the same side, we
get an equation describing the inverse relationship between the
relative number of individuals moving in each direction and their
relative masses (Equation 2).

NOut

NIn
=

MassIn

MassOut
(2)

This equation can then be solved for values of mass and number
where both sides are equal to each other, and we can use this
solution as a zero net transfer reference isocline (ZNTI) to
graphically depict expected patterns of biomass transport given
equal fluxes in and out. Any deviations from this isocline tell us if
a system is moving toward net import (values below the isocline)
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or export (values above the isocline) of biomass (see Figure 1 for
example ZNTI).

To specify relative amounts of elements moving in each
direction, we can adjust the biomass isocline equation (Equation
2) to include element-specific terms. EIn and EOut are the
proportions of each flux composed of a specific element “E.”

NOut

NIn
=

MassIn ∗ EIn

MassOut ∗ EOut
(3)

We simplify Equation (3) by defining the relative per capita
mass of the “in” flux to the “out” flux as RMIn/Out and the
relative elemental composition of the “in” flux to the “out” flux as
REIn/Out. Rewriting Equation (3) with these definitions, we get:

NOut�NIn = RMIn�Out
∗ REIn�Out

(4)

Case Study 1: Shifts in Amphibian
Stoichiometry across Ontogeny
Amphibians with complex life histories move biomass and
nutrients from terrestrial into aquatic systems in the form of their
ova and transport biomass and nutrients from aquatic systems
into terrestrial systems in the form of their metamorphosing
juveniles (hereafter “metamorphs”; Regester et al., 2006). We set
the aquatic system as the focal system whereby ova are the “in”
flux and metamorphs are the “out” flux. Substituting flux stages
for “in” and “out” we get the biomass ZNTI for this system:

NMetamorphs�NOva = RMOva�Metamorphs
∗ REOva�Metamorphs

(5)

The left hand side of Equation (5) describes the proportion of
ova surviving to metamorphosis (larval survival); the RM term
describes the relative size of an ovum to a metamorph; and the
RE term describes the relative elemental composition of an ovum
relative to a metamorph.

We used dry mass and elemental data collected for ova
and metamorphs of six amphibian species to demonstrate how
changes in body size and stoichiometry across ontogeny affect
the net movement of biomass and elements between terrestrial
and aquatic ecosystems (see Luhring, 2013 for details). Briefly,
samples of each species were collected from Aiken, South
Carolina and vacuum dried (Labconco Freezone vacuum dryer)
prior to being homogenized for elemental analyses. C and Nwere
analyzed at theMBL Stable Isotope Laboratory,Woods Hole, MA
with a Europa ANCA-SL elemental analyzer. All other elements
were analyzed at the University of Georgia’s Soil, Plant, andWater
Laboratory through microwave assisted digestion (EPA method
3052) followed by axially viewed ICP-AES (EPA method 6010b).

We calculated metamorph masses of the six species in
two ways to account for differences in the magnitude of
variation seen in the larger species. For the largest four
species (Ambystoma opacum, Ambystoma talpoideum, Lithobate
catesbeianus, Lithobates sphenocephalus), we use the midpoint
between the largest and smallest individuals. For the smallest two
species (Anaxyrus terrestris and Scaphiopus holbrookii), we used
composite samples of 15–30 individuals to estimate an average
body size (i.e., multiple individuals dried in groups, weighed,

FIGURE 1 | Plot of the zero net transfer isocline (ZNTI; solid line)

across a range of relative masses (RM) of ova and metamorphs for six

amphibians. Open circles illustrate the location of six RM values for

amphibians from Table 1. Details for three data points are shown in boxes

with an arrow pointing to their corresponding location on the isocline. Space

below the ZNTI correspond to values of RM and NOut/In where there is a net

biomass transfer into the aquatic system, whereas space above the ZNTI

corresponds to net biomass transport out of the aquatic system.

and total mass divided by number of individuals). Composite
samples also were used to approximate individual ovum dry
mass. Elemental data for ova were derived from two different
composite samples. For the four amphibians metamorphosing at
larger sizes we averaged elemental data from large individuals
and composites of small individuals (two samples in total).
Metamorph elemental data from the two smallest species are
derived solely from composite samples.

These data were then used to calculate RM’s and RE’s for each
species. For each species’RM, we solve for values of larval survival
that results in a balanced transfer of biomass. We then use an
average amphibian RE to create ZNTI’s for three elements (P, C,
and Ca) to illustrate how the locations of element-specific ZNTIs
may not line up with the biomass ZNTI. What this shows is that
any given level of survivorship will likely not balance the import
and export of different elements or biomass at the same time.

Case Study 2: Applying Experimental
Amphibian Data to Isoclines
Amphibian body size at metamorphosis, survival, and thus
biomass export is affected by a myriad of factors (Semlitsch and
Caldwell, 1982;Morin, 1986; Earl et al., 2011).We estimated RM’s
and survivorship from a mesocosm experiment (see Luhring,
2013 for details) which manipulated light, competition, and
predation on three anuran species representing a continuum
of RM’s: Anaxyrus americanus (RM = 1/10), Hyla versicolor
(1/150), L. sphenocephalus (1/185). Briefly, each species was
raised in replicated 1000-L mesocosms either alone (single-
species), with all three anuran species together (competition
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TABLE 1 | Summary of ova and metamorph size and elemental composition for 6 amphibian species with larval survivorship values (boldfaced) where

biomass flux (RM) and element-specific flux (RM*RE) are balanced between terrestrial and aquatic systems.

Species Stage N* Mean mass C** N** Ca*** P*** S*** C:Ca

Ambystoma opacum Ova 695 0.0032 50.56 10.22 475 11,976 5429.5 1064.5

Meta 15 0.414 45.80 10.80 27,342 17325.5 6675.5 16.7

RM = 7.7E-03 RE = 1.10 0.95 0.02 0.69 0.81

RM * RE = 8.53E-03 7.31E-03 1.34E-04 5.34E-03 6.29E-03

Ambystoma talpoideum Ova 2,670 0.0011 49.55 10.50 603 13048.5 5,818 821.7

Meta 5 1.805 43.36 9.02 23204.5 15402 6449.5 18.7

RM = 6.1E-04 RE = 1.14 1.16 0.03 0.85 0.90

RM * RE = 6.96E-04 7.10E-04 1.58E-05 5.16E-04 5.50E-04

Anaxyrus terrestris Ova 3,444 0.0012 50.59 9.96 577 12445.5 6209.5 876.8

Meta 306 0.013 37.31 9.73 25,691 16,477 5,863 14.5

RM = 9.2E-02 RE = 1.36 1.02 0.02 0.76 1.06

RM * RE = 1.25E-01 9.45E-02 2.07E-03 6.97E-02 9.78E-02

Lithobates catesbeianus Ova 31,806 0.0004 51.56 11.35 1,371 9332.5 7132.5 376.1

Meta 2 2.058 45.76 9.95 32230.5 18544.5 5,467 14.2

RM = 1.9E-04 RE = 1.13 1.14 0.04 0.50 1.30

RM * RE = 2.19E-04 2.22E-04 8.27E-06 9.78E-05 2.54E-04

Lithobates sphenocephalus Ova 4,424 0.0013 51.17 10.16 556.5 11,079 6335.5 919.5

Meta 4 0.638 41.89 9.72 25,501 14,211 5685.5 16.4

RM = 2.0E-03 RE = 1.22 1.05 0.02 0.78 1.11

RM * RE = 2.49E-03 2.13E-03 4.45E-05 1.59E-03 2.27E-03

Schaphiopus holbrookii Ova 2,400 0.0012 50.25 9.77 1,373 11949.5 6,376 366.0

Meta 13 0.104 48.75 8.98 24,054 11,938 4,715 20.3

RM = 1.2E-02 RE = 1.03 1.09 0.06 1.00 1.35

RM * RE = 1.19E-02 1.26E-02 6.59E-04 1.15E-02 1.56E-02

RM, relative mass (ovum mass/metamorph mass). RE, Relative elemental composition (ovum element concentration/ metamorph elemental concentration). Mass is in g dry mass. *Total

individuals in all composite samples. **Elemental content as percent of dry mass. ***Elemental content as mg kg−1 of dry mass.

treatment), or all three anuran species and caudate predators
(competition + predation treatment). All of these treatments
were crossed with 2 light levels: high (77% of ambient) and
low (27% of ambient) light. Anuran larvae were removed from
the mesocosms upon metamorphosis, measured and weighed
(wet mass in g). A subset from each species were subsequently
measured for dry mass to create species-specific wet mass to
dry mass conversion rates for the experiment (A. americanus:
0.113, H. versicolor: 0.143, and L. sphenocephalus: 0.149). For
each species, we used individual ova dry mass from batches
of ova for L. sphenocephalus (0.0013 g) or for congeneric
species as necessary (A. terrestris: 0.0012 g, H. cinerea: 0.0006
g). Mesocosm average metamorph dry masses were derived by
converting average metamorph wet mass to dry mass by their
species- or genera-specific wet to dry mass conversion. We then
use average mesocosm RM and realized larval survival rate to
graphically depict the effects of light, competition and predation
on net movement of biomass and Ca. Plots of biomass isoclines
represent x-fold isoclines for each element where x is equal to
the inverse of the product of RE and RM. For example, the ZNTI

for biomass is a 1-fold export (where the ratio of biomass export
to biomass import is 1), and a 10x NTI for biomass is a 10-fold
export. For a species with an RECa of 1/45, 1x and 10x biomass
isoclines would be equal to 45-fold, and 450-fold net transfer
isoclines of Ca, respectively.

Case Study 3: Complete Breeding Mortality
in Semelparous Salmonids
Salmonids move massive amounts of biomass between marine
and riverine systems every year and the resultant effects of this
flux on recipient systems (e.g., Janetski et al., 2009) and the net
flow of nutrients among them are of particular interest (e.g.,
Moore et al., 2007; Ebel et al., 2015). Semelparous salmonids
flux biomass and nutrients from marine into riverine systems in
the form of their entire body mass (including gonads) and flux
biomass and nutrients from riverine systems into marine systems
in the form of their juveniles (hereafter “smolts”; e.g., Gende et al.,
2002; Schindler et al., 2003; Ebel et al., 2015). We set the river as
the focal system whereby adult salmon are the “in” flux and smolt
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are the “out” flux. Substituting flux stages for “in” and “out” we
get:

NSmolts�NAdults
= RMAdults�Smolts

∗ REAdults�Smolts
(6)

The left hand side in Equation (6) describes the per capita
conversion of in-migrating adults into out-migrating smolts (per
capita net recruitment), the RM term describes the relative size
of an adult to a smolt, and the RE term describes the relative
elemental composition of an adult relative to a smolt. We used
wet mass and P content collected for Atlantic salmon from
three river systems (Ebel et al., 2015) to demonstrate how size
and elemental asymmetries between smolt and adult salmon of
different rivers affect net biomass and P flux between marine
and riverine systems. We solve for RM and REP using the same
approach as described in the previous examples. This data is then
used in a subsequent adaptation of our model for incomplete
breeding mortality (see Case Study 4: Partial Breeding Mortality
in Salmonids).

Case Study 4: Partial Breeding Mortality in
Salmonids
Although many species of salmonids are semelparous (100%
adult mortality after breeding), some are at least partially
iteroparous and spend part of their post-breeding recovery
time in the river in which they breed. Incomplete breeding
mortality results in an additional life stage (hereafter “kelts”)
moving biomass and nutrients out of the river which is
partially offset by what it deposits while in the river (gametes,
egested, and excreted materials). Using the same source of data
from Section Case Study 3: Complete Breeding Mortality in
Semelparous Salmonids, we adapt Equation (1) to include partial
mortality of adults and bi-directional movement of materials
by overwintering kelts. Because the mass and stoichiometry of
kelts leaving the river is different than that of adults entering
the river, the MassIn term has to account for changes in mass,
elements, and the mortality of adults. The adult mass that enters
the system and stays in is the fraction of those adults that
die times the mass and elemental composition of adults (D ∗

MA ∗ EA), with terms subscripted A for adult. Likewise, the
adult mass that leaves the system is the fraction of the adults
that live times the mass and elemental composition of kelts
[(1− D) ∗ (MA ∗ EA −MK ∗ EK)], with terms subscripted K
for kelt. Substituting these expressions into Equation (1), and
subscripting smolt terms with an S, we get:

NA

(

D ∗MA ∗ EA + (1− D) ∗ (MA ∗ EA −MK ∗ EK)
)

= NS ∗MS ∗ ES (7)

This simplifies to the elemental ZNTI for salmon systems:

NS�NA = D ∗ RMA�S
∗ REA�S

+ (1− D) ∗
(MA ∗ EA −MK ∗ EK)

MS ∗ ES
(8)

that like the previous ZNTIs, relates the transformation of
individuals while in the system to the changes in individual mass
and elemental composition while in the system.

We use the same wet mass and P content collected for
Atlantic salmon from the three river systems as in the previous
example (Section Case Study 3: Complete Breeding Mortality in
Semelparous Salmonids; Ebel et al., 2015) to demonstrate how
different levels of adult breeding mortality (D) affect net biomass
and P fluxes. This model (Equation 8) thus offers an intermediate
between the amphibian example (Section Case Study 1: Shifts in
Amphibian Stoichiometry Across Ontogeny, Equation 5) and the
semelparous salmon example (Section Case Study 3: Complete
Breeding Mortality in Semelparous Salmonids, Equation 6)
which are derived assuming either 0 or 100% breeding mortality
respectively. When D is 1, complete breeding mortality occurs
and Equation (8) becomes identical to Equation (6). WhenD is 0,
it effectively becomes Equation (5) wherein the elemental content
of an adult coming inminus its elemental content going out is the
contribution to the “in” habitat (e.g., ova).

RESULTS AND DISCUSSION

Case Study 1: Shifts in Amphibian
Stoichiometry across Ontogeny
The amphibians we considered varied considerably in relative
sizes of ova to metamorphs, with the RMIn/Out ranging from
1/5145 to 1/11 (Figure 1; Table 1). Because a ZNTI is essentially
a 1:1 line, these values stipulate the survival required to balance
the transfer of mass into and out of the system. Although
survivorship to metamorphosis is highly variable in natural
amphibian populations, we can get an idea of where different
species fall along the spectrum of export vs. import potential.
Species with small ova and a large size at metamorphosis have the
smallest RMIn/Out and, subsequently, the lowest survival required
for a zero net transfer of biomass. Conversely, species with the
largest RMIn/Out recorded in this study (A. terrestris; RMIn/Out =

1/11) had the smallest size at metamorphosis (0.001 g dry mass)
and the highest survival required for zero net transfer of biomass
(1 in 11 ova surviving to metamorphosis). Because both ovum
size and size at metamorphosis determine RMIn/Out , species with
similar RMIn/Out ’s such as S. holbrookii and A. opacum (1/86.7 vs.
1/129.4) may differ both in ova size (2.6-fold difference) and size
at metamorphosis (4-fold difference) yet still require the same
survival to balance mass transfers (Table 1).

Whenever elemental composition changes with life history
stages of individuals entering or leaving a focal system (RE 6= 1),
the net flux of biomass and that element cannot be equivalent.
For our set of amphibians, there was considerable asymmetry
in the transport of biomass and elements into and out of a
pond. REIn/Out net direction and magnitude for each element
was generally consistent across amphibian species, but varied
widely across elements (Table 1). REIn/Out ranged from a high
of 1.36/1 for RCIn/Out (A. terrestris) to a low of 1/57.56 for
RCaIn/Out (A. opacum; Table 1). The six species in this study all
had at least an order of magnitude decrease in C:Ca ratio from
ova to metamorphosis driven by both a decrease in C and a
17- to 57-fold increase in Ca (Table 1). Of all the elements, Ca
was the most strongly asymmetric between ova and metamorphs
(average RCaIn/Out = 1/37.9). The combined strong asymmetries
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in both RCa and RM of amphibians meant that most species were
strongly biased toward exporting Ca even at levels with biomass
or P import (Figure 2; RE∗RM in Table 1).

Similar to how fluxes of elements with RE 6= 1 cannot be
simultaneously balanced with biomass fluxes, fluxes of elements
with differing RE’s cannot be simultaneously balanced with each
other. For any given element “Y,” there are two scenarios when the
incoming and outgoing fluxes have different “Y” values (RYIn/Out

6= 1): (1) P0,Y isocline is above the P0,Biomass isocline (RYIn/Out >

1; bias toward import), or (2) P0,Y isocline is below the P0,Biomass

isocline (RYIn/Out < 1; bias toward export). When elemental P0’s
are situated above and below the P0Biomass isocline (e.g., C and Ca
in Figure 2), there exist several possible outcomes for element-
specific transfer between systems. For example, any point along
the P0,Biomass isocline in the amphibian example (Figure 2) would
correspond with a net import of C and a simultaneous export
of Ca. However, any point along the P0,Ca isocline where Ca
movement between the systems is balanced would correspond
to a strong import of biomass and C. Values not falling directly
on any isoclines demonstrate simultaneous inequalities in net
movement for all materials considered (i.e., biomass, C, P, and
Ca in Figure 2).

Case Study 2: Applying Experimental Data
to Isoclines
Changes in average body size at metamorphosis and larval
survival resulting from predation readily moved mesocosms

FIGURE 2 | Zero net transfer isoclines (ZNTI) for biomass (black), C

(solid blue), P (solid green), and Ca (solid red) for 6 amphibian species

where P corresponds to balanced flux between terrestrial and aquatic

systems for biomass, C, or Ca. Isoclines for C and Ca depict the average

RE for C and Ca for the six amphibians. Details for three species are shown in

boxes with arrows pointing to their corresponding location on the isoclines.

Regions between lines represent simultaneous import and export of two

different materials. For example, the region between biomass and Ca isoclines

represent values at which there would be an import of biomass and an export

of Ca.

across biomass and elemental isoclines (Figure 3). The smallest
species (by metamorph size) was most readily drawn below the
biomass ZNTI through predation, but remained above the Ca
ZNTI unless there was 0 survivorship (Figure 3). A. americanus
failed to metamorphose from 6 of 12 predator mesocosms, in
contrast to H. versicolor and L. sphenocephalus which both failed
to metamorphose from 3 of 12 predator mesocosms. In these
cases, our gape-limited predators appeared to have a relatively
stronger ability to force the net flux of the smaller species into
a state of total import (i.e., a complete biomass and nutrient
sink).

Although changes to either body size or survivorship would
have predictable effects on net transfers of biomass, they are not
always independent of each other. This is because body size at
metamorphosis results from the interaction of a multitude of
environmental and evolutionary factors (Werner, 1986). Links
between body size at metamorphosis and aquatic survival thus
change the rates at which changes in survival may shift systems
between states of net import or export. The causes of linked
RMIn/Out (as a function of changing size at metamorphosis)
and survival in our systems are well-known and provide an
opportunity to understand how these phenomena affect the
movement of biomass and nutrients across ecosystems.

The smallest species, A. americanus, demonstrates an Allee
effect whereupon size at metamorphosis is highest at an
intermediate density (our stocking density), but decreases with a
decrease in population density (Wilbur, 1977). Our mesocosms
demonstrated a similar pattern for A. americanus whereby
predation lowered population density of A. americanus in
our mesocosms and reduced the sizes of the few successfully
metamorphosing juveniles. Predation thus appeared to accelerate
A. americanus toward net import by simultaneously increasing
the required survivorship for balanced flux (through increased
RMIn/Out) while decreasing survivorship. Predation can also
lead to a thinning effect whereby predators decrease population
density and thus intra or interspecific competition, leading to
larger sizes at metamorphosis when survival decreases (Wilbur
et al., 1983). This pattern was most apparent in our largest
species, which may be heavily predated at smaller sizes but escape
gape-limited predators at larger sizes. In their case, the largest
metamorphs and thus smallest mean RMIn/Out values came from
mesocosms with the lowest aquatic survival rates (Figure 3).
Although predation decreases survivorship in the larger species,
the ability of predators to draw the system into a net import is
partially offset by a simultaneous decrease in RM caused by a
larger size at metamorphosis.

Because elemental transfer isoclines are directly linked to
biomass isoclines through Equation (5), any isocline that is a
multiple of the biomass ZNTI can be readily interpreted for a
given element by multiplying the biomass NTI by the inverse
of the REIn/Out for the element of interest. This allows the use
of additional biomass NTI’s (10x NTI, 100x NTI, etc.) that can
be used as reference contours to depict the relative magnitude
of both biomass and elemental import or export. For example,
a 10x NTI and 100x NTI indicate the 10- and 100-fold relative
export of biomass (Figure 3). In the case of L. sphenocephalus
where RCaIn/Out = 1/45.82 and RCIn/Out = 1/0.82 (Table 1), the
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FIGURE 3 | Effects of competition, predation and light levels (low [open] vs. high [filled]) on biomass and calcium transfer magnitude for Anaxyrus

americanus (A) ,Hyla versicolor (B), and Lithobates sphenocephalus (C). Data points represent mesocosm average relative mass of ova/metamorphs (RM) and larval

survivorship (NOut/In) from a previous study (Luhring, 2013). Zero net transfer isoclines for biomass (solid black), and Ca (solid red) and their 10x and 100x net transfer

isoclines (dashed and dotted NTI’s) are shown for reference. Each panel includes the data from panels to their left as gray dots for reference.

10x NTI would correspond to a 458.2x NTI for Ca, and a 8.2x
NTI for C. The 100x NTI where many of the L. sphenocephala
mesocosms are clustered (right panel of Figure 3) would
thus correspond with a 4582x NTI for Ca and a 82x NTI
for C.

Case Study 3: Complete Breeding Mortality
in Semelparous Salmonids
As with amphibians, two life stages of salmon move biomass
between ecosystems. However, semelparous salmon are different
in two key ways. First, breeding adults deposit their entire body
mass (body and gametes) in the “in” system (river) when they
die. Second, while the conversion of NIn/Out (larval survival)
for amphibians has an upper limit of 1 (solid horizontal line in
Figure 4), NIn/Out for salmon is a measure of net recruitment of
smolts per breeding adult and has a much higher ceiling. These
combined factors extend the salmon biomass ZNTI farther to the
right of the amphibians while still allowing for potential import
or export (Figure 4).

Salmon in the three rivers examined had net recruitment rates
(NOut/In) of 11.90–26.15 (Table 2). If we assume that spawning
adults in these rivers experience complete mortality (Equation 6),
then net biomass flux would be into the river as all recruitment
rates were below the ZNTI (Figure 4; Table 2). To investigate
net P flux, we incorporate P composition for adults and smolts.
Because in-migrating adults are lower in P than out-migating
smolts (RPIn.Out < 1), they lower the P isocline relative to the
biomass isocline (inset Figure 4). Thus, although adults represent
a higher per capita biomass flux, their lower P content reduces
the amount of relatively P-rich smolt biomass that has to exit
the system in order for P flux to be balanced. None of the
rivers had the net recruitment needed to reach their biomass
ZNTIs (NOut/In/RMIn/Out) or net recruitment need to reach

their P ZNTIs (NOut/In/RM∗RP). However, one river (Conne;
Table 2) reached 87% of the recruitment needed to reach its P
ZNTI (Table 2). This case study demonstrates the outcomes of
complete breeding mortality (semelparity) on cross-ecosystem
fluxes of biomass and elements. However, for many diadromous
fishes, some fraction of adults survive spawning events and exit
the breeding system (e.g., iteroparous species). Below, we will
see how these outcomes shift after incorporating partial breeding
mortality in the same system.

Case Study 4: Partial Breeding Mortality in
Salmonids
Many reciprocal fluxes resulting from linked life stages may
fall between the extremes of complete breeding mortality
(semelparity) and complete survival of breeding adults (e.g.,
an implicit assumption of the amphibian mesocosm example).
Equation (8) describes the intermediate case of partial breeding
mortality that simplifies into Equation (6) when D = 1
(semelparity) and Equation (4) when D = 0 (where eggs are
deposited by females who then leave the system). The change
from deposition of an adult carcass to partial deposition of
adult biomass (“Adult-Kelt” in Table 2) results in a net per
capita reduction of biomass deposited by adults. Increases in
breeding mortality (D) increase the per capita contribution of
adults to the “in” fluxes of biomass and raise the recruitment
rate required to reach the biomass ZNTI. Decreases in D
decrease the per capita contribution of adults to the “in” fluxes
of biomass and lower recruitment rates required to reach the
biomass ZNTI. Although adults are lower in P content than
kelts, the partial contributions of adults to rivers resulting
from breeding activity and overwintering are even lower in
biomass and %P content (“Adult-Kelt” in Table 2). Because P
in this partial deposition is lower than that of adult carcasses,
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FIGURE 4 | Zero net transfer and 10x net transfer biomass isoclines for RMIn/Out and NOut/In for amphibian mesocosms (blue, black, and green: L.

sphenocephalus, H. versicolor, and A. americanus) and Atlantic salmon (red: assuming complete breeding mortality). Horizontal gray line indicates the

upper limit of NOut/In for aquatic survival for amphibian larvae (cannot exceed 1). Inset image shows salmon data against the biomass ZNTI (black line) and P ZNTI

(green line: derived from average smolt and adult P across three populations).

TABLE 2 | Summary of Atlantic salmon adult, smolt, and kelt size and P content by river from Ebel et al. (2015) with derived model parameters (boldface).

River Stage Wet mass (g)* %P** RMIn/Out RPIn/Out RM * RP Nout Nin Nout/In

Cambellton Adult 1,910 0.38 38.2 0.66 25.03 40,146 3,375 11.90

Smolt 50 0.58

Kelt 1331.4 0.5 Nout/In/RMIn/Out 0.31

Adult-Kelt 578.6 0.10 Nout/In/(RM*RP) 0.48

Conne Adult 1,620 0.36 54 0.55 29.91 67,209 2,570 26.15

Smolt 30 0.65

Kelt 730 0.53 Nout/In/RMIn/Out 0.48

Adult-Kelt 890 0.22 Nout/In/(RM*RP) 0.87

Western Arm Adult 2,090 0.37 41.8 0.57 23.79 15,756 1,234 12.77

Smolt 50 0.65

Kelt 826.9 0.58 Nout/In/RMIn/Out 0.31

Adult-Kelt 1263.1 0.23 Nout/In/(RM*RP) 0.54

Adult-Kelt quantifies mass loss and the %P of that loss for adults surviving the breeding season. NOut/In/RM and NOut/In/RM *RP are the amount of recruitment observed relative to that

needed for zero net transfer of biomass and P (respectively) between river and marine systems. *Adult mass is a weighted mean of wet mass (g) weighted by number of adults in two

size classes. **%P is on a wet mass basis.

the total amount of P deposited per adult decreases at a
faster rate than biomass with increased adult breeding survival
(1− D).

Shifting from complete breeding mortality to partial or
complete survival of breeding adults changes the net biomass
or P flux between rivers and marine systems. Scenarios where
adult breeding mortality is 100% (D = 1; dotted black and
green lines in Figure 5) are identical to that of the previous
example (Figure 4; Section Case Study 3: Complete Breeding
Mortality in Semelparous Salmonids) and serve as a reference.

Even with 100% breeding survival (D=0; solid lines in Figure 5),
biomass flux generally remained biased toward import with only
the Cambellton River showing a minor net export of biomass
(Figure 5 left panel). However, P flux among systems was more
variable. As opposed to net biomass flux, P was much more likely
to transition to a net export from rivers to marine systems with
increasing levels of adult survival (Figure 5). All rivers showed
net P export when 100% of adults survived and were close to or
above P ZNTIs when adult survival was 50% (Figure 5). Thus,
while biomass in the salmon examples are strongly biased toward
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FIGURE 5 | Zero net transfer isoclines for biomass (black) and P (green) for three populations of Atlantic salmon (from left to right: Cambellton,

Conne, and Western Arm; data from Ebel et al., 2015). ZNTI’s are shown for varying levels of breeding mortality (D = 0, 0.5, 1) and are derived for

population-specific differences in stage-specific size, %P, spawning run size (NIn) and smolt production (NOut ). Only when 100% of adults survive and become

outmigrating kelts in Cambellton (D = 0) would a net biomass export into the marine environment occur (above black line). All populations show potential for P import

or export based on varying levels of breeding mortality (between green lines for D = 0 and D = 1).

net import into rivers, partial breeding survival can transition
these systems into simultaneous net fluxes of P out of and
biomass into rivers.

CONCLUSIONS

How Stoichiometry Influences Net Fluxes
of Elements between Ecosystems
When inter-ecosystem fluxes are carried out by different life
stages of a single organism, predictable asymmetries in net
biomass and elemental fluxes arise through changes in body size
and ontogenetic changes in stoichiometry. For example, large
shifts in both body size and C:Ca from ovum to metamorphosis
create large size and elemental imbalances in amphibian derived
biomass fluxes between aquatic and terrestrial ecosystems.
Aquatic survival is generally low in amphibians (Herreid and
Kinney, 1966; Calef, 1973; Shoop, 1974; Semlitsch, 1987; Regester
et al., 2006), which may cause many species with smaller
metamorphs relative to ova size (and thus larger RM’s) to
generally be net importers of biomass. However, because of
the large increase in Ca from ova to metamorph, nearly all
species of amphibians are also typically net exporters of Ca from
wetlands, barring complete breeding failure. Less drastic changes
to individual size and survivorship would be needed to switch
elements with RE’s closer to 1 between net import and export.

Future Directions
We present a framework that can be adapted to include
more complicated eco-evolutionary dynamics and their effects
on inter-ecosystem fluxes. For example, relationships between
survivorship and body size (e.g., thinning, Allee effects; Figure 3)
and their subsequent effects on fluxes can be characterized
by their effects on the slope of survivorship vs. relative mass.

Furthermore, because stoichiometry changes with body size
among and within species, the assumption that an RE value
would be static across values of RM may not hold for all models.
Although these initial models successfully describe the effects
of asymmetries in body size and stoichiometry on reciprocal
flux dynamics, additional modifications that reflect increasingly
complicated dynamics (e.g., size and stoichiometry) may reveal
additional insights.

The integration of the ZNTI approach into food web ecology
would be a logical and important next step. While our models
explicitly incorporate the effects of life stage asymmetries in
size and stoichiometry on net transfer magnitude and direction,
they do not yet integrate these asymmetries into food web
dynamics (e.g., the merged ecosystem and food web approach
advocated by Marcarelli et al., 2011). Relative composition,
magnitude, and amount of available resources in incoming fluxes
vs. existing resources determine the effects that incoming fluxes
have on recipient ecosystems (Marczak et al., 2007; Marcarelli
et al., 2011). Thus, the same stage-specific changes in size or
stoichiometry in our models that determine net flux magnitude
and direction will also determine their effects on recipient
systems.

Generalities of the Isocline Approach
Our modeling and isocline approach is readily applicable for
a variety of systems for determining the effects of processes
(e.g., per capita recruitment, larval survival) and properties of
the fluxes (e.g., relative sizes and elemental composition) in
changing net flux direction and magnitude between ecosystems.
Because conversion rates of in to out (larval survival, smolt
recruitment per adult) and their relative sizes and elemental
composition are readily estimable or available in the literature
for many systems, initial models can be used to estimate the
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relative sensitivities of flux direction and magnitude to changes
in these processes and properties a priori. Gathering the data
for individual flux components to estimate whether a system
experiences a net import or export within or across seasons is
highly time and resource intensive (e.g., Regester et al., 2006;
Ebel et al., 2015). The details garnered from such studies are
essential to understand variation in contributions of individual-
level fluxes to between-ecosystem fluxes. However, a general
model which can account for the wide disparity in processes that
link reciprocal fluxes (e.g., larval survival, recruitment) to each
other as well as their relative differences in size and elemental
composition is required to begin synthesizing these processes
across time and spatial scales.
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Pollen Stoichiometry May Influence
Detrital Terrestrial and Aquatic Food
Webs
Michał Filipiak*

Ecosystem Ecology Group, Institute of Environmental Sciences, Jagiellonian University, Kraków, Poland

Pollen rains may temporally mitigate nutritional limitations experienced by terrestrial

and aquatic detritivores by supplying stoichiometrically balanced food during periods

of detritivore growth and development (spring-summer). This may affect the functioning

of food webs and thus influence fundamental processes, e.g., by enabling fungi to

decompose nutritionally scarce litter. Nutritional limitation may be studied within the

framework of ecological stoichiometry by comparing the stoichiometric mismatches

experienced by organisms feeding on various foods. To this end, the elemental

compositions of pine pollen, litter and detritivores (fungi, protozoans, worms, insects,

mites, millipedes, isopods and slugs) were compared, as were the stoichiometric

mismatches experienced by the detritivores feeding on litter and pollen. Additionally,

the contribution of pollen to the nutrient flow from the land to aquatic ecosystems was

estimated through a literature review. Compared to litter, pine pollen is a stoichiometrically

well-balanced food source in terms of its C:N:P ratio but also because of its high

concentrations of K, S, and Cu and its favorable Zn:Fe ratio. This characteristic

is especially suitable to fungi, which may be responsible for the redistribution of

pollen-derived nutrients in food webs, particularly aquatic ones. Pollen rains of various

plant species act as temporal pulses of nutrients that are rapidly utilized and quickly

introduced into the food web, so calculations of annual biomass input may bemisleading.

Pollen is an easily available, digestible and nutritious food for fungi, bacteria, protozoans,

and various groups of invertebrates, which suggests that pollen plays an important role

in within- and cross-ecosystem nutrient cycling.

Keywords: ecological stoichiometry, food chain, nutritional ecology, ecosystem ecology, trophic ecology, trophic

interactions, nitrogen, phosphorous

BACKGROUND

For organisms feeding on plant materials, the proportion of non-C elements in their food may be
more limiting than energy (Pokarzhevskii et al., 2003; Moe et al., 2005) and diet supplementation
with high-quality resources may promote the development of animals feeding on dead plant
matter (Filipiak and Weiner, 2014, 2016; Filipiak et al., 2016; Horvathova et al., 2016). Hence,
it might be advantageous to include in the diet plant matter that is nutritive, easily available in
considerable mass and relatively easily digestible, i.e., pollen. Indeed, it was suggested that, in
detrital food webs, litter-decomposing fungi are colimited by the scarcity of N, P, and S in litter,
which they mitigate by foraging on pollen and which allows them to complete litter decomposition
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(Stark, 1972; Staaf and Berg, 1982; Hutchison and Barron,
1997). Forests may produce pollen in masses reaching 100 to
1000 kg/ha (Greenfield, 1996), and the bulk of this mass is
deposited onto forest floors and in lakes (Richerson et al.,
1970; Proctor et al., 1996; Shumilovskikh et al., 2015), thus
increasing the productivity of the ecosystem (Graham et al., 2006;
Masclaux et al., 2013). The present study considers the ecological
stoichiometry framework to relate data on pollen nutritional
quality to the role of pollen in nutrient cycling within and
between terrestrial and aquatic ecosystems.

Pollen Consumption and Digestibility
The extracellular walls of pollen are difficult to destroy chemically
(Brooks et al., 1970), but they can be destroyed through
mechanical disruption (crushing by chewing) or osmotic shock,
which does not require special adaptations, to make pollen
digestible (but see Franchi et al., 1997; Greenfield, 1999; Roulston
and Cane, 2000; Johnson andNicolson, 2001). Bacteria and fungi,
however, are able to chemically destroy pollen walls (Brooks et al.,
1970; Bradley, 2015; Shumilovskikh et al., 2015) and increase
the productivity of the ecosystem through the introduction of
pollen-derived nutrients to the food web (Masclaux et al., 2011,
2013; Rösel et al., 2012). Pollen rapidly decomposes in both
terrestrial and aquatic ecosystems, liberating large amounts of
nutritionally rich matter soon after deposition (Greenfield, 1999;
Cho et al., 2003; Webster et al., 2008; Rösel et al., 2012). Ponge
(1991) observed pollen in the guts of potworms, earthworms
and dipterans, and a wide array of other terrestrial and
aquatic organisms has been reported to actively feed on pollen
including detritivorous, herbivorous and predatory bacteria,
fungi, plankton, insects, arachnids, worms, and gastropods (cf.
Supplementary Table 1).

Pollen Deposition and Nutritional Quality
Generally, the amount of pollen deposited annually by various
plants (grasses, trees, and herbs) in different ecosystems varies
from several to hundreds of kg/ha, but the majority of studies
are only concerned with pine pollen (Richerson et al., 1970;
Stark, 1972; Doskey and Ugoagwu, 1989; Greenfield, 1996, 1999;
Proctor et al., 1996; Lee et al., 1996a,b; Hicks, 1999; Perez-Moreno
and Read, 2001; Cho et al., 2003; Lee and Booth, 2003; Graham
et al., 2006; Shumilovskikh et al., 2015). Maggs (1985) showed
that pollen constitutes 3.5% of the total mass of the yearly slash
pine biomass fall (litterfall plus pollen rain) but accounts for up
to 30% of the total amount of deposited N, P, and K, so one
could compare the general patterns of mass and nutrient inputs
from pollen and litter. In forests, the annual inputs of individual
elements from pine pollen rain can reach approximately 0.3–
0.5 kg/ha N; 0.04–0.07 kg/ha P; 0.1–0.2 kg/ha K; 0.02 kg/ha S;
and 0.01 kg/ha Mg (Lee et al., 1996a; Cho et al., 2003; Lee
and Booth, 2003). Read and Perez-Moreno (2003) estimated the
annual N and P deposition from pollen in forests as 1.6 and
0.32 kg/ha, respectively, while Webster et al. (2008) estimated
the yearly N input from various pollens into soils as 20 kg/ha.
Ukonmaanaho et al. (2008) reported mean annual inputs of 9
elements through litterfall; in pine stands, the means (kg/ha)
were N: 6.44–23.67, P: 0.19–1.92, K: 1.23–4.39, S: 0.47–0.98,

and Mg: 0.56–1.61 and for spruce stands: N: 4.94–58.51, P:
0.55–5.25, K: 0.84–17.10, S: 0.42–4.66, and Mg: 0.51–5.35. The
authors also suggested a range of 600–5000 kg/ha of yearly litter
production in boreal forests. Bray and Gorham (1964) concluded
that annual forest litter production is approximately 1 t/ha in
arctic and alpine zones, 3.5–5.5 t/ha in temperate zones and 11
t/ha in equatorial zones. Thus, in forests, the contribution of
the pollen mass to the total biomass fall is estimated to be 1–
10%, but the contribution of pollen to the total fall of non-C
elements should be several-fold higher and may reach 5–50%,
because pollen is rich in non-C elements especially if considering
P. The N content in the pollen of various plants may reach
approximately 0.4–10%, most commonly 2–4%, while the P
content may reach 0.05–0.7%, most commonly 0.2–0.5% (Todd
and Bretherick, 1942; Nielsen et al., 1955; Stanley and Linskens,
1974; Roulston and Cane, 2000). These values are high compared
to those of other plant tissues (e.g., Güsewell, 2004; Marshner,
2012) and especially high compared with those of plant litter
(Berg and McClaugherty, 2014). Ignoring pollen outputs, the
quality of the matter produced may be more important than
its quantity in terms of the biomass flow that is relevant to
consumers and ecosystems (Marcarelli et al., 2011; Sitters et al.,
2015; Mehner et al., 2016). Due to the high concentrations of
non-C elements, the pollen of various taxa may be hypothesized
to be stoichiometrically well-balanced, i.e., good quality food
for herbivores and detritivores. This would be important since
pollen rains affect a wide array of habitats and are produced
by a variety of plants, including trees (Betulaceae, Corylaceae,
Fagaceae, Salicaceae, Ulmaceae, Oleaceae, Sapindaceae) and
herbs, those of which make the greatest contribution to
the pollen rain are grasses (Poaceae, also cereals), sedges
(Cyperaceae), rushes (Juncaceae), plantains (Plantaginaceae),
docks (Polygonaceae), goosefoots (Chenopodiaceae), nettles
(Urticaceae), and Asteraceae (including ragweed) as well as many
others (Proctor et al., 1996). The total annual pollen production
of a ruderal ecosystem was estimated to be 45–590 kg/ha,
including species that produce pollen rains (Denisow, 2011), but
the amount of pollen that is deposited on the floor of such a
habitat is unknown.

Although most pollen remains in the area where it was
produced (Koski, 1970), a portion can be moved over distances
of hundreds (Proctor et al., 1996; Sitters et al., 2015) or even
thousands of kilometers (Campbell et al., 1999), translocating
nutrients between ecosystems. The yearly deposition of pollen
from a single species into lakes was estimated to range from
several to hundreds of kilograms, while the translocation of P in
pine pollen from the land to a lake may reach approximately 0.1–
10 kg/ha per year, which accounts for half of the yearly external
P input for a small oligotrophic lake (Doskey and Ugoagwu,
1989; Cole et al., 1990; Banks and Nighswander, 2000; Graham
et al., 2006; Rösel et al., 2012). This input, even if insignificant
in terms of annual mass, is short term, and pollen decomposes
rapidly, releasing nutrients within a few days of incubation
in lake water (Rösel et al., 2012). Therefore, pollen rain may
act as a considerable, temporally limited pulse of nutrients.
Pollen rains of various species supply food webs with nutritional
elements from early spring to late summer, the time when high
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amounts of these elements are needed to build the bodies of the
developing biota (Roulston and Cane, 2000; Beckman and Hurd,
2003; Lundgren, 2009; Wilder, 2011; Eggs and Sanders, 2013).
Thus, existing calculations of the nutritional supplementation of
ecosystems provided by pollen rain annually may be misleading.
Yet, there exist species producing pollen in fall (e.g., Anderson
and Hill, 2002).

POLLEN IN DETRITAL FOOD WEBS

Pine pollen and pine litter have been studied in sufficient depth
to provide data that are appropriate for a comparative analysis of
their elemental compositions in various pine species distributed
worldwide. To that end, to comprehensively determine how
pollen stoichiometry influences the nutritional mismatches
experienced by detritivores, the pine forest ecosystem was
considered as an exemplary food web in the present study. To
determine whether pollen flux may promote the development
of detritivores, the elemental compositions and stoichiometry of
pollen, litter and detritivores were compared. The available data
on the elemental composition of pine litter and pollen of various
pine species inhabiting different forests worldwide were collected
(details in Supplementary Table 2).

A comparison of the elemental composition of pine
pollen with that of litter (Table 1) demonstrated that the
C concentration in pollen is similar to that in litter; the
concentrations of N, P, S, K, Mg, and Cu are approximately
2- to 12-fold higher in pollen; and concentrations of Ca, Mn,
and Fe are approximately 3- to 19-fold higher in litter. As a
detritivore food source, pollen stoichiometry is advantageous
compared with that of litter, particularly the C:P ratio (12-fold
lower in pollen). P-rich pine pollen is deposited in the spring,
when young detritivores develop and have the greatest need for
P and the highest vulnerability to suboptimal diets during their
ontogeny (Bullejos et al., 2014). Thus, feeding on pine pollen may
benefit detritivore development. Other elements supplied to a
high degree by pine pollen include K and S. Together, these three
elements may be limiting for fungi exploiting pine litter (Staaf
and Berg, 1982), so pollen might be a particularly important
resource for these organisms. Indeed, the utilization of pollen by
forest fungi has been reported previously (Stark, 1972; Hutchison
and Barron, 1997; Perez-Moreno and Read, 2001).

Nutritionally scarce food is stoichiometrically unbalanced,
which is reflected in a stoichiometric mismatch (differences
in the concentrations of elements in the food and in the
body of the consumer) that limits consumer growth and
development (Sterner and Elser, 2002; Denno and Fagan,
2003; Fagan and Denno, 2004; Hessen et al., 2013). To
detect potential stoichiometric mismatches and their negative
consequences (development limitation), simple comparisons of
element ratios are sufficient (Filipiak and Weiner, 2016), so the
stoichiometric ratios in food and in the bodies of consumers
(C:Xfood/C:Xconsumer , where C is the carbon concentration and
X is the concentration of the other element) were calculated
to comprehensively detect and compare the stoichiometric
mismatches that reflect the variety of detritivores consuming

either litter or pollen. Hereafter, these values will be referred to
as trophic stoichiometric ratios (TSRs, cf. Filipiak and Weiner,
2016). To this end, data from the literature (means) and newly
collected data on the elemental composition of detritivores
inhabiting forest litters and soils (means) were used (details in
Supplementary Tables 2–4).

Five elements (P, K, N, S, and Cu; Figure 1) were found
to be the most limiting to detritivore development. The TSRs
calculated for feeding on pine pollen were approximately 10-fold
lower than those for feeding on pine litter for P, K, N, and S and
2-times lower for Cu; the mitigating effect was strongest for P
and K. The pollen diet might be particularly advantageous for
isopods, millipedes and fungi because these organisms have the
greatest need for K, P, and S supplementation (Figure 1). Pine
pollen might be an excellent source of nutrients for terrestrial
detritivores, mitigating stoichiometric mismatches, thereby it
might promote detritivore growth and development.

THE CONTRIBUTION OF POLLEN TO THE
NUTRIENT FLOW FROM LAND TO
AQUATIC ECOSYSTEMS

Pollen has been suggested to be an important source of nutrients
for aquatic organisms and a factor that influences nutrient cycling
in aquatic ecosystems (Masclaux et al., 2011; Rösel et al., 2012),
and the stoichiometric characteristics of pollen are consistent
with this suggestion. Pine pollen C:N:P stoichiometry is more
similar to that of freshwater than terrestrial autotrophs; i.e.,
pollen is relatively more stoichiometrically balanced for aquatic
consumers compared with other types of plant matter (Elser
et al., 2000). Pine pollen has markedly lower C:P and N:P ratios
compared with the other matter that flows in large masses from
terrestrial to aquatic ecosystems, e.g., foliage (Elser et al., 2000).
This may promote the growth of P-limited aquatic detritivores
(Sterner and Hessen, 1994; Sterner and Elser, 2002; Sardans
et al., 2012). It is possible that pollen does not act as a direct
source of nutrients for aquatic herbivores but is first utilized by
aquatic fungi, consequently increasing the productivity of the
entire system (Masclaux et al., 2011, 2013).

In aquatic food webs, fungal action may be more important
to the introduction of pollen-derived nutrients than in terrestrial
ecosystems. Although pollen is nutritive and digestible, recent
studies have shown that pollen alone is insufficient to promote
zooplankton growth (Masclaux et al., 2011, 2013), suggesting that
pollen walls are highly resistant to the action of zooplankton
and that saprotrophic fungi are responsible for weakening
and degrading these walls, thereby introducing pollen-derived
nutrients into the food web and boosting ecosystem productivity
(Goldstein, 1960; Masclaux et al., 2011, 2013; Rösel et al., 2012;
Wurzbacher et al., 2014). Pine pollen is an attractive source of
nutrients for fungi due to its C:N:P ratio, but it may also provide
other limiting elements, especially K, S, and Cu (Figure 1).

Knowledge of the ecological stoichiometry of aquatic fungi
is lacking, and specific predictions or comparisons with food
stoichiometry are currently impossible (Danger et al., 2016).
The limited data on elemental compositions are either for
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TABLE 1 | Dry mass element concentrations and stoichiometry of pine pollen compared with pine litter.

% of an element in dry mass ppm of an element in dry mass Atomic ratios

C N P S K Mg Ca Fe Zn Mn Cu C:N C:P N:P

Pine litter Mean 52.40 0.42 0.03 0.05 0.10 0.06 0.57 115.06 60.13 1328.06 2.78 Mean 145 4725 33

Median 52.50 0.41 0.02 0.04 0.08 0.05 0.56 79.00 50.50 1335.00 2.60 Lowest possible 78 2026 9

SD 2.26 0.10 0.01 0.02 0.05 0.03 0.16 93.49 28.62 605.93 1.27 Highest possible 260 10,258 115

CV 0.04 0.23 0.37 0.37 0.56 0.42 0.28 0.81 0.48 0.46 0.46

Min 48.70 0.25 0.01 0.03 0.03 0.03 0.05 53.00 39.60 260.00 1.40

Max 55.69 0.73 0.06 0.10 0.24 0.15 0.87 300.00 144.12 3670.00 5.00

N 9 49 42 16 40 40 41 11 12 32 9

Pine pollen Mean 50.79 2.24 0.34 0.26 0.94 0.15 0.05 35.82 48.58 70.33 5.70 Mean 26 386 15

Median 50.70 2.26 0.32 0.24 0.97 0.09 0.03 34.00 54.00 69.00 4.90 Lowest possible 17 246 5

SD 1.42 0.46 0.10 0.14 0.43 0.18 0.08 17.63 16.34 23.56 1.77 Highest possible 53 795 44

CV 0.03 0.20 0.29 0.56 0.45 1.24 1.57 0.49 0.34 0.33 0.31

Min 49.70 1.17 0.17 0.08 0.33 0.08 0.01 10.00 25.20 38.00 4.50

Max 53.16 3.43 0.52 0.78 2.52 0.85 0.33 65.00 75.00 100.00 10.00

N 5 37 24 17 29 18 14 11 9 9 9

Mean pollen/litter ratio 1 5 12 5 10 2 0 0 1 0 2 Mean litter/pollen ratio 5 12 2

Various pine species inhabiting different forests worldwide were considered (details in Supplementary Table 2). The pollen/litter ratio indicates that the element concentration in pollen is

x-fold higher than in litter, and the litter/pollen ratio indicates that the stoichiometric atomic ratio of litter is x-fold higher than that of pollen. The ranges in the atomic ratios were calculated

using the minimum and maximum reported element concentrations as follows: lowest X:Y, minX/maxY; highest X:Y, maxX/minY. Compared with litter, pollen has high concentrations of

P, K, S, and N. The atomic C:N:P ratios in pollen are relatively low, particularly the C:P ratio which is more than 10-fold lower in pollen than in litter.

terrestrial fungi consumed by humans and consider only a finite
number of elements, excluding C (Rudawska and Leski, 2005;
Dursun et al., 2006), or are related to fungal strains cultured
in laboratories on artificial media, which are not relevant to
natural situations (Mouginot et al., 2014). A study on the
mineral requirements of aquatic fungi, which covered other
elements besides C, N, and P (Schoenlein-Crusius et al., 1999),
showed that aquatic hyphomycetes may be sensitive to the
stoichiometry of nutrients, specifically the contents of Ca, S,
K, Mg, Mn, Na, and Zn (positively correlated) and Fe and Al
(negatively correlated). Among these elements, S and K are highly
concentrated in pine pollen (Table 1), and the positive effect of
Zn and the negative effect of Fe on fungi might be associated
with competition among these elements for absorption sites, as
the excess of one could induce a deficiency of the other. This
reported effect occurred with food with a low Zn:Fe atomic
ratio (approximately 0.01–0.007); the mean Zn:Fe atomic ratio
in pine pollen is 1.2, thus neutral and 24-fold higher than that
in pine litter and thus relatively favorable. Pine pollen is also
relatively high in Cu, another element that is rich in fungal
tissues.

UNDERSTANDING THE ROLE OF POLLEN
IN THE FLOW OF NUTRITIONAL
ELEMENTS WITHIN AND BETWEEN
ECOSYSTEMS

Nutrients that are incorporated into the ecosystem with pollen
rain might either be directly utilized by invertebrates, thus

mitigating their stoichiometric mismatches (Figure 1), or
introduced into the food web via microorganisms (mainly
fungi). Pollen on the forest floor decomposes rapidly, losing
approximately 20–70% of its initial mass in a month solely as
a result of microbial action (Greenfield, 1999; Webster et al.,
2008). The majority of the water-extractable macronutrients
in pollen (more than 80%) can leach within a few hours
in both land (Lee et al., 1996a) and water (Rösel et al.,
2012) ecosystems. These nutrients might subsequently be
incorporated, redistributed and recycled by microorganisms
(Stark, 1972; Hutchison and Barron, 1997; Davidson
et al., 1999; Perez-Moreno and Read, 2001; Van Mourik,
2003).

The contribution of pollen to litter decomposition is
underrated. It was reported that the N, P, and S supplied by
pine pollen to the forest floor enabled fungi to decompose
nutritionally scarce pine litter (Stark, 1972; Staaf and Berg,
1982; Hutchison and Barron, 1997), but pine pollen may be
even more important, supplying decomposers with sufficient
amounts of K and Cu and having a desirable Zn:Fe atomic
ratio.

Data on the elemental content of pollen are scarce.
Surprisingly, data concerning the concentration of C in litter,
pollen and detritivores are also scarce, so studies of particular
food webs that utilize a set of elements and allow C:X ratios to be
calculated are needed to understand the role of pollen in nutrient
cycling. These studies should move beyond traditional C:N:P
stoichiometry and incorporate other physiologically important
elements, of which K, S, Zn, Fe, and Cu might be the most
important.
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FIGURE 1 | Stoichiometric mismatches (TSRs) calculated for detritivorous soil and litter dwellers that may utilize pollen as a supplementary food. TSR

values were calculated for the two sources of food: pine litter and pine pollen. Bars denote means; whiskers denote minima and maxima. Various pine species

inhabiting different forests in diverse locations were considered. The scale of the Y-axis is logarithmic. After lowering any mismatches by approximately one order of

magnitude, feeding on pollen mitigated N, P, S, and K nutritional mismatches in a variety of organisms.
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Even if the annual contribution of pollen-derived nutrients
is not significant in terms of the mass of the elements input
to the ecosystem, pollen rains may act as a temporal pulse
of nutrients. Pollen is cycled through ecosystems during short
periods from early spring (primarily from trees) to late summer
(primarily from herbs; Lee et al., 1996a; Proctor et al., 1996;
Cho et al., 2003). Cole et al. (1990) claimed that summer pollen
rains do not contribute to enriching aquatic ecosystems, but
data show that spring pollen rains dominated by anemophilous
trees relocate considerable amounts of nutrients from terrestrial
to aquatic ecosystems (Graham et al., 2006; Rösel et al., 2012).
Rösel et al. (2012) suggested that algal blooms may be connected
with short-duration but massive pollen deposition from trees.
The present study indicates that pine pollen stoichiometry
and the ability of pollen rains to rapidly introduce nutrients
into food webs makes pollen an ideal agent for triggering
algal-blooms.

Future studies could (1) track the pathways of pollen-
derived nutrients within and between ecosystems, (2) undertake
feeding experiments that supplement the diets of detritivores
with various amounts of pollen and evaluate their physiological
responses and life history traits (e.g., growth rate, larval
development time, size at maturity, assimilation rates of limiting
elements, etc.), (3) experimentally manipulate natural food webs
by preventing pollen deposition during pollen rain periods and
observing the impact on ecosystem productivity. Also needed
are studies of the seasonal variations in pollen stoichiometry
and deposition that consider various pollen species in different
ecosystems. In the case of aquatic ecosystems, the factors
affecting the quantity of deposited pollen (e.g., surrounding flora,

length of shoreline/lake area ratio, distance from the shore,
etc.) should be acknowledged as well as the potential power
of a pollen enrichment effect (e.g., trophic state of the pollen-
receiving ecosystem). Further suggestions for merging ecological
stoichiometry and cross-ecosystem material flows in a spatial
context were presented by Sitters et al. (2015).
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756) and the National Science Centre (Grant No. DEC-
2013/11/N/NZ8/00929).

ACKNOWLEDGMENTS

The author is indebted to Zuzanna Świątek and January Weiner
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The framework of ecological stoichiometry was developed primarily within the context
of “green” autotroph-based food webs. While stoichiometric principles also apply in
“brown” detritus-based systems, these systems have been historically understudied
and differ from green ones in several important aspects including carbon (C) quality
and the nutrient [nitrogen (N) and phosphorus (P)] contents of food resources for
consumers. In this paper, we review work over the last decade that has advanced the
application of ecological stoichiometry from green to brown food webs, focusing on
freshwater ecosystems. We first review three focal areas where green and brown food
webs differ: (1) bottom–up controls by light and nutrient availability, (2) stoichiometric
constraints on consumer growth and nutritional regulation, and (3) patterns in consumer-
driven nutrient dynamics. Our review highlights the need for further study of how light
and nutrient availability affect autotroph–heterotroph interactions on detritus and the
subsequent effects on consumer feeding and growth. To complement this conceptual
review, we formally quantified differences in stoichiometric principles between green
and brown food webs using a meta-analysis across feeding studies of freshwater
benthic invertebrates. From 257 datasets collated across 46 publications and several
unpublished studies, we compared effect sizes (Pearson’s r) of resource N:C and P:C
on growth, consumption, excretion, and egestion between herbivorous and detritivorous
consumers. The meta-analysis revealed that both herbivore and detritivore growth are
limited by resource N:C and P:C contents, but effect sizes only among detritivores were
significantly above zero. Consumption effect sizes were negative among herbivores but
positive for detritivores in the case of both N:C and P:C, indicating distinct compensatory
feeding responses across resource stoichiometry gradients. Herbivore P excretion rates
responded significantly positively to resource P:C, whereas detritivore N and P excretion
did not respond; detritivore N and P egestion responded positively to resource N:C and
P:C, respectively. Our meta-analysis highlights resource N and P contents as broadly
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limiting in brown and green benthic food webs, but indicates contrasting mechanisms of
limitation owing to differing consumer regulation. We suggest that green and brown food
webs share fundamental stoichiometric principles, while identifying specific differences
toward applying ecological stoichiometry across ecosystems.

Keywords: food quality, detrital food webs, light nutrient hypothesis, growth, excretion, egestion

INTRODUCTION

Ecological stoichiometry was developed and has been considered
extensively within the context of autotroph-based, or “green”
food webs (Sterner and Elser, 2002) that conform nicely to
the classic trophic level concept of primary producers and
upper level consumers (Lindeman, 1942; Hairston et al.,
1960). Although most energy and organic nutrients available
to organisms are ultimately derived from autotrophs, the
majority of energy [carbon (C)] fixed by primary producers
enters the pool of detritus and becomes part of the “brown,”
detritus-based food web (Cebrian, 1999; Cebrian and
Lartigue, 2004). Brown food webs remain comparatively
under-studied by ecological stoichiometry theory, but the
framework can provide insight into controls on brown
trophic processes by examining the interplay of materials
and energy between detritus, decomposer microbes, and
detritivores (Moore et al., 2004). While there are shared
stoichiometric constraints, there are still notable differences
between green and brown food webs. For example, unlike
green food webs in which herbivores directly ingest but do
not themselves contribute organic C and organic nutrients
to the autotroph pool, detrital organic carbon and nutrients
are repackaged and consumed several times in brown food
webs, resulting in a “microbial loop” or “detrital processing
chain.” This and other inherent differences may result in distinct
stoichiometric principles throughout green versus brown food
webs.

In this paper, we use a conceptual review and quantitative
meta-analysis to summarize work over the last decade that has
developed the application of ecological stoichiometry from green
to brown food webs. We first identify three main areas where
green and brown food webs differ, yet stoichiometric principles
are shared and translate from green to brown systems. First, light
is not a direct nutritional resource for heterotrophic organisms
and the light and nutrient resource gradient that is recognized
as an important control on the autotrophic community and
primary production (Sterner et al., 1997) has received less
attention within the context of the ecological stoichiometry of
brown food webs than green ones. Second, detritivores have
evolved with lower quality [<nutrient:C] food resources than
herbivores (Frost et al., 2006) and their physiological responses
to food resource enrichment may differ, having consequences for
community structure and consumer-driven nutrient dynamics
(CND). Third, the stoichiometry of CND in brown food webs
has received much less consideration than that in green food
webs (Moe et al., 2005; Halvorson et al., 2015a; Atkinson et al.,
2016), and we highlight how CND may differ between the two
trophic systems. We complement our review with a meta-analysis

of existing studies from aquatic ecosystems, assessing how
stoichiometric constraints on consumer growth, consumption,
and waste production (egestion/excretion) compare between
green and brown benthic food webs. The meta-analysis provides
a focused, quantitative test of several predictions generated by our
conceptual review. Throughout this paper we focus on plant litter
as the basis of brown food webs, because it is a widespread form
of detritus across inland ecosystem types.

LITERATURE REVIEW – COMPARING
ECOLOGICAL STOICHIOMETRY OF
GREEN AND BROWN FOOD WEBS IN
THREE MAIN AREAS

Comparing Light and Nutrient Effects on
the Resource Base of Green and Brown
Food Webs
Autotroph stoichiometry varies widely across resource gradients
(e.g., light and nutrients) due to their ability to store nutrients
beyond what is needed for growth (Sterner et al., 1997; Persson
et al., 2010). Autotrophs also tend to have lower N:C and P:C
ratios than heterotrophs due to the presence of a cell wall and
greater structural C material like cellulose and lignin (Sterner and
Elser, 2002). Algal N:C and P:C tend to be lower than terrestrial
plant tissue due to the presence of more structural material in
plants (Elser et al., 2000), and the stoichiometry of different
tissues varies across leaves, stems, wood, and roots (Sterner and
Elser, 2002). Given this variation, plant litter that contributes
regularly to detrital pools varies widely across species and biomes
(Mcgroddy et al., 2004; Cornwell et al., 2008; Vergutz et al., 2012).
Large particulate detritus tends to have even lower N:C and P:C
than living plant tissue, due to resorption and leaching of soluble
compounds after senescence. This resorption and leaching results
in generally N- and P-deplete resources at the base of brown
compared to green food webs (Lemoine et al., 2014).

One complication in examining basal food resource
stoichiometry for macroconsumers in brown relative to
green food webs is that detrital stoichiometry is derived from
autotrophic as well as microbial heterotrophic decomposer
tissue. Heterotrophic bacteria and fungi tend to have higher
N:C and P:C ratios than leaf litter (Makino et al., 2003; Danger
and Chauvet, 2013) and elemental imbalances between the
microbial decomposers and the detritus can be alleviated at
the organismal level by flexible stoichiometry or by changing
physiological efficiencies (Manzoni et al., 2008, 2010; Kaiser
et al., 2014; Manzoni, 2017). The limited data available for
fungi suggest that they can have flexible nutrient:C ratios across
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resource gradients and that their biomass can range more
broadly in elemental composition than other heterotrophs
(Danger and Chauvet, 2013; Danger et al., 2016); however,
autotroph elemental composition still varies more broadly than
heterotrophs (Sterner and Elser, 2002; Mcgroddy et al., 2004).
Bacteria can also have variable P:C stoichiometry across strains
(Scott et al., 2012) and some are more homeostatic than others
(Cotner et al., 2006, 2010; Godwin and Cotner, 2014, 2015).
Together, this variation across heterotrophic microbes results in
a greater possible range of detrital stoichiometry, additional to
that attributable to variation across plant tissues alone (Fanin
et al., 2013).

Nutrients and light availability are key controls on resources
in both green and brown food webs, because both factors can
stimulate primary production, increasing the flux and changing
the chemical quality of autotroph material that interacts with
or enters the detrital pool (Gusewell and Gessner, 2009; Valera-
Burgos et al., 2013; Liu et al., 2016). Nutrient enrichment
often alleviates autotroph growth limitation, enhancing biomass
(Elser et al., 2007) and increases the N:C and P:C of algal
tissue and the nutrient:lignin and nutrient:C ratios of plants
(Coulson and Butterfield, 1978; Aerts, 1997; Xu and Hirata,
2005). Further, nutrients may interact with light availability to
determine the stoichiometry of autotrophs; the nutrient:light
hypothesis (note we have switched numerator and denominator
to provide consistency with our use of nutrient:C ratios) suggests
that the balance between these two autotroph resources regulates
autotroph nutrient:C ratios. Autotroph nutrient:C ratios should
be positively related to the nutrient:light ratio (Sterner et al.,
1997). Tests of the nutrient:light hypothesis have primarily
focused on pelagic ecosystems and relationships between P:light
and seston or autotroph P:C (Sterner et al., 1997). A few studies
have applied the nutrient:light hypothesis to benthic aquatic algae
(Hill and Fanta, 2008; Hill et al., 2009; Fanta et al., 2010), but
few studies have extended it to terrestrial plants and they have
primarily focused on plant:mycorrhizal interactions (Elliott and
White, 1994; Treseder, 2004; Johnson et al., 2010). This extension
will be key to understanding the broader applicability of this
stoichiometric concept across interfaces of green and brown
trophic systems, especially because terrestrial plant litter provides
a major resource base for brown food webs.

As in green food webs, nutrient enrichment in brown
food webs increases the P:C and N:C ratios of basal food
resources because microbial decomposers on detritus are capable
of assimilating dissolved N and P from the water column
(Suberkropp and Chauvet, 1995; Cheever et al., 2013; Scott
et al., 2013). Since heterotrophic bacteria and fungi can have
weakly flexible N:C and P:C that are higher than the detrital
substrate (Makino et al., 2003; Danger and Chauvet, 2013), their
growth and nutrient storage can result in increased N and P
contents of detritus during decomposition. Notably, increased
microbial biomass also enhances the quality of detrital C,
through accumulation of microbial lipids, soluble carbohydrates,
and protein that are nutritionally valuable compared to plant
polysaccharides like cellulose and lignin that dominate detrital
substrate C and are resistant to breakdown and assimilation
(Martin et al., 1980; Chung and Suberkropp, 2009a,b). As elevated

nutrients stimulate microbial growth, increased decomposition
rates often accompany nutrient enrichment (Ferreira et al., 2015;
Kominoski et al., 2015; Manning et al., 2015, 2016), stimulating
C loss from ecosystems (Benstead et al., 2009; Rosemond
et al., 2015). In this way, nutrient enrichment increases the
quality (nutrient:C) of basal food resources in both green and
brown food webs. However, enrichment has contrasting effects
on resource quantity because nutrients stimulate autotroph
growth, enhancing resource quantity in green food webs, whereas
nutrients increase decomposition rates and therefore reduce
resource quantity in brown food webs (Rosemond et al., 2015).

The role of light availability in brown food webs is less clear
than in green food webs, because microbial decomposers cannot
directly use light as a resource and detritus is only affected
directly by light through photolysis that stimulates breakdown
(Wetzel et al., 1995). The role of light in decomposition has been
largely neglected under the assumption that most decomposition
occurs in low-light environments with minimal algal biomass
(Fisher and Likens, 1973). However, sufficient light can occur
in many aquatic settings, where light permits algal growth on
detritus, changing the microbial assemblage and altering detrital
stoichiometry and decomposition (Lagrue et al., 2011; Danger
et al., 2013a; Kuehn et al., 2014). Notably, periphytic algae
could reduce detrital P:C or N:C under low nutrient levels, but
increase the maximum detrital P:C or N:C under high nutrient
levels, because of autotrophs’ greater stoichiometric flexibility
and ability to store excess nutrients (Persson et al., 2010; Danger
et al., 2013a; Halvorson et al., 2016a). A key indirect effect of light
may also be to “prime” decomposition because algae exude fresh,
labile C that may be used by fungi and bacteria to invest in growth
or enzyme production, stimulating breakdown of recalcitrant
detritus via the priming effect (Kuzyakov et al., 2000; Guenet
et al., 2010; Kuehn et al., 2014). This coupling of periphytic
autotrophs and heterotrophs may depend on the nutrient:light
ratio, which influences autotroph nutrient:C ratios and algal C
exudation rates that probably elicit the priming effect (Sterner
et al., 1997; Guenet et al., 2010; Wyatt and Turetsky, 2015).
Existing studies suggest high light and nutrient levels suppress
decomposition through negative priming effects, whereas high
light and low nutrient levels stimulate decomposition through
positive priming effects (Danger et al., 2013a; Halvorson et al.,
2016a). Further studies are clearly needed to address the
interactive effects of light and nutrients on brown food webs,
especially regarding variation in detrital stoichiometry and
recalcitrance, the stoichiometry of algal-heterotroph interactions,
and implications of periphytic algae for detrital food quality to
detritivores (Guo et al., 2016).

Effects of Food Resource Nutrient
Enrichment in Brown and Green Food
Webs
Physiological responses to food resource elemental ratios
are central to understanding organismal homeostasis, growth,
fitness, and nutrient cycling (Sterner and Elser, 2002; Cross et al.,
2005; Frost et al., 2005a; Sperfeld et al., 2017). Although the
degree of stoichiometric homeostasis varies across metazoans
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(Persson et al., 2010), often some degree of constraint on
body elemental contents and ratios occurs due to biomolecular
composition, body plans, and life history traits (Elser et al., 1996;
Sterner and Elser, 2002). These constraints are common and
shape stoichiometric principles throughout a diversity of food
webs. Indeed, since the turn of the century, studies have shown
herbivores and detritivores often have higher N:C and P:C ratios
than their food resources (Elser et al., 2000; Lemoine et al., 2014)
potentially leading to widespread nutrient limitation of growth.
Understanding how resource stoichiometry affects consumer
growth and physiology is key to comparing stoichiometric
constraints in green and brown food webs, including under
anthropogenic enrichment that broadly increases resource N:C
and P:C (Cross et al., 2003; Peñuelas et al., 2013).

Herbivore and detritivore responses to nutrient enrichment
will likely differ due to contrasting stoichiometry and C quality
(recalcitrance and digestibility) of autotroph versus detrital food
resources. Because organism nutrient:C ratios often decrease as
one moves from unicellular autotrophs to land plants, terrestrial
herbivores and detritivores, as well as aquatic detritivores, rely
on food resources of lower nutrient contents compared to
aquatic herbivores (Cebrian and Lartigue, 2004). These taxa
have therefore likely faced greater elemental imbalances during
their evolutionary history than aquatic herbivores, and may
have evolved lower demands for nutrients in food resources
(Frost et al., 2006). As autotroph nutrient:C ratios decrease,
C quality also declines across the spectrum from unicellular
autotrophs to vascular plants, leading to greater digestion
resistance and constraining the proportion of resource C
assimilated by consumers of vascular plant tissue (Sterner and
Elser, 2002; Cebrian, 2004). The quality of C available further
differs between living, actively growing plant material consumed
by herbivores versus dead plant litter consumed by detritivores
(Vergutz et al., 2012), setting an additional contrast between
resources of the two trophic groups. These differences will
shape consumers’ response to nutrient enrichment because C
assimilation constrains animals’ ability to use ingested nutrients
(DeMott et al., 2010; DeMott and Van Donk, 2013). Together,
these trends support a general prediction that herbivores may
be better-equipped to respond positively to resource nutrient
enrichment, relative to detritivores.

The consumption response to resource stoichiometry is an
important component of growth, but the direction (positive or
negative) and magnitude in response to nutrient enrichment
may differ between herbivores and detritivores. Detritivores
targeting the acquisition of limiting resources may increase their
consumption rates (Ott et al., 2012; Flores et al., 2014; Fuller
et al., 2015) or selectively feed on food resources more rich in
potentially limiting nutrients (Frainer et al., 2016). On the other
hand, herbivores tend to exhibit reduced consumption on higher-
nutrient diets (Plath and Boersma, 2001; Boersma and Elser,
2006; Fink and Von Elert, 2006) and detritivore consumption
rates increase at a similar rate with the nutrient content and the
production of their autotrophic and detrital food resources across
terrestrial and aquatic ecosystems (Cebrian and Lartigue, 2004).
Therefore, we may expect aquatic herbivores and detritivore
consumption rates to increase similarly as their food resources

become enriched although herbivore responses may be weaker
than detritivores’.

The complexity of detritivore food resources (e.g., recalcitrant
N bound to lignin; Chapin et al., 2002) and lower nutrient
content (Cross et al., 2003) relative to living autotrophic tissue
may result in lower detritivore assimilation efficiencies (AEs) and
lower GGEs compared to herbivores. A meta-analysis found that
detritivores tended to have a lower C GGE than herbivores (Frost
et al., 2006), but other element-specific GGEs and AEs were not
commonly available across feeding guilds, and it remains unclear
how efficiently detritivores assimilate and convert nutrients into
new growth. However, recent estimates for aquatic detritivore
element-specific AEs and GGEs (Halvorson et al., 2015b, 2016b)
suggest that N- and P-specific AE and GGE are lower than those
estimated for aquatic herbivores (DeMott et al., 1998; Ferrão-
Filho et al., 2007). Therefore, detritivores will likely excrete
elements at lower and egest at higher rates than taxa in other
feeding guilds (McManamay et al., 2011). This trend is likely to
persist even with nutrient enrichment of food resources, because
nutrient enrichment does not appear to improve detritivore AE
or GGE, possibly because the recalcitrance of detrital C ultimately
constrains detritivores’ ability to invest energy or resources
toward acquisition of added nutrients (Halvorson et al., 2015b,
2016b).

Bioenergetic models indicate that aquatic herbivores have a
greater growth demand for P relative to C (i.e., higher P:C
threshold elemental ratios) and greater C GGEs than do aquatic
detritivores (Frost et al., 2006). A positive relationship between P
demand and growth has been observed across broad taxa (Elser
et al., 2003) and across aquatic taxa (Frost et al., 2006; Benstead
et al., 2014) suggesting aquatic detritivores may have traded the
ability to grow fast for the ability to utilize food resources with
a low P:C (i.e., terrestrial detritus). Even within herbivorous
zooplankton, species C- and P- specific growth rates are coupled
and growth rate is an important predictor of taxa responses to P
enrichment of food resources (Hood and Sterner, 2014). Aquatic
herbivores may have evolved greater growth rates and may have
a greater capacity for growth responses to nutrient enrichment
of food resources compared to aquatic detritivores. We address
many of these questions below in a meta-analysis comparing
aquatic herbivore and detritivore responses to resource N:C and
P:C in controlled feeding studies.

Comparing Consumer-Driven Nutrient
Dynamics in Green and Brown Food
Webs
Consumers can play important roles in ecosystem nutrient
dynamics (Elser and Urabe, 1999; Vanni, 2002; Pastor et al.,
2006), but these roles likely differ in green and brown food webs
due to contrasting resource stoichiometry and recalcitrance, as
well as differing processing of consumer wastes after release.
Most studies of consumer-driven nutrient dynamics (CND) have
focused on herbivores in pelagic green food webs, where the
unidirectional flow of energy and nutrients and tight consumer-
resource feedbacks may, in part, simplify CND (Elser and Urabe,
1999). While CND can be easily translated across systems, CND
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is probably more complex in terrestrial systems and in aquatic
brown food webs, because multiple forms of waste – including
excreta, egesta, exuvia, and carcasses – must be considered as
components of CND, with potential to affect nutrient availability
and consumer-resource feedbacks (Vanni et al., 2013; Sitters et al.,
2017). In particular, the iterative re-packaging and processing
of detritus along a transfer chain may result in multiple steps
and controls on the strength of CND in brown food webs
(Heal and Maclean, 1975; Navel et al., 2011; Bundschuh and
Mckie, 2016). Further understanding of CND in brown and
green food webs will be important to quantify the broad roles
of animals in ecosystem nutrient cycles (Vanni, 2002; Atkinson
et al., 2016), including under prevalent “multichannel” feeding
by omnivorous taxa (Wolkovich et al., 2014).

Ecological stoichiometry has historically focused on dissolved
and bioavailable excreta rather than particulate wastes like
egesta, because autotrophs are capable of directly assimilating
excreta, forming direct consumer-resource nutrient feedbacks
(Sterner, 1986; McNaughton et al., 1997b; Elser and Urabe,
1999; Evans-White and Lamberti, 2005). Moreover, dissolved
excreta are often considered the dominant nutrient waste
flux from the consumer pool (Zanotto et al., 1993; DeMott
et al., 1998); these assumptions are directly tied to the
natural history and community structure of green food webs
(but see Higgins et al., 2006). However, brown food webs
can also show a tight interplay between consumer wastes
and heterotrophic activity, because microbial heterotrophs are
capable of assimilating consumer excreta (Fornara and Du Toit,
2008; Cheever et al., 2012; Rugenski et al., 2012; Villanueva
et al., 2012). In this way, consumer nutrient recycling is
likely to promote biomass turnover of both autotrophic and
heterotrophic microbes (Hill and Griffiths, 2017); however, in
green food webs with plentiful light, this may come with minimal
reductions in autotroph standing stocks (Hobbs, 1996; Knoll
et al., 2009), whereas in brown food webs with limited detrital
stocks, consumers will enhance decomposition both directly via
consumption and indirectly via nutrient recycling that stimulates
heterotrophy.

Studies from both green and brown food webs increasingly
consider nutrient wastes released as egesta (Liess and Haglund,
2007; Hood et al., 2014; Halvorson et al., 2015a). Nutrient
egestion rates by aquatic herbivores and detritivores can equal or
exceed excretion rates (Hood et al., 2014; Liess, 2014; Halvorson
et al., 2015a; Norlin et al., 2016). In terrestrial settings, both
egesta and excreta are substantial, often concurrent nutrient
subsidies of consumers to soils (McNaughton et al., 1997a;
Clay et al., 2014; Sitters et al., 2014), and both forms of
waste have historically been considered as important pathways
of CND (Hobbs, 1996). The relative importance of egestion
versus excretion as components of CND will likely vary
with the resource N and P contents (Zanotto et al., 1993;
Hobbs, 1996; Halvorson et al., 2015a) and the recalcitrance
of ingested nutrients, including whether ingested nutrients
are bound in living versus dead tissues. The recalcitrance of
associated C may also set limits on assimilation and subsequent
growth and storage of nutrients in animal tissues (Atkinson
et al., 2016). Given greater recalcitrance of detrital C and

nutrients compared to autotrophic C and nutrients, egestion
is likely to play a relatively greater role in CND in brown
food webs than in green food webs. However, the ecological
importance of egestion versus excretion will also depend on
environmental processing of each form of waste (Liess and
Haglund, 2007; Sperfeld et al., 2016); egesta, in particular,
can play diverse roles in nutrient dynamics because they are
subject to microbial breakdown, direct ingestion by animals, and
transport/deposition (Wotton and Malmqvist, 2001). Egested
nutrients probably occur in recalcitrant forms that limit the rate
and magnitude of nutrient release, slowing nutrient turnover
relative to excretion (Liess and Haglund, 2007; Sperfeld et al.,
2016). Furthermore, decomposing egesta may exhibit uptake of
inorganic nutrients to support microbial growth, which would
slow ecosystem-level nutrient turnover (Halvorson et al., 2017).
As a subsidy of C and nutrients to depositional zones like soil
or the aquatic hyporheos, egestion probably fuels ecosystem
respiration and supports the subterranean food web (Navel et al.,
2011). Overall, the fates of animal egesta versus excreta must
be further studied to holistically understand CND, especially in
brown food webs (Navel et al., 2011; Bundschuh and Mckie,
2016).

The lower nutrient content of detrital resources, compared
to living plant matter, may indicate brown food webs to
be more strongly nutrient-limited than green food webs,
and therefore animals may be generally less-efficient recyclers
of nutrients in brown food webs. This is consistent with
evidence that aquatic detritivorous animals display lower N
and P excretion rates than their herbivorous counterparts
(McManamay et al., 2011), but comparisons from additional
settings are clearly needed. Moreover, generalizations of bulk
detritus as the stoichiometry of ingested resources are likely
to underestimate excretion and egestion rates (Hood et al.,
2014). This is because detritivorous animals selectively feed
on nutrient-rich biofilms on detritus. Such selective feeding
likely varies across animal species (Arsuffi and Suberkropp,
1989) and confounds predictions of aquatic CND across
animals (Dodds et al., 2014). Predictions of CND could be
aided by quantifying the degree of selectivity across species
and identifying trends across coarse traits such as mouthpart
morphology, trophic mode, or body size (Dodds et al., 2014),
as done among large terrestrial herbivores (Pastor et al., 2006).
This work is necessary to accurately place animals within
ecosystem processes, including consumption, release, and storage
of nutrients, and thereby understand how CND may depend
on an ecosystem’s trophic basis (Atkinson et al., 2016; Hill and
Griffiths, 2017).

In many systems, CND may also provide a link between
seemingly disparate nutrient dynamics in green and brown
food webs (Cherif and Loreau, 2013; Zou et al., 2016).
Because autotrophs and heterotrophs share the same pool
of inorganic nutrients, inorganic wastes from consumers can
easily interchange between detritus and autotrophs, resulting
in complex interplay between trophic processes in each food
web (Zou et al., 2016). Moreover, herbivores themselves
produce organic wastes including egesta, and these wastes are
subject to microbial and other breakdown processes within
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the pool of detritus, but do not return to autotrophs until
mineralization (Hawlena and Schmitz, 2010). The entanglement
of CND between green and brown food webs challenges the
traditional dichotomy between these energy flow channels,
leading toward weaker consumer-resource nutrient feedbacks
when a consumer’s nutrient wastes are incorporated by a food
resource inaccessible to that consumer (i.e., herbivore excreta
are assimilated by heterotrophic decomposers; Fornara and
Du Toit, 2008; Zou et al., 2016). The nutrient interchange
between green and brown food webs also occurs when omnivores
consume and subsequently recycle nutrients derived from both
autotrophs and detritus (Polis and Strong, 1996; Wolkovich
et al., 2014). In this way, CND provides a connection between
green and brown food webs, but may not facilitate the tight
feedbacks between consumers and their resources originally
conceived by ecological stoichiometry theory (Elser and Urabe,
1999).

META-ANALYSIS OF FRESHWATER
BENTHIC INVERTEBRATE FEEDING
STUDIES TO QUANTITATIVELY
COMPARE ECOLOGICAL
STOICHIOMETRY IN BROWN AND
GREEN FOOD WEBS

Methods
We sought to assess the current literature regarding
stoichiometric constraints on organismal growth and
stoichiometric regulation in green and brown food webs,
because many existing studies remain limited to single or a
handful of similar taxa, and there has been little synthesis across
the breadth of studies, and few formal comparisons between
green and brown food webs (but see Lemoine et al., 2014). We
collected data on freshwater benthic invertebrate herbivore
and detritivore taxa that had been fed food resources where
nutrient:C ratios were controlled or manipulated. Published
datasets were identified using the following search strings in
Web of Science, searched on September 15, 2016 (TS means
“topic search”; keywords): TS = (herbivor∗ OR graz∗ OR
detritivor∗ OR invertebrate OR shredd∗ OR macroinvertebrate
OR zooplankton) AND TS = (stoichiometr∗). This search
yielded 1,144 studies, from which we identified publications
suitable for data extraction. Although we initially planned to
include zooplankton, we narrowed our selection to benthic
invertebrates to focus the meta-analysis. We supplemented the
Web of Science search with a Google Scholar search of 2,000
additional hits for more recent literature and dissertations/theses
(excluding any duplicate publications). From each study, we
used figures (extraction using DataThief), tables, and appendices
to collect the following variables where available: diet N:C and
P:C, growth rates, consumption rates, and N and P excretion
and egestion rates. We also noted sample sizes, consumer
trophic mode (detritivore or herbivore), consumer and diet
taxonomy, whether dietary gradients were monospecific or
across multiple species, and temperature. To a total of 46

published studies ultimately included in the meta-analysis, we
added eight unpublished studies of our own. Because many
publications reported data from >2 experiments such as at
multiple temperatures, contrasting diet types (e.g., litter or algal
species) or from multiple consumer species, we treated each
experiment as an independent dataset suitable for inclusion in the
meta-analysis. Note our meta-analysis assumed independence
of datasets among closely-related taxa and when datasets were
from the same study or research group. Where studies used only
two levels of resource N:C or P:C, we obtained raw data from
the corresponding author to permit calculation of effect size. We
also excluded datasets in which minimum and maximum mean
resource N:C or P:C overlapped within 1 SD, ensuring a robust
gradient of resource stoichiometry (Halvorson and Small, 2016).
Altogether, 257 datasets were included in the meta-analysis.

From each dataset, we calculated effect sizes of resource
P:C or N:C (Pearson’s r) on each response variable (growth,
consumption, excretion, or egestion), such that positive effects
indicate a positive response to food resource nutrient enrichment
(Persson et al., 2010). Pearson’s r was transformed to Fisher’s
Z and weighted according to its variance as [1/(n-3)] where
n = sample size for a dataset (Rosenberg et al., 2013). We used
a weighted mixed effects model to test differences in effect size
between detritivorous and herbivorous taxa (Rosenberg, 2013).
This model treated trophic mode (categories = herbivore or
detritivore) as a fixed effect and dataset identity as a random
effect. The use of random effects accounts for heterogeneity
across studies due to variable factors including temperature,
taxonomy, and diet. We assessed heterogeneity of effect sizes
across studies using the I2 statistic, which equates to the
proportion of total heterogeneity attributable to between-study
variance (Table 1) (Senior et al., 2016). Because of insufficient
datasets regarding N and P egestion by herbivores, we decided
to exclude herbivores from the meta-analysis of those effect
sizes and focus only on detritivore datasets. I2 and the random
variance terms are calculated only for a global mean model
(null hypothesis = effect size of zero) in those sets, accordingly.
We also used one-sample weighted t-tests to determine if effect
sizes differed from a null hypothesis of Z = 0 (no response to
resource stoichiometry) for each trophic mode in each analysis.
All statistics were conducted using R version 3.3.1 (R Core Team,
2013) and the R package ‘weights’ (Pasek, 2016).

Results
We report sample sizes, I2, and random effects variance of
the meta-analysis in Table 1. Further description of datasets
and associated effect sizes and citations can be found in
Supplementary Table 1.

Across feeding studies included in the meta-analysis, resource
N:C and P:C contents spanned a wide range across all datasets
(Figure 1). Although there was notable overlap in the overall
range, herbivores’ resources (autotrophs) were generally greater
in N:C and P:C contents compared to detritivores’ resources
(detritus; Figure 1). The datasets spanned organisms from
eight taxonomic orders, with most herbivore studies using
Gastropoda and detritivore studies showing a broader diversity,
but primarily using Trichoptera, Plecoptera, Amphipoda, and
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TABLE 1 | Sample sizes, I2, and random effects variance for each of eight
variables in response to resource N:C or P:C manipulations in the met-analysis.

Response
variable

Resource
manipulation

# Datasets I2 Random
effects

variance

Growth N:C 39 93.6% 0.486

Growth P:C 54 96.5% 0.900

Consumption N:C 44 96.2% 0.638

Consumption P:C 34 96.6% 0.572

N excretion N:C 15 87.5% 0.423

P excretion P:C 23 96.5% 1.221

N egestion N:C 21 92.8% 0.730

P egestion P:C 27 91.0% 0.584

For a summary of all datasets and effect sizes, see Supplementary Table 1.

FIGURE 1 | Boxplot of minimum and maximum resource N:C contents (A)
and P:C contents (B) in benthic detritivore and herbivore feeding studies
included in the meta-analysis. Note the logarithmic Y-axis in (B). The black
horizontal lines indicate median values within each group.

Diptera (Supplementary Figure 1). Most studies used organisms
from streams or rivers, followed by lakes and wetlands/ponds
(Supplementary Figure 2).

Detritivore and herbivore growth responses to resource N:C
contents were similar and positive, although only the detritivore
response was significantly greater than zero (t1,27 = 5.39,
P < 0.001; Figure 2A). The two trophic modes also did not differ
in growth responses to resource P:C. Detritivorous taxa showed

a positive P:C-growth response significantly greater than zero
(t1,33 = 3.14; P < 0.01) whereas the herbivore response did not
differ from zero (Figure 2B).

Effect sizes of resource N:C on herbivore consumption
were significantly lower than effects on detritivore consumption
(P < 0.001; Figure 2C). Herbivore consumption responded
negatively to resource N:C, but mean effect size was not
different from zero, whereas detritivore consumption rates
responded significantly positively to resource N:C (t1,37 = 3.31,
P < 0.01; Figure 2C). Similarly, herbivores and detritivores
differed significantly in the effect size of P:C on consumption
(P < 0.001; Figure 2D). The P:C-consumption effect size was
significantly greater than zero for detritivores (t1,29 = 2.75,
P < 0.05) whereas that of herbivores was below zero (t1,3 = 3.22;
P < 0.05; Figure 2D).

The effects of resource N:C on N excretion did not differ
between trophic modes, and neither mode exhibited effect sizes
significantly different from zero (Figure 2E). In contrast, the
effect size of P:C on P excretion differed between trophic
modes, with herbivores displaying a higher, positive effect size
significantly greater than zero (t1,6 = 3.63, P < 0.05) compared
to an effect size indistinguishable from zero among detritivores
(Figure 2F).

We limited our meta-analysis of N and P egestion to
detritivores because we obtained only two herbivore datasets.
The response of detritivore N egestion to resource N:C was
significantly greater than zero (t1,20 = 2.49, P < 0.02; Figure 2G),
as was the response of P egestion to resource P:C (t1,26 = 5.31,
P < 0.001; Figure 2H).

Discussion
Our meta-analysis of feeding studies supports broad N and P
growth limitation among both herbivorous and detritivorous
freshwater invertebrates. However, only detritivores exhibited
N and P growth effect sizes significantly different from zero
(Figures 2A,B), suggesting that counter to our predictions in
the review above, detritivores’ growth responses to nutrient
enrichment may actually be stronger than herbivores’. The
greater strength and consistency of limitation among detritivores
may be partly attributable to larger sample sizes from
detritivorous taxa throughout the meta-analysis, highlighting
a literature gap of feeding studies from benthic herbivores,
especially among non-Gastropoda (Supplementary Figure 1).
Despite limited sample sizes, the mechanisms of growth
limitation also appear to differ between trophic modes, given
contrasting responses of consumption and P excretion to food
resource nutrient enrichment (Figures 2C,D,F). These results
indicate distinct responses of brown versus green benthic food
webs to nutrient enrichment, likely driven by inherent differences
in the stoichiometry (Figure 1) and C quality of detrital versus
autotrophic resources.

Compared to herbivores, detritivores may display stronger
and less variable growth responses to elevated resource nutrients
because elevated detrital N and P are accompanied by greater C
quality in the form of increased microbial biomass (Gulis and
Suberkropp, 2003; Manning et al., 2015), whereas autotrophic
C quality may only weakly co-vary with N and P contents.

Frontiers in Microbiology | www.frontiersin.org June 2017 | Volume 8 | Article 1184346

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-08-01184 June 27, 2017 Time: 12:17 # 8

Evans-White and Halvorson Comparing Stoichiometry in Food Webs

FIGURE 2 | Mean ± 95% CI effect sizes (weighted Z-scores) of resource
molar N:C contents (A,C,E,G) and P:C contents (B,D,F,H) on rates of growth
(A,B), consumption (C,D), N excretion (E), P excretion (F), N egestion (G),
and P egestion (H) of detritivorous and herbivorous benthic invertebrates.
Sample sizes (n) are indicated to the left of each effect size. Asterisks indicate
effect sizes different from zero (t-test, P < 0.05). Letters indicate effect sizes
differ between trophic modes (ANOVA, P < 0.05). Only detritivores were
included in (G,H) due to insufficient egestion datasets from herbivores (n = 2).

Given the importance of microbial C in supporting detritivore
growth (Chung and Suberkropp, 2009a; Halvorson et al., 2016b),
it is difficult to determine whether positive growth effect sizes
are driven by elevated dietary microbial biomass or increased

N and P availability. However, one feeding study explicitly
manipulated detrital P content without changing fungal biomass
and still found strong P-limitation of growth, suggesting P
can limit detritivore growth, independent of microbial biomass
(Danger et al., 2013b). In the case of autotrophs, increased N
and P contents may not affect or may actually drive lower
C quality, for example due to diminished eicosapentaenoic
acid contents as cyanobacteria form a greater proportion of
algal assemblages (Muller-Navarra et al., 2000), which could
dampen the herbivore growth response to elevated autrotroph
N and P contents. We also note that most herbivore feeding
studies (69% of datasets) used resource gradients containing
multiple species – especially periphyton composed of multi-
species assemblages – which could have weakened or increased
variation among herbivore effect sizes. This is in contrast to
the majority of detritivore feeding studies (76% of datasets)
that employed resource gradients using litter from only one
plant species (Supplementary Figure 3). Although microbial
taxa on detritus may shift with N or P availability (Lecerf and
Chauvet, 2008), a consistent detrital substrate across resource
stoichiometry gradients could reduce inter-individual variation
and increase growth effect sizes within detritivore feeding studies.
While the growth effect sizes are similar, we expect the underlying
mechanisms of enhanced growth (e.g., altered consumption or
assimilation) to differ between herbivorous and detritivorous
taxa, due to inherent contrasts between autotrophic and detrital
food resources (see above).

The contrasting consumption effect sizes suggest different
bottom–up effects of nutrients on consumption in green
versus brown food webs, given benthic detritivores and
herbivores exhibit different compensatory feeding with increased
resource nutrient content (Figures 2C,D). While herbivores may
up-regulate consumption on low-nutrient resources, perhaps
to increase intake of limiting nutrients (Fink and Von Elert,
2006; Liess, 2014), detritivores up-regulate consumption on high-
nutrient resources. This is surprising in light of predictions that
both herbivore and detritivore consumption increase positively
with resource nutrient enrichment (see review above; Cebrian
and Lartigue, 2004). We attribute this dichotomy to the lower
nutrient content (Figure 1) and low C quality of detritus, relative
to that of autotrophs. Detritivores fed low-nutrient resources
probably slow their feeding rates to increase gut residence time
and maximize assimilation of limiting C and nutrients (Golladay
et al., 1983). Indeed, assimilation probably imposes strong limits
on detritivore growth, owing to the recalcitrance of detrital C
and nutrients that set low maximum assimilation efficiencies
(Halvorson et al., 2015b, 2016b). In contrast, herbivores fed low-
nutrient resources may retain comparatively high assimilation
efficiencies and improve growth by increasing intake rates (Fink
and Von Elert, 2006; Liess, 2014). In this way, our meta-analysis
suggests herbivores and detritivores exhibit divergent strategies
of handling low-nutrient diets and responding positively to
nutrient enrichment. Notably, elevated detritivore consumption
on high-nutrient litter would contribute to enhanced detritivore-
mediated decomposition under nutrient enrichment (Manning
et al., 2016), whereas reduced herbivore consumption on high-
nutrient diets would alleviate grazing pressure, magnifying
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the stimulatory bottom–up effects of dissolved nutrients on
autotroph biomass (Dodds, 2007).

Although excretion may be an important means for
consumers to regulate stoichiometric homeostasis as resources
increase in nutrient contents (DeMott et al., 1998; Frost et al.,
2005b), we observed no response of N excretion to resource
N:C, and only herbivores elevated P excretion on high-P:C
resources (Figures 2E,F). The small N excretion effect size
suggests that in benthic systems, detrital and autotrophic
resources may rarely reach a point of excess N contents
relative to consumer demands, unlike higher resource P contents
that can inhibit growth and are accompanied by elevated P
excretion (Boersma and Elser, 2006; Morehouse et al., 2013).
One factor shaping these excretion patterns is probably body
stoichiometry, especially the stoichiometry of growth, which
determines consumer stoichiometric demands (Vanni et al., 2002;
Hood and Sterner, 2014; Halvorson et al., 2015b). We did
not collect body stoichiometry data in our meta-analysis, but
based on limited body stoichiometry data from field-collected
benthic invertebrates, body N contents stay consistently high
through development and may therefore dampen up-regulated
N excretion on high-N:C resources, whereas body P contents
often decline during development and could cause individuals to
exhibit lower P growth demands and excrete excess P on high-P:C
resources (Back and King, 2013). The lack of N or P excretion
responses among benthic detritivores suggests other regulatory
pathways of nutrient release – namely egestion – may increase
when detritivores are fed high-nutrient litter. Indeed, we found
detritivores consistently increase N and P egestion when fed
high-N:C and high-P:C resources, respectively (Figures 2G,H).
However, we were unable to assess egestion effect sizes among
herbivores, and we reiterate calls for additional excretion and
egestion data from diverse taxa, which will help resolve animal
nutrient budgets and CND in aquatic ecosystems (McManamay
et al., 2011; Vanni and Mcintyre, 2016). One key implication of
our meta-analysis is that P enrichment may increase the strength
of dissolved CND in green food webs, via increased P excretion,
indicative of tight herbivore-autotroph links that we predict in
our review. In contrast, brown food webs may exhibit little
change in dissolved CND with P enrichment, indicative of weaker
detritivore-heterotroph linkages in brown food webs. Instead,
nutrient enrichment in brown food webs will elicit strong effects
on particulate CND, affecting nutrient availability throughout
particle processing chains (Halvorson et al., 2015a).

Our meta-analysis synthesizes current data regarding N and
P limitation of freshwater benthic invertebrates, but it carries
some weaknesses that limit inferences and should be addressed
by future experiments and meta-analyses. First, we narrowed our
data collection to controlled feeding studies, primarily from the
laboratory, because field studies often have difficulty accurately
characterizing resource stoichiometry, face many confounding
factors across study sites, and typically have low sample sizes
(Halvorson and Small, 2016). During our literature search,
however, we found many studies across resource stoichiometry
gradients in the field (e.g., Cross et al., 2006; Rothlisberger
et al., 2008; McManamay et al., 2011), and a separate meta-
analysis of these field studies is warranted to compare effect

sizes from controlled studies (see Moody et al., 2015). Second,
our meta-analysis addressed consumer limitation by resource
N and P separately, but availability of these two elements was
likely positively correlated in many studies, and therefore some
responses may be driven by increases of N and P together.
Among the 46 publications included in our meta-analysis, 27
(59%) manipulated both resource N and P contents. For this
reason, we hesitate to explicitly compare effect sizes between
the N and P datasets, and we suspect co-limitation by N
and P may partly drive the effect sizes in our meta-analysis.
Third, we note that herbivore feeding studies on average used
higher temperatures (18.2◦C) than detritivore feeding studies
(10.8◦C), which may partly drive different responses between
trophic modes (Supplementary Figure 4), especially if the effects
of nutrients depend on temperature (Kendrick and Benstead,
2013; Cross et al., 2015). While a temperature scaling coefficient
could standardize metabolic rates across varying temperatures
(e.g., Vanni and Mcintyre, 2016), such standardization would
not affect our inferences because each effect size was calculated
from individuals held at the same temperature. Many of the
factors that differed across studies likely drove high heterogeneity
(I2) across effect sizes (Table 1), but this heterogeneity was
accounted by using a mixed effects model and I2 was similar
to that reported across other meta-analyses in ecology (Senior
et al., 2016). Finally, our classification of benthic invertebrates
into herbivores versus detritivores was based solely on diets
fed in experiments, and may not reflect feeding ecology or the
stoichiometry of feeding in the field, where animals can feed
selectively on nutrient-rich biofilms (Hood et al., 2014) or forage
on multiple resource types and confound trophic classification
(Wolkovich et al., 2014; Snyder et al., 2015; Stoler et al., 2016).
Future studies should investigate consumer feeding behavior
in the field to accurately quantify bottom–up constraints on
consumer growth, consumption, and excretion/egestion in green
and brown benthic food webs.

CONCLUSION

Our review and meta-analysis focusing on freshwater systems
highlight current understanding of ecological stoichiometry
in brown food webs, providing conceptual and quantitative
comparison to green food webs. Although stoichiometric
principles apply to both trophic systems, we suggest the nature
of these principles differs in several important ways. Notably,
inorganic nutrients and light availability can affect resource
quantity and quality in both brown and green food webs,
but in the former, both factors are likely to reduce detrital
quantity via stimulated decomposition (Danger et al., 2013a;
Rosemond et al., 2015) while enhancing detrital quality (Cross
et al., 2003; Manning et al., 2015; Halvorson et al., 2016a),
whereas in the latter, light and nutrients are likely to concurrently
increase autotroph quantity while eliciting opposing effects on
autotroph quality (nutrient:light hypothesis; Sterner et al., 1997).
We suggest detrivorous and herbivorous consumers may respond
differently to elevated resource nutrient contents, because
herbivores have evolved to use resources of greater C quality
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and nutrient contents compared to detritivores; underlying
mechanisms of these responses are also likely to differ, owing to
contrasting consumption responses and assimilation efficiencies
between trophic modes (Cebrian, 2004; Frost et al., 2006).
Patterns in consumer-driven nutrient dynamics (CND) are also
likely to differ, with egestion playing a greater relative role
than excretion in brown food webs due to the recalcitrance
of detrital C and nutrients, but we note excretion connects
detritivores and herbivores to a shared inorganic nutrient pool,
weakening direct consumer-resource feedbacks and increasing
nutrient exchange between green and brown food webs (Zou
et al., 2016). In a meta-analysis across controlled feeding
studies, we directly compared stoichiometric constraints on
invertebrates in green versus brown benthic food webs. The
meta-analysis shows that herbivore and detritivore growth
rates often increase with greater resource N and P contents.
However, we found contrasting responses of consumption
and P excretion between trophic modes, reflecting distinct
herbivore and detritivore regulatory responses to elevated
nutrients, probably due to contrasting resource C quality and
stoichiometry.

We see several directions for continued investigation of
ecological stoichiometry in both autotroph- and detrital-
based systems, especially at interfaces of autotrophic and
detrital-heterotrophic biomass and activity. First, there is a
need for further study of how light and inorganic nutrient
availability affect autotroph–heterotroph interactions on
submerged detritus (Kuehn et al., 2014; Halvorson et al.,
2016a) and subsequent feeding and growth of consumers
(Guo et al., 2016; Stoler et al., 2016). In both trophic
systems, but particularly among brown food webs, it remains
difficult to accurately characterize the stoichiometry of ingested
resources relative to that of bulk resources (Hood et al.,
2014) and studies must address selective feeding and other
foraging behavior as a mechanism of stoichiometric regulation,
especially when animals may actively choose nutrient-rich
resources (Dodds et al., 2014; Snyder et al., 2015; Sperfeld
et al., 2017). The role of selective feeding is especially
important to understand roles of multichannel consumers
that can feed on both autotrophs and detritus, blurring the
distinction between green and brown food webs (Wolkovich
et al., 2014). Finally, our meta-analysis documents a lack

of feeding experiments measuring herbivore consumption,
excretion, and (especially) egestion across resource stoichiometry
gradients in benthic systems. This is important because
there may be distinct top–down effects of consumers on
nutrient dynamics in green versus brown food webs that
remain poorly known, given the lack of data. Indeed, the
understudied components of CND (e.g., egestion, storage,
and mortality) could notably distinguish brown food webs
from their green counterparts (Atkinson et al., 2016). These
directions will help workers understand the interplay of energy
flow and nutrient cycling between green and brown food
webs, advancing understanding of bottom–up changes like
nutrient enrichment and furthering the application of ecological
stoichiometry to systems along the continuum between green or
brown.
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The discipline of marine ecological stoichiometry has progressed rapidly over the past
two decades, and continues to be at the forefront of microbial oceanography. Most of
this effort has been focused on the elements carbon (C) and nitrogen (N), and to a lesser
extent phosphorus (P), with little consideration of hydrogen (H), or the redox state of the
organic matter pools despite the fact that H is the most abundant, and possibly the most
important, element in biogeochemistry. Obtaining accurate estimates of the H content of
organic matter, either in suspended or sinking particles, is a major analytical challenge.
While many aquatic science laboratories have access to commercial “C–H–N elemental
analyzers,” few investigators report H values due to analytical difficulties in obtaining
accurate estimates of H. Because organic compounds vary considerably in their H:C
ratio and therefore in their energy content, measurements of H combined with C-specific
caloric estimates will ultimately be required for a more comprehensive understanding of
ecosystem dynamics.

Keywords: hydrogen, energy, organic matter, particle flux, stoichiometry

INTRODUCTION

More than one century ago, in his authoritative treatise on Conditions of Life in the Sea, James
Johnstone stated that “chemical analysis shows that the animal and plant body is mainly built up
from four elements: nitrogen (N), carbon (C), hydrogen (H), and oxygen (O). Added to these are
the metals sodium, potassium, and iron, and the non-metals chlorine, sulfur (S), and phosphorus
(P)” (Johnstone, 1908). He went on to conclude “that in an exhaustive study of the cycle of matter
from the living to the non-living phases, and vice versa, we should have to trace the course of each.”

Pioneering research conducted by Alfred C. Redfield on the composition of marine
plankton, which first appeared in the James Johnstone Memorial Volume, established a
quantitative relationship between dissolved nitrate and phosphate, and between dissolved
nitrate and total carbon dioxide in water column profiles from the western North Atlantic
Ocean. The mean molar changes with depth, expressed as 1N:1P and 1C:1N ratios,
were 20:1 and 7:1, respectively, or a C:N:P molar ratio of approximately 140:20:1 (Redfield,
1934). Furthermore, the molar ratio of dissolved oxygen (O2) decrease to dissolved nitrate
increase was 6:1, suggesting that microbial decomposition of organic matter was the
ultimate source of nitrate in the mesopelagic zone (400–1,000 m) of the ocean (Redfield,
1934). Furthermore, elementary analysis of naturally occurring plankton samples yielded
proportions of C, N, and P that were “not greatly different” from those observed in oceanic
waters. Redfield lamented that this exact balance of N and P, two major plant nutrients,
“calls for some explanation” since it would appear that it was more than a coincidence
(Redfield, 1934). Several potential mechanisms were presented to explain what Redfield termed
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“a phenomenon of the greatest interest” thereby setting the stage
for the ecological stoichiometry revolution that was to follow
(Sterner and Elser, 2002).

Subsequent research by Redfield and many others led to
a more comprehensive understanding of biological control of
nutrient distributions in the sea, and the structure and pace of
biogeochemical cycles. Redfield (1958) also laid the foundation
for what was later dubbed the biological pump. The main
components included: (1) photosynthetic production of organic
matter in the upper 0–200 m of the water column, (2) loss
of a small portion of the newly synthesized organic matter
by the combined effects of passive sinking and active vertical
migration, and (3) decomposition of organic matter at depth
to regenerate inorganic nutrients. Both the net production and
net remineralization of organic matter resulted in changes in
the concentrations of dissolved inorganic C, N, and P, and the
quantity of O2 required for complete oxidation reflected both the
elemental composition and the redox state of the major biogenic
constituents. This quantitative analysis of photosynthesis and
respiration, including restoration of the N:P ratio via N2 fixation
and extension to anaerobic sulfate reduction processes in selected
regions where the resupply of O2 was restricted, established
the unifying principle that we now commonly refer to as “the
Redfield–Ketchum–Richards (R–K–R) Ratio” (Redfield et al.,
1963).

ELEMENTAL COMPOSITION OF MARINE
PHYTOPLANKTON

The R–K–R model assumes that marine phytoplankton have an
average molar composition of C106H263O110N16P, and further
assumes that the complete oxidation of this model organic
matter following cell death would consume 138 molecules
of O2. These values, or slight variations of this elemental
stoichiometry (see below), have been used for nearly 50 years
to model biogeochemical processes in the sea (Sarmiento and
Gruber, 2006). However, the amount of O2 consumed during
complete microbial remineralization of organic matter depends
critically on its molecular composition, specifically the bulk
H:C ratio, the S content and the presence or absence of
reduced storage materials. Furthermore, no previous study of
ecological stoichiometry has considered the possible presence of
reduced P (valence states < +5) which is now established as
a ubiquitous constituent of marine organic matter (Karl, 2014;
Van Mooy et al., 2015; Repeta et al., 2016). Finally, for mass
balance consideration of ecological stoichiometry and reduction–
oxidation processes, one also needs to consider dissolved organic
matter (DOM), reduced gases (e.g., H2, N2O, CO, CH4, dimethyl
sulfide (DMS)/H2S) and reduced inorganic compounds that
may be produced and released during photosynthesis, and that
ultimately contribute to the demand for O2 during subsequent
microbial oxidation. For example, during the process of N2
fixation, H2 is produced in stoichiometric proportion to N2
reduced. A variable portion of this H2 is lost from the cell,
along with ammonia and dissolved organic N. These reduced
compounds are in excess of those required for the synthesis of

new plankton biomass and should be considered for an accurate
accounting of ecological stoichiometry, biochemical O2 demand
and energy flow in marine systems.

All living organisms are comprised of basic macromolecules
including carbohydrate, lipid, protein, and nucleic acid, each
with a unique bulk elemental stoichiometry and energy content.
Direct analysis of the macromolecular composition of sample
material, a so-called proximate analysis, has been used to
estimate the energy content of organic matter by the application
of class-specific conversion factors (e.g., 9.45 calories mg−1

for lipid, 5.65 calories mg−1 for protein; Craig et al., 1978).
This approach fails to account for all possible organic and
reduced inorganic compounds, and is probably more accurately
applied to pure cultures or tissues than to naturally occurring
dissolved and particulate organic matter (POM). Since the
H:C and O:C ratios among these macromolecular classes vary
considerably (Laws, 1991), the theoretical amount of reducing
potential required for biosynthesis and of O2 consumed for
complete oxidation following death (generally expressed as the
−O2:P ratio; see below) will also vary. Based on considerations
of the proximate analysis of typical marine phytoplankton
cells, Anderson (1995) concluded that the R–K–R elemental
stoichiometry (i.e., C106H263O110N16P) was too high in both
H and O, relative to P. He proposed a new formulation,
C106H175 ± 11O42 ± 16N16P with a 1O2: 1P ratio of−150± 19,
as a more accurate representation. The H and O contents for
this revised elemental stoichiometry are 32–35% and 50–74%,
respectively, lower than the R–K–R model plankton (Anderson,
1995).

Platt and Irwin (1972) reported a partial proximate analysis
(i.e., carbohydrates, protein, and lipid, but did not include nucleic
acids or storage products), the bulk C:N ratios and caloric content
(measured directly using a Phillipson microbomb calorimeter;
Phillipson, 1964) for “phytoplankton” samples (76–153 µm size
fraction) collected during the spring bloom (April 1969) in
St. Margaret’s Bay, Nova Scotia. This comprehensive, 1-month
field study revealed large day-to-day variations in percentage
composition of major macromolecular classes [relative to total
dry weight (dw)]. For example, the % carbohydrate:% protein
ratios ranged from 0.56 to 2.45, and % carbohydrate:% lipid
ratios ranged from 0.74 to 8.9, while bulk C:N molar ratios
ranged from 5.5 to 17.2. Despite this time-variable composition,
they observed a much smaller range in the C-specific caloric
content from 10.07 to 13.66 calories mg−1 C. Platt and Irwin
(1972) concluded that “percent carbon in dry phytoplankton
should be a good predictor of its caloric value,” and presented the
following relationships for general use in marine ecology: calories
(mg dw−1)= 0.632+ 0.086 (%C), and if N content is also known:
calories (mg dw−1)=−0.555+ 0.113 (%C)+ 0.054 (C:N).

The approach proposed by Platt and Irwin (1972) was
developed for the phytoplankton-enriched portion of the spring
bloom where most of the POM pool was comprised of living
cells. However, in most ecosystems the organic matter pool
is dominated (>90% by mass) by DOM, not POM, and the
large, chemically complex DOM pool may have a molecular
composition and elemental stoichiometry that is different from
living cells. For example, whereas the contributions of amino
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acids, neutral sugars, and lipids together account for >80%
of the organic C content of phytoplankton, they contribute
<10% of the total C in DOM (Benner, 2002). Although the
molecular composition of DOM is poorly known, significant
progress has been made in recent years using several DOM
extraction methods and a variety of high resolution analytical
techniques (Repeta, 2015). For open ocean environments, the
H:C and O:C ratios of DOM collected by solid-phase extraction
(SPE) of DOM onto polymeric resins (e.g., Amberlite R© XAD R©),
range from 0.5 to 1.7 and 0.2 to 0.8, respectively, and are
mostly outside the range of proteins, carbohydrates, and lipids,
suggesting that SPE-DOM is either extensively degraded relative
to plankton or has some other non-marine source (Repeta, 2015).
Humic substances, operationally defined as SPE-DOM that is
retained on XAD-2 or XAD-8 resins under acidic conditions
(Benner, 2002), are ubiquitous in marine environments and
appear to be resistant to microbial decomposition. However,
selected microorganisms can use humic substances as electron
acceptors during anaerobic metabolism, thereby facilitating the
degradation of organic matter (Lovley et al., 1996).

Furthermore, in most oligotrophic environments, a majority
of the POM pool is non-living (Karl and Dobbs, 1998), so it
too may be chemically distinct from the elemental composition
of biomass. Lee et al. (2004) have shown that the preferential
removal of certain components from POM leads to changes in

the chemical composition of the residual material as particles
sink through the water column. Compared to surface ocean
plankton where ∼85% of total C can be chemically identified,
the majority of POM collected in a sediment trap deployed
at a 1,000 m reference depth could not be characterized.
Consequently, models of the molecular composition of organic
matter that are based on living cells may not accurately reflect
organic matter that is present in natural ecosystems. Compared
to a wealth of field data on particulate organic C:N:P, and a much
smaller data base on dissolved organic C:N:P, there is a virtual
absence (with very few notable exceptions; see below) of direct
measurements of the H, O, S, or total caloric content of either the
POM or DOM pools. This situation exists despite the central role
of H in stoichiometry and energy flow in marine ecosystems.

REMINERALIZATION RATIOS IN THE
OPEN SEA

Several field studies, beginning with Takahashi et al. (1985),
have measured concentrations of phosphate, nitrate, total carbon
dioxide, and O2 along deep isopycnal horizons to constrain the
elemental composition of the organic matter that supplied the
deep sea with excess regenerated nutrients via aerobic microbial
activity. For intermediate waters of the North Atlantic Ocean

TABLE 1 | Elemental analysis of sinking particulate organic matter collected in the North Pacific Subtropical Gyre.

Study location,
water depth (m), and
reference

Trap depth (m) C flux (mg m−2 d−1) H flux (mg m−2 d−1) N flux (mg m−2 d−1) H:C (molar) C:N (molar)

15◦21′N, 151◦29′W, 378 3.56 0.53 0.46 1.79 9.00

5,792 m (Honjo, 1980) 978 0.55 0.07 0.07 1.53 9.17

2,778 1.09 0.14 0.12 1.54 10.6

4,280 0.88 0.11 0.10 1.50 10.3

5,582 0.66 0.09 0.08 1.64 9.62

28◦N, 155◦W, 5,000 m 100∗ 38.5 4.05 6.41 1.26 6.99

(Martin et al., 1987) 200 19.6 2.20 2.97 1.35 7.70

300 13.2 1.54 1.89 1.40 8.15

500 8.04 0.97 1.07 1.45 8.77

750 5.42 0.68 0.68 1.51 9.30

1,000 4.10 0.53 0.50 1.55 9.52

1,500 2.76 0.37 0.32 1.61 10.1

2,000 2.09 0.29 0.23 1.67 10.6

22◦45′N, 158◦W, 100 43.8 ± 0.6 6.11 ± 0.04 7.10 ± 0.08 1.66 7.21

Station ALOHA, 110 46.8 ± 0.9 6.40 ± 0.08 7.42 ± 0.14 1.63 7.36

4,850 m (This study) 120 51.7 ± 1.6 6.93 ± 0.24 8.19 ± 0.50 1.60 7.37

130 33.0 ± 0.9 4.24 ± 0.18 4.70 ± 0.29 1.53 8.19

140 33.8 ± 0.2 4.22 ± 0.03 5.03 ± 0.10 1.49 7.83

150 34.2 ± 1.1 4.25 ± 0.17 4.76 ± 0.27 1.48 8.40

160 41.6 ± 2.1 5.17 ± 0.32 6.09 ± 0.45 1.48 7.97

175 34.3 ± 0.3 4.19 ± 0.04 4.54 ± 0.08 1.46 8.81

200 27.9 ± 0.5 3.31 ± 0.06 3.61 ± 0.05 1.42 9.00

250 26.0 ± 0.7 3.10 ± 0.08 3.13 ± 0.19 1.42 9.69

300 19.36 ± 1.0 2.25 ± 0.14 2.16 ± 0.13 1.38 10.5

∗Values for the reference depths presented were calculated from the normalized power function [F = F100 (z/100)b] for the VERTEX 5 data set.
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FIGURE 1 | Carbon flux and stoichiometry of particulate matter for samples collected using sediment traps deployed in the NPSG during the Hawaii
Ocean Experiment-Dynamics of Light And Nutrients (HOE-DYLAN) IX expedition (August to September 2012). (A) Particulate C flux (mg C m-2 d-1) ± 1
standard deviation of the mean (n = 3); (B) molar C:N ratios of the total particulate matter pool; (C) molar H:C ratios of the total particulate matter pool. The horizontal
dashed line at 175 m represents the approximate location of the photosynthetic compensation depth where net photosynthesis is equal to 0 over a 24-h period.

(σθ = 27.0–27.2), their analysis indicated that the C:P and N:P
ratios were not significantly different from the remineralization
of model R–K–R plankton. However, the mean −O2:P ratio of
171 ± 8 was much larger than that predicted from either the
remineralization of R–K–R or Anderson (1995) model plankton
(e.g., 138 and 150, respectively). They further concluded that the
decomposing organic matter was more accurately represented
by the chemical reaction, C2H4 + 3O2 → 2CO2 + 2H2O,
rather than the oxidation of CH2O. They emphasized the
importance, but also acknowledged the absence, of quantitative
knowledge of the H content of the organic matter (Takahashi
et al., 1985). Similar results of higher than predicted −O2:P
ratios were also reported by Broecker et al. (1985), Minster and
Boulahdid (1987), Peng and Broecker (1987), Boulahdid and
Minster (1989), and Anderson and Sarmiento (1994), all in excess
of−170:1. These extensive field results are consistent with the
oxidation of organic matter that is on average more reduced
than carbohydrate (CH2O), the assumed oxidation state in
R–K–R model plankton. Alternatively, yet unidentified reduced
constituents contained in marine organic matter (e.g., reduced P;
Karl, 2014) might also contribute to the demand for O2 during
microbial decomposition.

STATION ALOHA: A CASE STUDY

Station ALOHA (22◦45′N, 158◦W) was established in October
1988 as a strategically located oligotrophic ocean benchmark
in the North Pacific Subtropical Gyre (NPSG) to improve our
understanding of microbial and biogeochemical processes that
control carbon and energy fluxes in the upper kilometer of
the ocean (Karl and Lukas, 1996). On approximately monthly
intervals since the establishment of Station ALOHA, samples
have been collected for a host of physical, chemical, and biological
measurements including several key features of the biological
pump (Karl and Church, 2014, 2017). The C:N:P of both
suspended (Hebel and Karl, 2001) and sinking (Karl et al., 1996)
particulate matter pools, and the N:P of the DOM pool (Karl et al.,
2001) have revealed complex, time-variable interactions between
the dynamics of N and P, and unexpected temporal variability in
stoichiometry, in addition to secular trends (also see Karl, 2014).

Li et al. (2000) developed a simple mixing model of two
end-members to estimate the organic matter remineralization
ratios at Station ALOHA. Based on their analysis of data
collected during 1994, and assuming a H:C ratio of 1.65 for
marine phytoplankton (Anderson, 1995), the molar formula
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of remineralized organic matter was C135H280O105N13P or
C25(CH2O)101(CH4)9(NH3)13(H3PO4). Complete oxidation of
this hypothetical organic matter would consume 170 O2
(i.e.,−O2:P=−170), and yield 135 CO2 + 132 H2O + 13
NO3

−
+ 1 H2PO4

−
+ 14 H+ (Li et al., 2000). These results

were consistent with the Takahashi et al. (1985) observations and
indicative of a more reduced organic matter source than either
R–K–R or Anderson (1995) model plankton.

Two pioneering sediment trap experiments reported organic
C, H, and N data for sinking particles collected in the NPSG
(Honjo, 1980; Martin et al., 1987). We have recently refined the
analytical procedures necessary for the routine estimation of the
H in sinking particulate matter and, herein, add a third NPSG
data set that we compare and contrast to the pioneering efforts of
Honjo (1980) and Martin et al. (1987).

Honjo (1980) reported depth-variable molar H:C ratios for
POM samples collected in an array of five bottom-moored
sediment traps positioned at depths between 378 and 5,582 m
(Table 1). Although the bulk molar H:C ratio was highest at
the shallowest reference depth sampled (e.g., 1.79 at 378 m) and
was lower at greater depths (molar H:C ranged from 1.50 to
1.64), there was no systematic change with depth despite a large
decrease in the flux of total organic C from 3.56 mg C m−2 d−1

at 378 m to 0.66 mg C m−2 d−1 at 5,582 m (Table 1). These
observations suggest that there are only relatively small changes
in the mean redox state of organic matter as particles sink
through the water column despite a loss of >80% of organic
matter mass over this same depth interval. These results are
more consistent with a physical (disaggregation/dissolution)
model of particle attrition with increasing water depth than with
biochemical (microbial degradation) control. The latter might
be expected to selectively remove more reduced, energy-rich
organics during the decomposition process. Alternatively, these
results could be explained by the presence of recalcitrant
(or semi-labile) reduced organic matter that buffers the bulk
H:C molar ratio in sinking particles. Honjo (1980) also reported
the elemental composition of different size fractions (>1 mm,
63 µm – 1 mm and <63 µm) of the collected organic matter.
Although the percentage of the total organic matter collected in
these various size fractions changed systematically with depth,
with a shift toward smaller particles in deeper waters, the
molar H:C ratios did not track the particle size distributions,
and overall exhibited much greater variability than the values
reported for the elemental composition of the “total” POM pool
(presumably the mass-weighted mean value; Honjo, 1980). This
comprehensive study by Honjo (1980) also included sediment
trap data sets from sites in the Sargasso Sea (two reference depths)
and the equatorial Atlantic Ocean (four reference depths). For
samples collected in the equatorial Atlantic Ocean, the molar
H:C ratios systematically increased from 1.44 at 389 m to 2.75
at 5,068 m. Honjo (1980) commented that these unusually high
deep ocean H values, and depth-dependent increases in %H
of the organic matter and molar H:C ratios “may be partly
due to the evaporation of structural or pseudostructural water
from opal and clay particles” and, therefore, may not accurately
reflect the H contents of POM. Despite these limitations
and uncertainties, the report by Honjo (1980) stands as a

benchmark study of the elemental stoichiometry of exported
particles even 35 years after it was published. Getting good H
data in field samples continues to be a significant analytical
challenge.

The second major study of bioelemental cycling in the NPSG
was conducted as part of the decade-long VERtical Transport and
EXchange (VERTEX) program that included observations at 28◦,
155◦W during summer 1983 (Martin et al., 1987). Measurements
of C, H, and N in sinking POM were made at nine separate depths
between 50 and 2,000 m using a free-drifting array of sediment
traps. This experiment provided estimates of element-specific
fluxes, as well as remineralization rates based on changes in
element fluxes versus water depth (Table 1). The trap-derived
flux data were analyzed using a log–log transformation and a
normalized power function, Fz = F100 (z/100)b, where Fz is the
flux at any depth (z), F100 is the log–log intersect (also equivalent
to the flux at 100 m), z is the depth in meters and the exponent
b is the log–log slope of the flux versus depth relationship (also
defines the flux attrition with depth). For samples collected in
the NPSG, the attrition exponents (b) for C, H, and N were
−0.973 (r2

= 0.95), −0.883 (r2
= 0.91), and −1.110 (r2

= 0.95),
respectively, suggesting that the average composition of sinking
particles becomes N-depleted and H-enriched, relative to C, as
particles sink/age. At the 2,000 m reference depth, the molar C:N
and H:C ratios were 10.6 and 1.67 compared to 6.99 and 1.26
at the 100 m reference depth (see Table 1). These observations
contradict the results of Honjo (1980), who failed to show any
systematic change in either C:N or H:C as a function of water
depth for sediment-trap collected particles in the NPSG (Table 1).
The Martin et al. (1987) observations of an increase in the molar
H:C ratio in bulk organic matter as a function of depth/age,
might be explained by the presence of a pool of recalcitrant
(or semi-labile), reduced organic matter that resists microbial
decomposition, though we have no direct evidence for any such
pool. Furthermore, this trend of increasing H:C with depth
was not seen in the Honjo (1980) data, even though sinking
particulate matter was sampled over a much greater depth range
(378–5,582 m).

Similar to the sediment trap data sets of Honjo (1980) and
Martin et al. (1987), our observations at Station ALOHA also
reveal significant and systematic decreases in the fluxes of C,
H, and N with increasing water depth (Table 1). Over a fairly
narrow depth interval (100–300 m), the fluxes of all three
bioelements decreased by 60–70% relative to the maximum fluxes
observed in the 100–120 m depth stratum. This rapid loss of
sinking particles is a manifestation of the combined effects of
particle dissolution, disaggregation, consumption by metazoans
and microbial decomposition. Though we lack quantitative
information on the primary controlling mechanism(s), we
hypothesize that the two latter processes are most important
in the upper mesopelagic zone. Furthermore, our data suggest
that sinking particles become more C-enriched, relative to N
and H, with increasing water depth (Table 1 and Figure 1).
The molar H:C ratios decreased from 1.66 at 100 m to 1.38 at
300 m, indicating the selective removal of organic matter that
had, on average, a molar H:C ratio of approximately 1.9 based
on the 1H:1C observed over this depth interval. This value
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is nearly identical to the H:C ratio in monosaccharides (e.g.,
C(H2O)n; H:C= 2.0) and to the C2H4 substrate hypothesized by
Takahashi et al. (1985). Without direct estimates of the O or total
caloric content of the sinking particles, we are not able to further
characterize the mean particle redox state or energy content,
respectively. However, it appears almost certain that particles
become more oxidized, and have a lower C-specific energy
content and a lower C-specific biochemical O2 demand for
complete oxidation as they sink/age. These lower energy particles
are less desirable substrates for zooplankton and bacteria, and are
able to escape the remineralization-intensive zone of the upper
mesopelagic and continue their journey toward the abyss.

Most current models of C and energy flow through planktonic
marine ecosystems do not include an explicit consideration
of redox state or energy content of organic matter or how it
varies during the decomposition process or as particles sink/age.
Measurements of H help to constrain these processes and add a

new dimension to ecosystem dynamics and the controls on the
biological C pump. Consideration of the H in stoichiometry, in
our opinion, is long overdue.
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Elemental homeostasis has been largely characterized using three important elements

that were part of the Redfield ratio (i.e., carbon: nitrogen: phosphorus). These efforts have

revealed substantial diversity in homeostasis among taxonomic groups and even within

populations. Understanding the evolutionary basis, and ecological consequences of such

diversity is a central challenge. Here, we propose that a more complete understanding

of homeostasis necessitates the consideration of other elements beyond C, N, and P.

Specifically, we posit that physiological complexity underlying maintenance of elemental

homeostasis along a single elemental axis impacts processing of other elements, thus

altering elemental homeostasis along other axes. Indeed, transcriptomic studies in a

wide variety of organisms have found that individuals differentially express significant

proportions of the genome in response to variability in supply stoichiometry in order

to maintain varying levels of homeostasis. We review the literature from the emergent

field of ionomics that has established the consequences of such physiological trade-offs

on the content of the entire suite of elements in an individual. Further, we present

experimental data on bacteria exhibiting divergent phosphorus homeostasis phenotypes

demonstrating the fundamental interconnectedness among elemental quotas. These

observations suggest that physiological adjustments can lead to unexpected patterns

in biomass stoichiometry, such as correlated changes among suites of non-limiting

microelements in response to limitation by macroelements. Including the entire suite of

elements that comprise biomass will foster improved quantitative understanding of the

links between chemical cycles and the physiology of organisms.

Keywords: elemental profiling, freshwater heterotrophic bacteria, ionome, ionomics, nutrient limitation,

phosphorus supply

INTRODUCTION

Ecological stoichiometry considers individuals as collections of chemical elements akin to a very
large molecule. At the most fundamental level, ecological stoichiometry is the study of the sub-
organismal mechanisms, and supra-organismal consequences of the principle of mass balance. It
operates on the axiom that living entities are not a passive conduit of chemical supply, but rather
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actively regulating their elemental stoichiometry, referred to
as elemental homeostasis (Sterner and Elser, 2002). Elemental
homeostasis is the fulcrum for most stoichiometric models
predicting processes at the level of the individual- (e.g.,
Frost et al., 2005), population- (e.g., Andersen et al., 2004),
community- (e.g., Elser and Urabe, 1999), ecosystem- (e.g.,
Sterner et al., 1992), and global (e.g., Doney et al., 2009; Galbraith
and Martiny, 2015) levels of organization. Indeed, without
elemental homeostasis “ecological stoichiometry would be a dull
subject” (Sterner and Elser, 2002).

At least two different approaches have been used to quantify
the degree of elemental homeostasis (Sterner and Elser, 2002;
Meunier et al., 2014). We quantify it using the slope of the log-
log relationship between resource and consumer stoichiometry
(Figure 1). Most stoichiometric models assume osmotrophs at
the base of food webs exhibit relaxed stoichiometric homeostasis
compared to phagotrophs occupying higher trophic levels. While
this assumption has been a subject of debate and found to be
of negligible relevance to stoichiometric models in consumers
(Wang et al., 2012) the great diversity in the degree of elemental
homeostasis (e.g., Frost et al., 2005; Scott et al., 2012; Godwin
and Cotner, 2014, 2015; Meunier et al., 2014) remains largely
unexplained. Such diversity is surprising because nutrient supply
environments can impose strong selection on elemental quotas
and consumption, which may be linked to stoichiometry. For
example, Godwin and Cotner (2015) found that P content of
isolating medium selected for strains of heterotrophic bacteria
differing in P homeostasis and elemental quotas. The eco-
evolutionary processes that maintain such substantially divergent
phenotypes in natural populations is a central frontier in
ecological stoichiometry.

Variation in genomic architecture has a major effect on
physiological responses of both autotrophs (e.g., Arabidopsis;
Misson et al., 2005) and heterotrophs (e.g., Daphnia; Roy
Chowdhury et al., 2014) to changes in supply stoichiometry
with important implications for homeostasis and fitness (e.g.,
Jeyasingh et al., 2009). Although, several informative loci for P
use have been identified in crop plants (recently reviewed in van
de Wiel et al., 2016), it is important to note that different genes
and physiological pathways can underlie similar homeostatic
and fitness outcomes among genotypes in autotrophs (Glycine
max; Li et al., 2016) and heterotrophs (Daphnia pulicaria;
Sherman et al., in review). This raises the possibility that
genotypes exhibiting differing degrees of elemental homeostasis
can vary in other traits. At the simplest level, we can think
of elements that share similar properties that can be replaced
when supply of one is limiting (e.g., substituting P-lipids with
S-lipids under P limitation; Van Mooy et al., 2009; Bellinger
et al., 2014). It is possible that a homeostatic genotype can
maintain P content via efficient use of P, while a flexible genotype
decreases P content, but increases S content to maintain basic
cellular functions (Figure 1). As such, we need to understand
coupled elemental quotas (such as P and S), as well as selection
operating on such pathways for a complete understanding
of the processes maintaining phosphorus homeostasis in
populations.

FIGURE 1 | (A) Schematic representation of carbon: phosphorus (C:P)

homeostasis in relation to supply C:P in homeostatic (solid line) and

non-homeostatic (dotted line) consumers. (B) Hypothesized correlated shifts in

carbon: sulfur (C:S) stoichiometry in the same consumer, showing no effect of

P on S (dotted line), decrease in S under P limitation (dashed line), and

increase in S under P-limitation (solid line).

Potential for correlated changes in homeostasis alongmultiple
elemental axes is perhaps more apparent when one considers
the complex physiological adjustments organisms make to
maintain net anabolism in limiting conditions of elemental
supply. Seminal studies in E. coli revealed the complex nature
of responses to P limitation (Van Bogelen et al., 1996),
involving differential expression of ∼400 proteins orchestrating
not only P use physiology, but also those involving other
bulk and trace elements. Such complex physiological responses
appear to be common. For example, studies in Pseudovibrio
(Romano et al., 2015), Saccharomyces (Boer et al., 2010),
Chlamydomonas (Moseley et al., 2006), Arabidopsis (Misson
et al., 2005), and Daphnia (Jeyasingh et al., 2011), reveal that
organisms differentially express a significant proportion of genes
and metabolic pathways depending on P supply, often by
several-fold. While several candidate P-stress response genes
are up-regulated (e.g., P transporters, phosphatases; reviewed
in Jeyasingh and Weider, 2007), so are several hundreds
of other genes involved in a variety of pathways. Merchant
and Helmann (2012) provided a comprehensive treatise on
the diversity of microbial strategies to variation in elemental
supply. An important message arising from this work is the
fundamental interconnectedness of elements in biomass. In other
words, acclimatory or adaptive responses to supply stoichiometry
often involve changes in the physiological processing of many
elements.

In this perspective, we ask whether such broad physiological
changes in response to supply stoichiometry alters the entire
suite of elements encompassing an individual. Defined as
the mineral nutrient and trace element composition of an
organism, the ionome represents all the elements of cellular and
organismal systems (Salt et al., 2008). As such, the ionome is a
dynamic network of elements that underlies the morphological,
anatomical, and physiological state of an organism, which
are ultimately controlled by the genome in response to the
environment. We review evidence in the literature as well as
analyze experimental data to illuminate the dynamic nature of the
ionome, and discuss its implications for elemental homeostasis
specifically, and the framework of ecological stoichiometry in
general.
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EVIDENCE IN THE LITERATURE:

Ionomics is a relatively new field that has focused primarily on
plants (see Huang and Salt, 2016 for a recent review). Ionomics
was first employed to better understand the genomic architecture
underlying mineral and trace element use in Arabidopsis, because
studying the use of one element resulted in an incomplete
picture of the genotype-to-phenotype map (Lahner et al., 2003).
This approach has since been used as a low-cost, multi-proxy
diagnostic tool in agronomy (Baxter et al., 2014) as well as
medicine (Malinouski et al., 2014). Ionomics connects genetic
potential and evolutionary history to growth, physiology and
fitness in contemporary ecological conditions. Studies on both
Saccharomyces cerevisiae (Eide et al., 2005; Yu et al., 2012)
and Arabidopsis thaliana (Baxter et al., 2008) clearly show
that both genetics and supply stoichiometry alter ionomes.
Specifically, Eide et al. (2005) characterized the ionomes of over
4,000 yeast strains and found considerable variation in all 13
elements quantified, with both strong positive (e.g., P-Co) and
negative (e.g., P-S) correlations under optimal growth conditions.
Furthermore, they found that genotypes with mutations in
similar functional categories (e.g., vacuolar, mitochondrial)
showed similar ionomic signatures. Yu et al. (2012) utilized gene
deletion and open reading frame overexpression collections of
yeast (∼5,000 strains) and found general patterns in the genomic
basis of ionomic divergence. Mutations in genes involved in
protein metabolism or transport had the largest impacts on
the ionome, followed by changes in gene copy number. Baxter
et al. (2008) found that Arabidopsis exhibited consistent ionomic
patterns depending on supply stoichiometry such that the nature
of nutrient stress could be predicted based on the ionome. While
P content of leaves decreased under P limitation, there was
considerable variation among genotypes, making P content a
poor predictor of physiological status compared to a six element
(As, B, Co, Cu, P, Zn) model, which included strong positive (e.g.,
P-Cu) and negative (e.g., P-Zn) correlations among elements.
Considering combinations of elements as phenotypes, as opposed
to considering single elements at a time, allows for greater
sensitivity in identifying stoichiometric variation because of the
fundamental interconnectedness among elements in biomass
(Baxter, 2015).

An underappreciated component in understanding ionomes
is likely to be transmembrane elemental transport systems, with
transporters possessing multi-element specificity found to be
more common than previously appreciated (Morrissey et al.,
2009; Mitani-Ueno et al., 2011). As such, ionomic approaches are
well suited to illuminate the complex physiological adjustments
that organisms make in response to changes in supply
stoichiometry. For example, P limitation increases the expression
of several high-affinity phosphate transporters, which are also
known to take up As (Muchhal et al., 1996) and thus explains
increased As content in P-limited plants. Similarly, plants are
known to scavenge metals such as Zn to minimize the formation
of complexes with P (Misson et al., 2005) which could underlie
the observed increase of Zn content under P limited conditions.

Evidence for ionome-wide shifts from the field are also
available. Synechococcus cells collected from regions of the

Sargasso Sea that vary in N and P supply exhibited several-fold
cell quota differences in a variety of elements (e.g., Mn, Ni, Zn)
(Twining et al., 2010). In addition, utilizing a global dataset,
Loladze (2014) reported striking changes in the ionomes of C3

plants from four continents in response to elevated atmospheric
CO2. In general, elevated CO2 significantly decreased not only N
and P content, but also several other elements, including K, Ca,
S, Mg, Fe, Zn, Cu, and Mn. These observations clearly indicate
that supply stoichiometry alters entire suites of elements, beyond
the commonly studied Redfield elements. Understanding the
dynamics and regulation of these minor elements is important
not only in understanding the ecology and evolution of microbes
and plants, but as discussed by Loladze (2014), the variation in
the composition of trace elements plays an important role in the
nutrition of consumers, including humans (Myers et al., 2014).

EXPERIMENTAL EVIDENCE

Are there patterns in ionomic architecture relevant to key
parameters in stoichiometric theory such as homeostasis of
Redfield elements? The staggering diversity of stoichiometric
physiologies discovered among strains of heterotrophic bacteria
inhabiting glacial lakes in northern U.S.A (Godwin and Cotner,
2015) provides an ideal testbed for answering such questions.
We studied a subset of strains that were found to exhibit
divergent homeostatic coefficients in terms of phosphorus (5
flexible, heterostoichs; 4 inflexible, homeostoichs) at two levels
of P supply (C:P = 100 and 10,000; see Supplementary Material
for methods). The nine strains used in this study represented
three unique genera (Brevundimonas, Flavobacterium, and
Sphingomonas) with three strains coming from each genus. All
three of the Brevundimonas strains were characterized as flexible,
whereas Flavobacterium and Sphingomonas each had two strains
characterized as inflexible and one strain as flexible. Although we
expected strong strain-specific responses, we generally predicted
that homoestoichs should exhibit greater changes in other
elements (e.g., S) between high and low P supply conditions
compared to heterostoichs due to upregulation of compensating
mechanisms. Each strain was originally isolated from lakes
within Minnesota using either agar plates or dilution isolation as
described previously (Godwin and Cotner, 2015).

A total of 25 elements were detected, of which nine (Co, Cr,
K, Mg, Mn, Na, P, S, Zn) were present above detection limits
in all samples and were used for further analyses. As expected,
there was considerable strain-specific variation in biomass P
content (Figure 2). Considerably more genotypic replicates are
required to rigorously test for systematic differences among P
homeostasis and correlated changes in the content of other
elements.

Nevertheless, important trends were apparent in this dataset.
We quantified the magnitude of elemental change in each
strain and compared the differences between the two levels of
homeostasis (hereto- vs. homeostoichs). Although considerable
strain-specific responses preclude identification of any robust
patterns, the response of the two homeostoich phenotypes appear
to be distinct (Figure 2). Closer examination revealed that certain
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FIGURE 2 | Flexibility of nine elements in relation to each other in nine strains of freshwater heterotrophic bacteria. We define flexibility as the

log10[elemental content (mass/mass) at C:P of 10,000:1/ elemental content at C:P of 100:1]. Negative values represent a reduction in element quota under C:P =

10,000, zero means homeostasis, and positive values indicate that the quota increased under P-limitation. Symbols denote strains that are relatively flexible (open

circles) or inflexible (closed circles) in phosphorus content. ρ = Spearman’s rank coefficient.

groups of elements were positively correlated with each other,
namely Mg-Na-K, and to a lesser degree, Zn-S and Cr-Co-
Mn (Figure 2). Of particular interest was how flexibility in P
content related to flexibility of other elements (leftmost column
in Figure 2). Consistent with previous studies (Godwin and
Cotner, 2015), P content of all strains was lower under the C:P=

10,000 treatment. Interestingly, strains differed in the responses
of other elements, with roughly half of the strains becomingmore
concentrated while the other half becoming less concentrated for
the eight other elements. However, no systematic patterns with
regard to the P homeostasis phenotype (flexible vs, inflexible)
were apparent. We note that this preliminary result needs to be

rigorously verified because the experiment had limitations (see
Supplementary Material).

DISCUSSION

It is clear that ionomes are sensitive to both the external
environment as well as the genomic composition. Whether
such changes in the ionome are ecologically relevant is an
important question worthy of attention by both empirical and
theoretical practitioners of ecological stoichiometry. Studies with
plants indicate that individual growth, even under strong P
limitation is better predicted, not by P use efficiency alone,
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but by the uptake of a few other elements as well (Baxter
et al., 2008). We posit that the correlated nature of elements
in biomass predisposes organisms to tradeoffs in maintaining
homeostasis of a particular element. If these tradeoffs occur,
being homeostatic along one axis should be associated with
changes in homeostasis along other elemental axes. At this
point, we do not understand ionomes sufficiently to make robust
predictions about what the most relevant trade-offs are. An
understanding of the role and relevance of these other elemental
axes, and the costs associated with the trade-offs among axes
certainly is important to understanding the stoichiometry of
organisms and ecological systems. The nature of such changes
will depend on the material demands of biochemical pathways
utilized tomaintain homeostasis. Such an inclusive perspective of
elemental homeostasis is required for understanding the diverse
stoichiometric physiologies observed in both osmotrophic and
phagotrophic populations (e.g., Frost et al., 2005; Godwin and
Cotner, 2014, 2015; Meunier et al., 2014), and reflects the current
state of evolutionary biology wherein the multifarious nature of
selection is a prerequisite for understanding trait evolution (e.g.,
Kaeuffer et al., 2012).

As our understanding of nutrient limitation shifts from single
nutrient models, to more complex, multiple nutrient models
predicting co-limitation (e.g., Saito et al., 2008; Harpole et al.,
2011; Bracken et al., 2015), the importance of attention to
ionomic patterns in natural systems is magnified. Although
there is a paucity of ionomic data in natural ecosystems, such
data should reveal important patterns that could illuminate
the mechanisms underlying co-limitation, which is increasingly
common and should replace the Leibig paradigm (Kaspari and
Powers, 2016). As such, simultaneous limitation of multiple
elements may be strong sources of selection structuring
populations with important implications for contemporary
nutrient budgets. Nevertheless, it is unlikely that all of the
25-odd elements represented in biology will impart the same
magnitude of selection or ecological significance. Although an
organism should acquire all elements from the environment,
some elements (e.g., copper) can be recycled within the organism
quite efficiently that it may not need to be constantly acquired
from the environment (Nose et al., 2006), while others (e.g.,
phosphorus) are excreted as a byproduct of metabolic processes
and need to be constantly acquired from the environment.
However, if P and Cu are coupled, then the evolutionary and
ecological importance of Cu is amplified. Thus, focusing on
correlations among elements may be a particularly informative
approach.

Ionomic data from both the literature and our experiment
reveal several correlations, although the functional basis for
such correlations appears to be more complex than what
can be predicted by linkages based on cellular physiology of
element processing. For example, sodium dependent phosphate
uptake by cells is a well-established mechanism (discussed
in the context of ecological stoichiometry in Jeyasingh and
Weider, 2007), yet sodium and phosphorus do not appear to
be correlated at the ionome level. Clearly, much more remains
to be understood about the complex processes underlying
such patterns. For example, Malinouski et al. (2014) studied
HeLa cell lines to characterize mechanisms that regulate trace

elements by performing a genome-wide siRNA/ionomics
screen to identify the major pathways. They analyzed a total of
21,360 human gene knockdowns for changes in trace elements
in HeLa cells and detected many known genes involved in
transport and regulation of trace elements while also identifying
several novel genes that regulate the processing of trace
elements. As such, the mechanisms underlying correlations
among elements in an ionome is difficult, and perhaps of little
ecological relevance. However, general patterns in correlations
among elements at the level of the ionome will have important
ecological ramifications. Discovering such patterns and
associated ecological implications should be viewed as a central
challenge.

Genotype-specific effects common in ionomic studies
discussed above are similar to discoveries about intraspecific
variation in biomass C:N:P stoichiometries (e.g., Bertram et al.,
2008; Goos et al., 2014; Downs et al., 2016) which are shaped by
selection (e.g., El-Sabaawi et al., 2012; Tobler et al., 2016), and
generate discernable patterns at higher levels of organization
(e.g., Elser et al., 2000). While genetic recombination can
produce endless varieties of biota, organismal evolution is
bounded by principles of physics and chemistry (Williams and
Frausto da Silva, 2006). Ecological stoichiometry, by virtue of
abstracting such complexity, has unraveled general patterns
linking elements such as phosphorus with fitness-relevant traits
and subsequent ecological consequences. The focus on only
three of the ∼25 elements represented in biology is limited,
however, and perhaps has misrepresented both patterns and
processes in ecological stoichiometry. Whether, and to what
extent, predictions of stoichiometric models are enhanced,
similar to those predicting individual growth (e.g., Baxter et al.,
2008), by inclusion of the entire suite of elements remains to be
seen. Advances in low-cost, high throughput elemental analyses
already enable an ionomic view of ecological stoichiometry, and
such data will be required to make sense of central parameters
in stoichiometric models in light of genomic information,
and perhaps also metagenomic data using meta-ionomics,
for a more comprehensive genes-to-ecosystems picture of the
biosphere.
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Detritus represents an important pool in the global carbon cycle, providing a food

source for detritivorous invertebrates that are conspicuous components of almost all

ecosystems. Our knowledge of how these organisms meet their nutritional demands

on a diet that is typically comprised of refractory, carbon-rich compounds nevertheless

remains incomplete. “Trophic upgrading” of detritus by the attachedmicrobial community

(enhancement of zooplankton diet by the inclusion of heterotrophic protozoans)

represents a potential source of nutrition for detritivores as both bacteria and their

flagellated protistan predators are capable of biosynthesizing essential micronutrients

such as polyunsaturated fatty acids (PUFAs). There is however a trade-off because

although microbes enhance the substrate in terms of its micronutrient content, the

quantity of organic carbon is diminished though metabolic losses as energy passes

through the microbial food web. Here, we develop a simple stoichiometric model

to examine this trade-off in the nutrition of detritivorous copepods inhabiting the

mesopelagic zone of the ocean, focusing on their requirements for carbon and an

essential PUFA, docosahexaenoic acid (DHA). Results indicate that feeding on microbes

may be a highly favorable strategy for these invertebrates, although the potential for

carbon to become limiting when consuming a microbial diet exists because of the

inefficiencies of trophic transfer within the microbial food web. Our study highlights

the need for improved knowledge at the detritus-microbe-metazoan interface, including

interactions between the physiology and ecology of the associated organisms.

Keywords: detritus, microbial loop, stoichiometry, trophic upgrading, polyunsaturated fatty acids, mesopelagic

zone

INTRODUCTION

The production of dead and decaying particulate organic matter (“detritus” hereafter) may account
for as much as 56% of primary production when averaged across a range of ecosystems (Cebrián
and Duarte, 1995). This flux of detritus thereby constitutes a significant term in the global carbon
cycle (Ciais et al., 2013) and is a major conduit through which organic matter is transported
both within and between ecosystems (Bartels et al., 2012). It also provides sustenance to countless
detritivorous invertebrates, which we loosely interpret as any animal that has a trophic association
with dead organic matter, including organismal egesta. Detritus-detritivore interactions influence
the potential for carbon sequestration in both terrestrial and aquatic environments. Understanding
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the interface between living and dead organic matter is therefore
a prerequisite to improving predictions of global biogeochemical
cycles and climate (Burd et al., 2016; Luo et al., 2016).

Detritus is mainly composed of refractory compounds such
as structural polysaccharides (Mann, 1988; Kiem and Kögel-
Knabner, 2003), but is depleted in micronutrients such as amino
acids and fatty acids (Cowie and Hedges, 1996; Pokarzhevskii
et al., 1997; Mayor et al., 2011) that are considered essential for
the growth of metazoan animals (Müller-Navarra et al., 2000;
Anderson et al., 2004; Sampedro et al., 2006; Larsen et al., 2016).
The nutritional challenge facing detritivores may, however, be
mitigated by the presence of microorganisms that colonize
the detrital substrate (Moran and Hodson, 1989; Turley and
Mackie, 1994). Detritivores actively ingest this detritus-associated
microbial community which, unlike the basal substrate, is readily
absorbed and provides a rich source of micronutrients (Bärlocher
and Kendrick, 1975; Phillips, 1984; Lawrence et al., 1993;
Koski et al., 2005). Indeed, a key functional characteristic of
many detritivorous invertebrates is their propensity to shred
or fragment detritus (Anderson and Sedell, 1979; Iversen and
Poulsen, 2007), an activity that has been proposed to stimulate
the production of microbial biomass by increasing the surface
area of the substrate, so-called “microbial gardening” (Fenchel,
1970; Mayor et al., 2014). The resulting uplift in the nutritional
content of detritus represents a form of “trophic upgrading,”
a term which originates from the marine literature and refers
to the enhancement of zooplankton growth by the inclusion
of micronutrient-rich heterotrophic protozoans in an otherwise
herbivorous diet (Klein Breteler et al., 1999). Relying onmicrobes
as a primary source of nutrition does, however come at an
energetic cost because their gross growth efficiencies are typically
<30 % (Del Giorgio and Cole, 1998) and the majority of organic
carbon in the detrital substrate is therefore lost during the trophic
upgrading process. Detritivorous invertebrates thus face a trade-
off between consuming a high quality, low quantity diet that is
rich in microbes versus the low quality, high quantity detritus
(Mayor et al., 2014).

Here, we use a simple stoichiometric model to examine the
extent to which invertebrates maximize growth by incorporating
microbes into their diet, using detritivorous zooplankton in the
mesopelagic zone (MPZ) of the ocean as a case study. The
MPZ extends from the base of the sunlit (euphotic) zone down
to ∼1000m and many of the resident organisms are primarily
sustained by an estimated global detrital flux of 5–12 Gt C yr−1

(Henson et al., 2011). The depth at which organic matter is
remineralized within the MPZ influences the residence time of
carbon in the oceans and hence global climate (Kwon et al., 2009).
Sinking detrital particles in the MPZ exhibit the characteristic
poor nutritional status described above, having undergone
stripping of the most desirable compounds by bacteria and/or
multiple ingestion events by zooplankton (Podgórska and
Mundryk, 2003; Wilson et al., 2008). The resulting substrate
is thus largely devoid of essential micronutrients such as
amino or fatty acids (Wakeham et al., 1997; Fileman et al.,
1998; Schneider et al., 2003). We suggest that the problem of
obtaining sufficient nutrition may be felt acutely by detritivorous
zooplankton that permanently reside in the MPZ, e.g., copepods

of the genus Oithona that are ubiquitous throughout the
world ocean (Gallienne and Robins, 2001; Dahms et al., 2015).
Members of this genus are well known to interact with detrital
particles (Gonzalez and Smetacek, 1994; Iversen and Poulsen,
2007), particularly in the mesopelagic (Suzuki et al., 2003).
Organisms inhabiting the MPZ experience high hydrostatic
pressure and low temperatures, both of which negatively affect
the functioning of cellular membranes (Hazel and Williams,
1990). Zooplankton overcome these difficulties by increasing
the relative abundance of the essential polyunsaturated fatty
acid, docosahexaenoic acid (DHA), in their membranes (Pond
et al., 2014). Copepods and other highly motile zooplankton
also possess myelin-like sheathes around their nerve axons
to facilitate rapid escape responses (Raymont et al., 1974;
Davis et al., 1999) and DHA has been suggested to be an
important component of the associated sphingomyelin lipid
pool (Scott et al., 2002). The model presented herein has C
and DHA as currencies and is used to examine the trade-
off for detritivorous zooplankton when consuming a high
quantity, low DHA:C diet (detritus) versus a nutritionally-
upgraded diet of microbial biomass present in low quantity, but
with a high DHA:C ratio. Our analysis, which is underpinned
by empirical data from a number of sources, highlights the
need for improved understanding of food web processes in the
mesopelagic, including the associated physiology of the resident
organisms.

MODEL DESCRIPTION

Equations
The model is a steady-state flow analysis of the detrital food web
in the MPZ of the ocean, including colonization of detritus by
microbes (particle-attached bacteria and protistan bacterivores)
and their consumption by detritivorous zooplankton (Figure 1;
lists of model variables and parameters are provided in
Tables 1, 2). The main focus is the growth of zooplankton
and its stoichiometric regulation by C and DHA. The baseline
currency of the model is C from which flows are calculated
throughout the food web as a whole. Zooplankton growth,
on the other hand, is calculated from stoichiometric equations
involving both C and DHA. Fixed ratios (model parameters)
are specified for DHA:C in detritus, bacteria and bacterivores
which, in conjunction with predicted C cycling throughout
the food web, permits an assessment of the roles of C and
DHA in limiting the growth of zooplankton (depending on the
relative availability of each food type to their diet). It is thus
possible to examine the potential trade-off between consuming
a high quantity, low quality diet (detritus with a low DHA:C
ratio) versus a low quantity, high quality diet (microbes with
a high DHA:C ratio). In this context, it is useful to define the
two end-members of the nutritional spectrum: a “detritivorous
pathway” and a “microbial pathway.” The former represents
consumption of the non-living detrital substrate, whereas the
microbial pathway consists of a diet solely of microbes. Our
default assumption is that detritivorous zooplankton selectively
ingest protistan bacterivores on the basis of their motility. The
microbial pathway therefore represents a diet consisting solely
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FIGURE 1 | Flow diagram of the model showing pathways of organic

matter between detritus, bacteria, protistan bacterivores and

zooplankton, as specified by parameters ψB, ψH, and ψZ. Black arrows

represent C-only flows, red arrows involve both C and DHA (involving

stoichiometric calculations).

TABLE 1 | Model variables.

Variable Definition Unit of measure

FD Entry flux of D into system mol C m−3 d−1

AC,det Absorption C: detrit. path mol C m−3 d−1

ADHA,det Absorption DHA: detrit. path mmol DHA m−3 d−1

AC,mic Absorption C: microb. path mol C m−3 d−1

ADHA,mic Absorption DHA: microb path mmol DHA m−3 d−1

GB Bacterial production mol C m−3 d−1

GH Bacterivore production mol C m−3 d−1

GZ Zooplankton production mol C m−3 d−1

of these organisms and excludes particle-attached bacteria. The
sensitivity of predicted zooplankton growth to whether or not
bacteria constitute a food source will nevertheless be investigated
by including the possibility of ingesting bacteria in the model
structure and parameterization.

The stoichiometric calculations of zooplankton growth
assume that these animals are unable to synthesize DHA de novo
(Bell et al., 2007) in which case this essential fatty acid can be
treated in the same way as elements such as C, N and P when
using theoretical stoichiometry to analyze limitation of growth
(Anderson and Pond, 2000). Bacteria and bacterivores are, on
the other hand capable of synthesizing essential acids, including
DHA, de novo (Klein Breteler et al., 1999; Russell and Nichols,

TABLE 2 | Model parameters.

Parameter Definition Default value Unit of measure

θD DHA:C, detritus 0.21 mmol DHA mol C−1

θZ DHA:C, zooplankton 1.76 mmol DHA mol C−1

θB DHA:C, bacteria 0.08 mmol DHA mol C−1

θH DHA:C, bacterivores 1.40 mmol DHA mol C−1

ωB bacteria GGE 0.12 dimensionless

βH AE, bacterivores on bacteria 0.72 dimensionless

kH max. NPE, bacterivores: C 0.44 dimensionless

βZC AE, zooplankton on D: C 0.1 dimensionless

βZDHA AE, zooplankton on D: DHA 0.1 dimensionless

βZBH AE, zooplankton on B,H 0.72 dimensionless

kZC max. NPE, zooplankton: C 0.36 dimensionless

kZDHA max. NPE, zoopl.: DHA 0.9 dimensionless

ψB partitioning D to bacteria 0.1 dimensionless

ψH partitioning B to bacterivores 1.0 dimensionless

ψZ partitioning H to zoopl. 0.8 dimensionless

1999; Fang et al., 2002) and so their growth is calculated assuming
that limitation is by C.

Detritus provides the foundation of the mesopelagic food
web, specified as an input flux to the model, FD (mol C m−3

d−1). The detrital substrate is acted on by either particle-attached
bacteria (fraction ψB) or by zooplankton (fraction 1-ψB). The
latter gives rise to the detritivorous pathway, which we consider
first. Ingested C andDHA following this pathway, i.e., from direct
consumption of non-living detritus by zooplankton, are subject
to absorption efficiencies (AEs) βZC and βZDHA in which case
quantities of absorbed C and DHA, AC,det and ADHA,det , are:

AC,det = (1− ψB)βZCFD (1)

ADHA,det = (1− ψB)βZDHAθDFD (2)

where θD is the DHA:C ratio in detritus (excluding microbes
within the detrital matrix).

The alternative is for detritivores to obtain nutrition
by consuming microbes, the “microbial pathway,” which
necessitates predicting the availability of bacteria and protistan
bacterivores deriving from trophic transfer within the food web.
Bacteria utilize detritus with growth efficiency ωB, from which
their growth, GB, is:

GB = ψBωBFD (3)

The fate of bacteria in the model is either consumption by
protistan bacterivores within the particle-attached food web
(fraction ψH) or zooplankton (fraction 1-ψH); note that our
default assumption is that of zero consumption by zooplankton,
i.e., ψH = 1. The growth of the bacterivores, GH , is calculated
as the product of ingestion (ψHGB), absorption efficiency (for C;
parameter βH) and net production efficiency (NPE; the fraction
of absorbed C allocated to growth; parameter kH):

GH = ψHβHkHGB (4)
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Total ingestion of C by zooplankton via the microbial pathway
is the sum of that on bacteria, (1-ψH)GB, and protistan
bacterivores, ψZGH (fraction ψZ of bacterivore production is
utilized by zooplankton), with corresponding intake of DHA
calculated from the DHA:C ratios of these food sources (θB
and θH for bacteria and protistan bacterivores, respectively).
The resulting quantities of absorbed C and DHA following the
microbial pathway, AC,mic and ADHA,mic, are then:

AC,mic = βZBH((1− ψH)GB + ψZGH) (5)

ADHA,mic = βZBH((1− ψH)θBGB + ψZθHGH) (6)

where βZBH is absorption efficiency for zooplankton on
bacterivores (applied equally to C and DHA).

Zooplankton growth can now be calculated using established
stoichiometric equations (e.g., Anderson and Hessen, 1995) that
compare the relative availability of C and DHA in absorbed
substrates, as supplied by both the detritivorous and microbial
pathways. If C is limiting then growth, GZ (mol C m−3 d−1), is:

GZ(C) = kZC(AC,det + AC,mic) (7)

where parameter kZC is the maximum NPE for C (maximum kZC
occurs when C is limiting; realized kZC is lower when DHA is
limiting growth because C is then in stoichiometric excess). The
corresponding equation for GZ when DHA is limiting is:

GZ(DHA) = kZDHA(ADHA,det + ADHA,mic)/θZ (8)

where kZDHA is maximum net production efficiency for DHA and
θZ is the DHA:C ratio in zooplankton biomass. Realized growth
is then then the minimum of the calculated C- and DHA-limited
rates:

GZ = MIN[GZ(C),GZ(DHA)] (9)

A threshold elemental ratio (TER) can be calculated, θ∗A, which
is the optimum ratio of DHA and C in absorbed substrates for
growth:

θ∗A =

kZCθZ

kZDHA
(10)

With parameters as in Table 2 (kZC = 0.36, kZDHA = 0.9
and θZ = 1.76), calculated θ∗A is 0.70 meaning that optimal
growth requires that each mol of absorbed C is accompanied by
0.70mmol of absorbed DHA.

Parameterization
Model parameters fall into three categories: those specifying
trophic transfer (growth efficiencies), those that define the
fractionation of C between the different flow pathways in the
model, and the four parameters that define DHA:C ratios in
biomass. Starting with the first category, the absorption efficiency
of C for zooplankton grazing on detritus, parameter βZC, was
assigned a low value of 0.1 because of the refractory nature of the
substrate (Bärlocher and Kendrick, 1975). The same absorption
efficiency was applied to DHA, i.e., βZDHA = 0.1, thereby

assuming that zooplankton are unable to selectively extract
DHA from the detritus matrix; this parameter will be subject
to sensitivity analysis. Living microbes are considerably more
amenable to digestion by zooplankton and so the efficiencies with
which ingested bacteria and protistan bacterivores are absorbed,
parameter βZBH (applied equally to both groups), was assigned
a value of 0.72 (Anderson and Tang, 2010). The net production
efficiency with which absorbed C is used for growth is well
below 1.0 because of the energetic costs of metabolism. We set
kZC = 0.36 based on a mean gross growth efficiency (GGE) of
0.26 for copepods (Straile, 1997) from which NPE is calculated
by dividing through by AE of 0.72 (GGE is the product of AE and
NPE). The role of essential fatty acids such as DHA inmetabolism
is not well known. The simplest assumption is that they are not
heavily involved in which case DHA may be utilized for growth
with high NPE e.g., kZDHA = 0.9 (Anderson and Pond, 2000;
Mayor et al., 2009).

Moving on to the microbial food web, a typical BGE for
particle-attached bacteria is 0.24 (Anderson and Tang, 2010) but
this does not take into account that as much as 50% of the
substrate may be lost in dissolved form through solubilization by
exoenzymes (Anderson and Tang, 2010; Mayor et al., 2014). The
model here does not explicitly represent solubilization losses and
therefore, in practical terms, the value of 0.24 should be halved,
giving ωB = 0.12. The magnitude of BGE is not well understood
in marine systems and so this parameter, which sets the inflow of
carbon to the microbial pathway, will be the subject of sensitivity
testing. Protistan bacterivores graze on the particle-attached
bacteria. As for the zooplankton, an absorption efficiency of 0.72
was applied, along with a NPE for C of 0.44 (derived from a
GGE of 0.32 for flagellates: Straile, 1997), parameters βH and kH ,
respectively.

Parameters for the fractionation of C via the flow pathways
in the food web, ψB, ψH , and ψZ , are not easy to estimate. The
first of these, namely the partitioning of detritus usage between
particle-attached bacteria (parameterψB, leading to themicrobial
pathway) and detritivorous zooplankton (1-ψB; leading to the
detritivorous pathway) was guesstimated at 0.75 by Anderson
and Tang (2010) based on the data of Steinberg et al. (2008).
An improved estimate of ψB = 0.5 was justified by Mayor
et al. (2014), based on data from the North Atlantic. Most of
our analysis of the model will focus on the two separate ends
of the spectrum of this parameter, i.e., ψB = 0,1, in order to
provide a theoretical comparison of the nutritional benefits of
the detritivorous and microbial pathways in isolation to each
other. Values ofψB that lead to optimal zooplankton nutrition are
then calculated, which can be compared to the estimates above.
The trophic linkages of the microbial food web on particles are
not well known but it is reasonable to expect a tight coupling
between bacteria and protistan bacterivores because of their close
proximity (Grossart and Ploug, 2001), and thereby a high value
of ψH . Moreover, it may be that the detritivorous zooplankton
selectively ingest protistan bacteriovores on the basis of their
motility (Kiørboe, 2011), leaving the bacteria untouched, in
which case ψH = 1 (the default value used in our analysis).
The fate of flagellate biomass is even less certain. We tentatively
assume that, without other obvious predators, the majority of
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the flagellate loss term is available to support the growth of
zooplankton and set ψZ = 0.8.

Data Sources
Studies that concurrently present data on the C and DHA
content of marine seston and/or organisms are scarce, and almost
non-existent for the MPZ. Parameter values for the DHA:C
values in seston biomass, θD = 0.21 mmol mol−1 (detritus),
θB = 0.08 (bacteria), θH = 1.4 (protistan bacterivores) and
θZ = 1.76 (zooplankton) were therefore obtained from a variety
of representative sources.

The DHA:C content of detritus (θD = 0.21 mmol mol−1) is
for seston collected on a pre-combusted GF/F filter (0.7µm) at a
depth of 215m in the Bellingshausen Sea, Antarctica (Fileman
et al., 1998). This likely represents an upper-estimate of this
parameter because the sample came from the upper MPZ and
the collection method made no attempt to distinguish between
non-living detritus and (DHA-rich) organismal biomass. The
DHA:C content of particle-attached bacteria (θB = 0.08 mmol
mol−1) represents an average value derived from various culture
studies on deep-sea microbes (θB = 0.11, 0.11, 0.03; Fang et al.,
2002, 2003, 2004, respectively). The DHA:C content of protistan
bacterivores (θH = 1.4 mmol mol−1) is an average value for the
heterotrophic dinoflagellate,Oxyrrhis marina, reared on the algae
Rhodomonas sp. (θH = 1.54) and Dunaliella sp. (θH = 1.32)
(Klein Breteler et al., 1999). An average value for the DHA:C
content of zooplankton (θZ = 1.76 mmol mol−1) was used based
on published data for female copepods of the species Oithona
similis, collected from between 400m depth and the surface in
Antarctic waters (Pond and Ward, 2011). Interested readers are
guided to the relevant citations for further details of individual
sample collection and analysis.

RESULTS

The main focus of the analysis presented herein is a theoretical
examination of the two ends of the nutritional spectrum,

namely the detritivorous pathway (ψB = 0; zooplankton diet
of non-living detritus) and the microbial pathway (ψB = 1;
diet consisting solely of protistan bacterivores). This provides
the most effective means of examining the trade-off between
consuming a high quantity, low quality diet (detritus with a low
DHA:C ratio) versus a low quantity, high quality diet (microbes
with a high DHA:C ratio). The growth of zooplankton on amixed
diet incorporating both detritus andmicrobes will be investigated
thereafter.

The utilization of C and DHA by zooplankton for growth,
via ingestion and absorption, is compared for the detritivorous
and microbial pathways in Figure 2 (parameters as in Table 2).
The detritus flux into the system, FD, was nominally set at
1mol C m−3 d−1, facilitating ease of analysis (everything is
normalized to an input of 1; there is no need to use an
observed value of FD in order to compare the relative merits
of the detritivorous and microbial pathways as a source of
nutrition for zooplankton). The supply of C via the detritivorous
pathway is plentiful whereas ingestion of C via the microbial
pathway is reduced by 97% because of C losses in trophic
transfer associated with the growth efficiencies of bacteria and
bacterivores (Figure 2A). Perhaps surprisingly, detritus is also
predicted to be the most plentiful source of DHA, with intake
of 0.21 mmol m−3 d−1 compared to 0.043 mmol m−3 d−1 via
the microbial pathway (Figure 2A). This is again a consequence
of the much diminished stocks of bacterivore biomass compared
to detritus and occurs despite the DHA:C ratio being more
than six times higher in bacterivores (1.4 in bacterivores versus
0.21 mmol mol−1 in detritus). Microbial biomass is, however,
absorbed with much higher efficiency than detritus (βZBH
= 0.72 versus βZC = βZDHA = 0.1) and so the difference
in substrate supply between the two pathways is diminished
post-absorption (Figure 2B). The absorbed quantity of DHA
is greatest following the microbial pathway (0.031 vs. 0.021
mmol m−3 d−1) whereas the amount of absorbed C remains
considerably lower than in the detritivorous pathway (0.022 vs.
0.1mol C m−3 d−1).

FIGURE 2 | Utilization of C and DHA by zooplankton following the detritivorous (ψB = 0; blue) and microbial (ψB = 1; orange) pathways: (A) ingestion,

(B) absorption, (C) growth. FD = 1mol C m−3 d−1; units of ingestion and absorption of C, and growth, are mol C m−3 d−1; units for ingestion and absorption of

DHA are mmol m−3 d−1. DHA is scaled to the optimum absorption ratio (Equation 10: see text).
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The growth of zooplankton depends not only on quantities
of absorbed substrates, but also on the net production efficiencies
for DHA and C, kZDHA and kZC respectively, as well as the DHA:C
ratio in biomass, θZ (Equations 7, 8). Note that the DHA axes
in Figure 2 are scaled to the optimal DHA:C ratio in absorbed
substrates (θ∗A = 0.70; Equation 10) so that the potential for
growth limitation by C or DHA can be determined by visual
comparison of the bar heights for a given trophic pathway. It
can be seen that predicted zooplankton growth following the
detritivorous pathway is limited by DHA (the blue bar for DHA

is lower than that for C in Figure 2B) whereas growth following
the microbial pathway is limited by C (the orange bar for C
is lower than that for DHA). Overall, the assembled parameter
set indicates that growth is greatest following the detritivorous
pathway, although themargin is small (0.011 vs. 0.008mol Cm−3

d−1; Figure 2C).
We used parameter sensitivity analysis to investigate the

circumstances under which predicted zooplankton growth is
greatest following the microbial pathway. Figures 3A,B illustrate
how chosen parameter values for zooplankton net production

FIGURE 3 | Sensitivity of predicted zooplankton growth to parameters θZ (zooplankton DHA:C ratio; mmol mol−1) and kZDHA (zooplankton NPE of

DHA) for the detritivorous and microbial pathways (panels A and B; the colored lines demarcate where the two planes intersect) and sensitivity to key

parameters associated with the two pathways: (C) detritivorous pathway, parameters θD (detritus DHA:C ratio) and βZDHA (zooplankton absorption efficiency for

DHA in detritus) and (D) microbial pathway, parameters θH (bacterivore DHA:C ratio) and ωB (B GGE). The two blue points indicate predicted growth following the

detritivorous pathway as shown in Figure 2, and the two orange points the corresponding predicted growth following the microbial pathway.
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efficiency for DHA (kZDHA) and the DHA:C in zooplankton
biomass (θZ) influence growth following the two pathways.
Zooplankton are DHA-limited in the detritivorous pathway
throughout the parameter domain (Figure 3A). Recent work
has shown that a range of aquatic invertebrates, including
marine zooplankton, catabolize essential PUFAs at high rates
(Mezek et al., 2010; Mayor et al., 2011, 2015; Maity et al., 2012)
in which case our default zooplankton NPE for DHA of 0.9
(Anderson and Pond, 2000; Mayor et al., 2009) may be too high.
Reducing the value of this parameter results in a proportional
lowering of predicted zooplankton growth, to the extent that the
detritivorous pathway becomes an inferior source of nutrition
relative to the microbial pathway (in areas of the plane shown
in Figure 3A that are lower than those of the corresponding
parameter space shown in Figure 3B). Increasing the DHA:C
ratio in the biomass of zooplankton, thereby increasing the
demand for DHA, likewise causes a decrease in predicted
growth following the detritivorous pathway. Growth following
the microbial pathway is, in contrast, relatively insensitive to
changing either kZDHA or θZ throughout most of the parameter
space because limitation is by C (Figure 3B).

Figures 3C,D show the sensitivity of zooplankton growth to
the absorption efficiency for DHA (βZDHA) and the detritus
DHA:C ratio (θD) for the detritivorous pathway, and bacterial
gross growth efficiency (ωB) and DHA:C ratio in protistan
bacterivores (θH) for the microbial pathway. Predicted growth
following the detritivorous pathway is limited by DHA and so
declines as this micronutrient becomes less available, either due
to decreased absorption efficiency and/or reduced availability in
detritus (Figure 3C). Our default value for the DHA:C of detritus
(θD = 0.21 mmol DHA mol C−1) is likely too high because the
samples upon which it is based were from a relatively shallow
depth and did not exclude microbes from the detrital matter
(see “Data sources” section), leading to overestimated growth
following the detritivorous pathway. We assumed that C and
DHA within detritus are absorbed by zooplankton with the same
efficiency (βZC = βZDHA = 0.1), i.e., these animals are unable to
selectively extract DHA from the detritusmatrix. If they were able
to do so, which is achieved in the model by increasing parameter
βZDHA while keeping βZC at 0.1, the detritivorous pathway then
becomes more profitable as a source of nutrition (Figure 3C).
Growth of zooplankton following the microbial pathway shows
no sensitivity to the DHA:C ratio in protistan bacterivores, except
when this ratio is very low (<0.7; Figure 3D) because, although
the bacterivores are a plentiful supply of DHA, limitation is by C.
Growth does, however, increase with increasing bacterial growth
efficiency because this results in more C being incorporated into
the microbial food web.

In summary, the sensitivity analysis presented in Figure 3

confirms the findings of Figure 2, showing the basic trade-off
facing detritivorous zooplankton: a choice between consuming
high quantity, low quality detritus via the detritivorous pathway
which leads to limitation by DHA, or a low quantity, high
quality protistan diet via the microbial pathway, with limitation
by C. The analysis of Figure 2 showed that, with the default
parameter set, the growth of zooplankton was greatest following
the detritivorous pathway. The trade-off choice of opting for

DHA-rich microbes (the microbial pathway) was less favorable
in this instance because the losses of C due to trophic transfer
in the microbial food web overrode the gains in greater DHA
availability. The sensitivity analysis showed that this situation
can easily be reversed by alteration of various parameter values,
leading to the microbial pathway being the superior source of
nutrition for zooplankton: predicted growth via the detritivorous
pathway decreased when the net production efficiency for DHA
(kZDHA) or the DHA:C in detritus (θD) are lowered, or when the
DHA:C of zooplankton biomass (θZ) was increased. Increasing
bacterial gross growth efficiency (ωB), which promotes protistan
growth, also reduced the relative effectiveness of the detrital
pathway. On the other hand, the detritivorous pathway became
a better source of nutrition if zooplankton were assumed to
selectively absorb DHA from detritus (increase in βZDHA relative
to βZC). We conclude that, given uncertainty associated with
these various parameters, it is currently impossible to say with
any certainty that either pathway will necessarily provide the best
source of nutrition for detritivorous zooplankton in the MPZ
of the ocean. The analysis has nevertheless highlighted that the
microbial pathway, i.e., trophic upgrading, has the potential to be
the best source of nutrition in many instances, based on results
for the combinations of parameters investigated in the sensitivity
analysis.

The analysis of the microbial pathway has thus far assumed
that 100% of bacterial losses are due to grazing by protistan
bacterivores (ψH = 1) and that bacteria do not therefore
contribute to the diet of detritivorous zooplankton. Decreasing
this parameter short-circuits the microbial food chain as fraction
(1-ψH) of bacteria are then consumed directly by zooplankton.
Taken to the extreme (ψH = 0), all bacteria go to zooplankton.
The effects of increasing the proportion of bacteria directly
ingested by zooplankton (0 ≤ ψH ≤ 1) on predicted ingestion of
C and DHA following the microbial pathway, and the resulting
zooplankton growth, are shown in Figure 4. Bacteria constitute
the base of the microbial food web and so direct access to this
food source (low values of ψH), rather than the bacterivores
one trophic level above, increases the C available to zooplankton
(Figure 4A). On the other hand, bacterial biomass has a low
DHA:C ratio and so the quantity of ingested DHA decreases as
the proportion of bacteria ingested by zooplankton increases (low
ψH ; Figure 4B). A point is reached, ψH = 0.78, where the supply
of C and DHA is optimal and growth is maximized (Figure 4C).
Growth is limited by C for ψH > 0.78 and by DHA for ψH

< 0.78, respectively. Increasing bacterial gross growth efficiency
(parameter ωB) supplies extra DHA and C via the microbial
pathway but does not influence the ratio of bacterial growth to
bacterivore growth in the microbial food web and therefore has
no effect on the optimum dietary intake of bacterial biomass
(ψH). Overall, the analysis of Figure 4 shows that C-limitation of
zooplankton growth via themicrobial pathway can be alleviated if
these animals are able to access bacteria directly as a food source.

We conclude our analysis of the model by moving away from
examining the detritivorous and microbial pathways in isolation
from each other, and look at zooplankton growth when the two
pathways are utilized simultaneously. In other words, rather than
examining the two end members, the detrital pathway (ψB = 0)
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FIGURE 4 | Sensitivity of zooplankton growth via the microbial

pathway to parameter ψH (the fate of bacteria: fraction ψH to

flagellates and fraction 1-ψH to zooplankton; standard value (Table 2)

is ψH = 1), for B GGE (parameter ωB) = 0.06, 0.12, 0.18: (A) ingestion of

C, (B) ingestion of DHA, (C) growth.

and microbial pathway (ψB = 1), growth is now shown for the
full range, 0 ≤ ψB ≤ 1 (Figure 5). The growth of zooplankton
is maximized when the diet consists of a mix of detritus and
protistan bacterivores, irrespective of the bacterivore DHA:C
ratio (θH). The growth of these copepods is limited by C to the
right of the optimum because of C losses in the microbial food
web, whereas limitation is by DHA to the left because of the low
DHA content in detritus. Increasing the bacterivore DHA:C ratio
offsets DHA limitation and thus increases the requirement for
C in detritus in order to achieve optimal nutrition (and so the
optimumψB shifts to the left). Assuming that the DHA:C ratio in
protistan bacterivores (θH) is 1.4 (Table 2), growth is maximized
when ψB is 0.76, indicating that the optimal diet is primarily
microbial.

DISCUSSION

A new model is presented and used herein to investigate
the nutrition of metazoan detritivores, specifically the trade-
off between consuming a diet of high-quantity, low-quality
detritus versus a low-quantity, high quality diet that is rich in
nutritious microbial biomass. The study focuses on the MPZ
of the open ocean and involves a stoichiometric analysis of
the growth of metazoan zooplankton with model currencies
of C, because of its role in structural biomass and energy
provisioning, and DHA, which is central to physiological
adaptations to the cold temperatures and high pressures typical
of the MPZ (Hazel and Williams, 1990). The model extends
our previous C-only flow analysis (Mayor et al., 2014) that
examined the potential gains that mesopelagic zooplankton stand
to make from promoting and subsequently harvesting microbial
growth via the fragmentation of large detrital particles, so-
called “microbial gardening” (Fenchel, 1970). The model here
was first used to compare the growth of zooplankton when
consuming a diet consisting solely of non-living detritus (the
“detritivorous pathway”) versus growth when consuming a

FIGURE 5 | Predicted zooplankton growth for 0 (pure detritivorous) ≤

ψB ≤ 1 (pure microbial pathway) and θH (DHA:C ratio in protistan

bacterivores) between 1.0 and 2.6 mmol mol−1.
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purely microbial diet (the “microbial pathway”). The microbial
pathway represents “trophic upgrading” (Klein Breteler et al.,
1999) of the non-living detrital substrate, i.e., consumption of
the community of micronutrient-rich protistan bacterivores that
colonize detritus, but which are present in low biomass because
of losses in trophic transfer within the microbial food web. The
conditions which maximize the growth of zooplankton were
subsequently examined, where both detritus and microbes are
utilized simultaneously in a mixed diet.

Our initial comparison of the two pathways, detritivorous
and microbial, showed that predicted zooplankton growth could,
at least in theory, be higher on the former (Figure 2). The
nutritional benefits of consuming microbes were offset by the
increased potential for zooplankton to be limited by food
quantity (C). We assumed that zooplankton only had access
to the protistan bacterivores in our baseline calculations, with
no consumption of bacteria. The movements of motile protists,
such as the myriad flagellates that colonize sinking marine
detritus (Patterson et al., 1993; Turner, 2002), indicate that they
should be readily detected by mechanoreceptors that are typical
to copepods (Kiørboe, 2011). If zooplankton consume a diet
consisting of protistan bacterivores, much of the detrital C is lost
to bacterial and protistan respiration within the particle-attached
microbial loop (Azam et al., 1983). This facet of the model
underscores the need to understand the dynamics of microbial
food webs and their interaction with higher trophic levels.

The limitation of zooplankton growth by food quantity (C)
following the microbial pathway can be alleviated if direct
ingestion of bacteria is possible. This short-circuits the microbial
loop, removing losses of C through protistan respiration, but also
lowering the DHA content of the ingested ration because the
DHA:C content of bacterial biomass is considerably lower than
that of their protistan predators (see Data Sources section). The
potential for limitation by DHA therefore becomes more acute
under this scenario, although the optimum ratio between the size
of copepods of their prey (18:1; Hansen et al., 1994) suggests
that direct and deliberate ingestion of bacteria by zooplankton
(0.1-1 mm) is unlikely. Another possible short circuit of the
microbial pathway occurs if the protists in our model are allowed
to directly consume detritus (e.g., Poulsen et al., 2011). This
shortening of the food chain between detritus and zooplankton
via the microbial pathway is more favorable for zooplankton
growth, relative to the bacteria short circuit, because the protists
are rich in DHA. It follows that understanding the efficiency and
structure of the microbial loop, and the trophic level at which
detritivorous consumers interact with this food web, are both
crucial for the development of quantitative models to explore the
biogeochemistry of detrital ecosystems.

Further exploration of the model involving parameter
sensitivity analysis highlighted a range of conditions where the
microbial pathway is more favorable than the detritivorous
pathway as a source of zooplankton nutrition. Increasing
bacterial growth efficiency beyond its standard value of 0.12
is perhaps the most obvious way to achieve this, thereby
directly increasing the flow of C into the microbial food web.
Reported BGEs are highly variable and often very low (Steinberg
et al., 2008). The stoichiometric prediction of zooplankton

growth also depends heavily on the DHA:C ratios in seston
used in the calculation. These are not well known for the
MPZ. Our default value for the ratio in detritus may be
somewhat high because the underlying data were derived from
measurements in the upper MPZ using methods that did
not distinguish between detritus and the associated detrital
community (see Data Sources section). Decreasing this ratio,
or increasing the DHA:C ratio in zooplankton biomass, both
lead to the microbial pathway becoming more favorable than
the detritivorous pathway. A further assumption in the model
parameterization is that zooplankton can utilize DHA with high
efficiency (kZDHA = 0.9; Table 2), i.e., this essential micronutrient
is solely required for physiological adaptations and is not
used for energy generation (Anderson and Pond, 2000; Mayor
et al., 2009). Recent observations suggest, however, that at least
some marine copepods have high metabolic demands for DHA
and other PUFAs (Mayor et al., 2011, 2015) and thus utilize
these compounds with relatively low efficiency. Lowering the
assumed efficiency with which DHA is utilized increases the
demand for this essential fatty acid and so is another way
of increasing the potential for the microbial pathway to be a
superior source of nutrition to the detritivorous pathway. We
are unaware of any data that specifically relates to the demands
for DHA or other micronutrients in mesopelagic copepods and
call for observations and experiments that may generate such
information.

The idea that microbes support the growth of higher
trophic levels is not new. An early study found that a
detritus-consuming amphipod, Parhyalella whelpleyi, obtains
its nutrition from the associated microbial communities, the
non-living plant residue passing undigested through the gut
(Fenchel, 1970). Stream invertebrates have also been observed
to preferentially feed on leaves that have been colonized and
“conditioned” by microorganisms (Kaushik and Hynes, 1971;
Bärlocher and Kendrick, 1975). The nutritional environment
facing detritivores has been likened to humans eating peanut
butter and crackers (Cummins, 1974), microbial biomass being
akin to the nutritious peanut butter spread on the indigestible
crackers. Following on from this early work, a number of
studies have since shown microbial biomass to be a potentially
important source of nutrition for invertebrates in a range of
systems including deposit-feeding mayflies (Edwards and Meyer,
1990; Hall and Meyer, 1998), leaf shredders (Connolly and
Pearson, 2013), benthic polychaetes (Gontikaki et al., 2011),
earthworms (Larsen et al., 2016) and other soil animals including
collembolans, mites, woodlice and centipedes (Pollierer et al.,
2012; Lemanski and Scheu, 2014). Recent observations have even
revealed potentially important trophic linkages between detritus-
associated microbes and vertebrates such as fish (e.g., Choy et al.,
2015). Given the global importance of heterotrophic protists in
the MPZ of the ocean (Pernice et al., 2015) and their role in
biosynthesizing essential micronutrients such as DHA (Zhukova
and Kharlamenko, 1999), we suggest that these organisms are
highly likely to feature in the diets of metazoans that reside in
this habitat.

Analysis of zooplankton ingesting a mixture of pure detritus
and protistan biomass (Figure 5) showed that it may be that
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the optimal diet involves utilization of both the detritivorous
and microbial pathways in combination, with C supplied by
the former balanced by DHA from the microbes. The predicted
optimal diet using the standard parameter set (Table 2) contained
a strong microbial component (the detritivorous and microbial
pathways contributed 24 and 76% respectively to nutrition;
ψB = 0.76). The analysis thus demonstrates the potential for
protistan biomass to be the primary, if not the sole, part of the
diet of metazoan zooplankton (Mayor et al., 2014), although
this result is of course subject to the uncertainties in predicted
growth highlighted by the parameter sensitivity analyses shown
in Figures 3, 4. Both our study and that of Mayor et al. (2014)
achieve this result, at least in part, because they are underpinned
by the assumption that energy and nutrients within detritus are
absorbed with much lower efficiencies than those in microbial
biomass, i.e., flagellates and other soft bodied protists are more
easily digested than detrital particles consisting of refractory
compounds such as cellulose and chitin. We are unaware of
any empirical data to directly verify this assumption, but it
is supported by the conspicuous absence of flagellate remains
in the guts and feces of zooplankton (reviewed by Turner,
2002), despite their long-since acknowledged significance as prey
items (Stoecker and Capuzzo, 1990). We further reason that it
is likely harder for zooplankton to digest and absorb detrital
material, particularly as particles sink deeper into the oceans
interior, because it is continuously reworked and repackaged by
heterotrophic organisms that strip out anything of energetic or
nutritional value (Podgórska and Mundryk, 2003; Wilson et al.,
2008). The effects of this stripping are manifest as declining
particulate concentrations of nitrogen and micronutrients such
as fatty acids and amino acids with increasing water depth
(Wakeham et al., 1997; Fileman et al., 1998; Schneider et al.,
2003). An improved knowledge of the efficiencies with which
mesopelagic zooplankton process different food items is required
in order to further our quantitative understanding of the flows
of energy and organic matter in detrital food webs. This is a
particularly challenging task, potentially requiring the need for in
situ experiments that determine absorption efficiencies and food
preferences for a range of detritivorous invertebrates.

Evolving the means for internal digestion of recalcitrant
organic compounds represents a stark alternative to encouraging,
or even allowing, microbial growth on external particles of
detritus. Recent work on terrestrial detritivores has highlighted a
plethora of intricate relationships between invertebrates and their
microbiome that facilitate the internal digestion of lignocellulose
and other refractory molecules (König and Varma, 2006). In
termites, for example, digestion of refractory material is achieved
through symbiotic relationships with both bacteria and flagellates
(Bignell et al., 2011; Brune, 2014). Relationships of this kind
typically require the presence of one or more enlarged gut
compartments to house specific microbial communities that
carry out fermentation under anoxic conditions (Plante et al.,
1990), such as the voluminous hindgut paunch observed in
termites (Brune and Dietrich, 2015). The apparent absence
of specialized gut structures in copepods commonly found
in the mesopelagic, e.g., Oithona spp. and Oncaea spp., and
their small size (≤1 mm) relative to typical detritivorous

invertebrates on land (>10 mm), suggest that internal digestive
symbioses are not particularly prevalent inmidwater crustaceans.
Indeed, the conspicuous difference in size between detritivorous
invertebrates in terrestrial and mesopelagic ecosystems may arise
because the evolutionary pressures to remain small (Kiørboe,
2011) outweigh the need for internal microbially-mediated
fermentation in particle-collecting marine zooplankton. More
effort is required to identify the internal microbiome of
mesopelagic copepods and understand its physiological roles.

Marine detritivorous zooplankton, includingOithona, contain
significant levels of DHA (Kattner et al., 2003; Pond and Ward,
2011) and numerous studies have highlighted the physiological
roles of unsaturated fatty acids in adaptations to temperature
and pressure (Cossins andMacdonald, 1989; Hazel andWilliams,
1990; Pond et al., 2014). It was assumed that detritivorous
invertebrates in our model have physiological requirements for
DHA that cannot be met by endogenous biosynthesis, either
by the copepods or their internal microbiome, i.e., DHA is
an essential micronutrient. The potential for endogenous DHA
biosynthesis in detritivorous copepods, by contrast, remains
equivocal. Work on benthic copepods suggests that these animals
may be capable of elongating shorter-chain PUFA [e.g., 18:3(n-
3)] into DHA (Norsker and Støttrup, 1994; Nanton and Castell,
1998; De Troch et al., 2012), but this is not the case for epipelagic
zooplankton (Bell et al., 2007). Terrestrial invertebrates are
reported to obtain essential micronutrients such as amino acids
and fatty acids via their biosynthesis by gut microbes (e.g.,
Sampedro et al., 2006; Brune, 2014) but the extent to which
this occurs in marine invertebrates remains unclear (Plante
et al., 1990; Harris, 1993). The guts of marine copepods are
known to harbor bacteria (Sochard et al., 1979), some of
which show potential for PUFA biosynthesis (Jøstensen and
Landfald, 1997), but their actual role(s) within these organisms
remains poorly understood. Indeed, we can find no clear
evidence that marine copepods are capable of endogenous
DHA biosynthesis in the absence of pre-cursor PUFAs, as
we propose would be necessary for mesopelagic copepods
consuming refractory detritus alone. New information on the
source(s) of DHA and other micronutrients in mesopelagic
detritivores will provide useful insight into the ecology and
biogeochemistry of their habitat. Advances in this area may arise
from examining the isotopic signatures of specific micronutrient
compounds in detritivores and comparing these to the values
found in autotrophic producers and mesopelagic detritus.
Improved understanding of the biosynthetic capabilities of
animals from the mesopelagic and the significance of internal
microorganisms, potentially arising through the application
of genomic, transcriptomic and metabolomic techniques, will
further help resolve this knowledge gap.

In conclusion, our results indicate that ingesting nutrient-
rich microbial biomass potentially represents a beneficial strategy
relative to consuming refractory detritus, despite the considerable
losses of C due to the inefficiency of the microbial loop.
Overall, our work has highlighted how little we know about the
physiology of the organisms within detritivorous food webs and
hence how and why they interact with organic matter and the
wider ecosystem. “Despite their global distribution and essential
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roles in nutrient cycling, microbial decomposers are among the
least known organisms in terms of elemental concentrations
and stoichiometric relationships” (Danger et al., 2016). We
suggest that better understanding the ecology and physiology of
organisms in the mesopelagic is urgently required if we are to
develop mechanistic biogeochemical models of this important
ecosystem.
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