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Trait-based approaches to investigate (short- and long-term) phytoplankton dynamics
and community assembly have become increasingly popular in freshwater and marine
science. Although the nature of the pelagic habitat and the main phytoplankton taxa and
ecology are relatively similar in both marine and freshwater systems, the lines of research
have evolved, at least in part, separately. We compare and contrast the approaches
adopted in marine and freshwater ecosystems with respect to phytoplankton functional
traits. We note differences in study goals relating to functional trait use that assess
community assembly and those that relate to ecosystem processes and biogeochemical
cycling that affect the type of characteristics assigned as traits to phytoplankton taxa.
Specific phytoplankton traits relevant for ecological function are examined in relation to
herbivory, amplitude of environmental change and spatial and temporal scales of study.
Major differences are identified, including the shorter time scale for regular environmental
change in freshwater ecosystems compared to that in the open oceans as well as the
type of sampling done by researchers based on site-accessibility. Overall, we encourage
researchers to better motivate why they apply trait-based analyses to their studies and
to make use of process-driven approaches, which are more common in marine studies.
We further propose fully comparative trait studies conducted along the habitat gradient
spanning freshwater to brackish to marine systems, or along geographic gradients.
Such studies will benefit from the combined strength of both fields.

Keywords: algae, functional traits, ocean, lake, biogeochemistry, community assembly

INTRODUCTION AND SOME HISTORY OF TRAIT-BASED
APPROACHES IN PHYTOPLANKTON ECOLOGY

Phytoplankton has been studied for a very long time, starting with the description and identification
of the diverse plethora of species. The linkage between phenotypically-based taxonomy and
evolutionary history led to an initial scientifically sound categorization. Since a number of traits are
linked to phylogeny, this phylogenetic categorization inherently incorporated a (weak) trait-based
component (Bruggeman, 2011; Narwani et al., 2015). Moreover, long before trait-based approaches
became popular, what are currently considered phytoplankton traits (e.g., edible or motile)
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were commonly referred to, without explicitly using the term
“trait.” A good example is the conceptual narrative PEG model
for seasonal lake plankton community succession that emerged
as early as the 1980s (Sommer et al., 1986). This oft-referred
to lake model is essentially trait-based, without using the term
trait. The roots of trait-based thinking about phytoplankton
are in Ramon Margalef ’s original work describing the “life-
forms” and “functional morphologies” favorable to remaining
in the water column under different nutrient conditions,
irrespective of whether one considers freshwater or marine
environments (Margalef, 1978). Margalef ’s Mandala, as it has
become known, underlies much thinking on phytoplankton
community assembly based on traits. Margalef ’s thinking formed
a strong undercurrent in the pillar of the development of
trait-based approaches to phytoplankton community assembly
in freshwaters. Subsequently, in the 1980s, Colin Reynolds
established a functional classification of lake phytoplankton
assemblages based on observations from field data (summarized
in Reynolds, 1997 and elaborated further in Reynolds et al., 2002).
Using this classification scheme, characteristic phytoplankton
communities comprised of key species were identified and
related to specific environmental conditions, including season,
lake trophy, lake morphometry, light availability. Within
each assemblage, functionally different groups were usually
represented, demonstrating that for a particular environment,
complementarity through different ecological strategies or trait
combinations enable thriving communities. It is from these
sources that the application of trait-based thinking and theory
with respect to phytoplankton has its roots, and from which it
is currently rapidly expanding.

PHYTOPLANKTON TRAIT TYPES

Traits for phytoplankton have been fairly well-explored and
described for both marine and freshwater ecosystem types.
In freshwaters, the focus has been on lake phytoplankton,
and the conceptual link back to Reynold’s earlier work on
functional groups (see previous section) can be directly traced
in many cases. There are now essentially two schools of thought,
although they are highly related. One “explicitly” defines traits
as categorical, nominal or continuous and the other groups
organisms by morphometric features into functional groups
sometimes called “morphospecies,” continuing more directly
Reynold’s classification. The first is common to both marine
and freshwater studies while the morphospecies classification
has been more commonly used only in freshwater studies, likely
owing to the tradition of studying seasonal succession in these
environments and less focus on biogeochemical cycling that
preclude the need for high quality physiological processing rates.

Explicitly-Defined Traits
Using explicitly defined traits lends itself well to the estimation
of functional diversity indicators (such as functional dispersion,
richness, diversity and evenness; Weithoff, 2003; Villéger et al.,
2008; Laliberté and Legendre, 2010) as well as community
weighted means to characterize functional composition of

communities (e.g., Beisner and Longhi, 2013; Moser et al.,
2017). It also enables the examination of trade-offs between
different continuously measured traits such as those associated
with nutrient uptake and storage (Litchman et al., 2007;
Edwards et al., 2012). All of these indicators are relevant to
questions of competitive interaction between phytoplankton,
interaction with predators, and thus community assembly.
Explicitly-defined traits will also characterize ecosystem
functioning, including processes such as primary production,
trophic transfer (biomass) and nutrient cycling and this has
been addressed mainly in studies relating biodiversity to
ecosystem function (BEF studies) (e.g., Zwart et al., 2015;
Abonyi et al., 2018).

Generally, trait matrices are created for communities of
interest whereby each species is characterized by a series of
explicit traits. The traits used reflect both functions related
to resource acquisition (bottom–up processes) and predation
(top–down processes). In the explicit framework, commonly
used traits are classified by type (Litchman and Klausmeier,
2008) as follows:

First: Morphological: size, biovolume, mucilage
presence/absence, biological form (unicellular/colonial/
coenobium/sincoenobium/filament/chains).
Second: Physiological: (a) presence/absence of silica
demand, heterocysts (N2-fixation), mixotrophy, toxin
production, resting stages; (b) dominant pigment
type; (c) nutrient and/or light uptake parameters; (d)
temperature optima.
Third: Behavioral: presence/absence of flagella, aerotypes.

Generally many of these traits are based on literature or
expert knowledge to classify traits, although many gaps still exist.
There are new and evolving techniques to fill the data gaps on
traits, mainly through the use of phylogenetic relationships (e.g.,
Bruggeman, 2011).

An important potential drawback with this approach, that
assigns static traits to species, is that the actual expression of
traits in phytoplankton may depend heavily on local (spatial and
temporal) environmental conditions (but see section “Study of
Communities vs. Selected Taxonomic Groups” on phenotypic
plasticity). However (Violle et al., 2007), based on trait-based
approaches in plants, argue that traits should be measurable
on individuals independently of the environmental conditions.
It is clear that such arguments do not necessarily apply in
the case of the short-generation time and fast response times
characteristic of phytoplankton. Notably, phytoplankton traits
related to physiology may not always be expressed to the same
degree, nor even active at all– for example classifying a species as
a nitrogen-fixer does not characterize temporal variability in this
trait that may occur in a changing environment. The next step
in functional trait consideration of phytoplankton communities
will be to better characterize in situ trait expression using genetic,
biochemical or physiological probes. The challenge is doing so at
the community level for the wide range of phytoplankton taxa
and cells potentially present.
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Morphospecies Classification
This approach is also commonly used, mainly in freshwater
ecosystems in which it has roots (Reynolds et al., 2002),
specifically in Reynolds (1997) trait-based “response
group” classification of lake phytoplankton. Response
group classification was based largely on how communities
changed reliably year-to-year during seasonal succession.
The morphospecies approach in particular counts, among
other things, on the fact that shape (including size) affects
buoyancy, uptake parameters and predator handling time
and thus simplifies the original classification proposed by
Reynolds (1988).

Morphospecies classification assumes that the empirical
observation of the morphology of phytoplankton community
constituents reflects the environmental and biotic interaction
constraints on the community as well as the physiology
of the organisms. It relies heavily on the idea that the
morphometry of taxa reflect their autecology (physiology and
functioning) (Kruk et al., 2010). Thus, like the response
group approach of Reynolds (1988, 1997), it differs from
the explicit trait approach in that it considers trait-mediated
effects that arise from species interactions (by empirically
assessing group composition) (Abonyi et al., 2018). Summarily,
clusters of taxa based entirely on morphological features can be
defined statistically and should represent meaningful functional
phytoplankton groups.

In many ways, the original morphospecies classification
resembles a reduced version of the explicitly-defined traits (Kruk
et al., 2010). It was based originally on nine morphological traits
including many that overlap with the previous classification:
volume, maximum linear dimension, surface area, and the
presence of mucilage, flagella, gas vesicles (or aero-topes),
heterocysts or siliceous exoskeletal structures. Essentially, what
is not found explicitly in the morphospecies approach is any
explicit reference to physiological parameter rates – these are
assumed (and were shown by Kruk et al., 2010) to be correlated
with the morphological traits and group classification. The
other difference from the explicitly-defined trait approach, is
that instead of creating a species x trait matrix, then used
to estimate functional composition or diversity, the focus
here is on creating morphologically based functional groups
(MBFGs) using clustering techniques. The groups thus created
can then be related to environmental gradients or ecosystem
functioning. In this approach, a potential short-coming however
is the need to translate these morpho-groups into fitness
(Naselli-Flores and Barone, 2011).

“Master” Traits
There has been a large focus on cell or body size as a
“master” trait – so-called because of the large number of
physiological and morphometric features that are regulated
by body size. Also feedbacks with the environment are
related to body size, as evident in the metabolic theory of
ecology (e.g., Brown et al., 2004), which demonstrates the
theoretical link between body size and ecosystem processes.
Furthermore, it is recognized that body size and body size
distribution (e.g., biomass size spectra) in phytoplankton

communities can reflect many environmental factors such as
vertical water dynamics and depth, trophic state, predation,
and factors affecting growth (reviewed in Mouillot et al., 2006;
Litchman and Klausmeier, 2008). It should be noted that
the use of biomass size spectra has a long history in both
marine and freshwater plankton studies: with older studies
usually focused on estimating food web transfer efficiencies
(e.g., Kerr, 1974; Gaedke, 1993; Sprules and Goyke, 1994)
and not to prediction of other functional traits important
for community assembly within specific groups like the
phytoplankton themselves. More recent work has directly
considered the relations between size spectra and effect traits
such as nutrient recycling rates and in response to environmental
conditions in aquatic ecosystems (e.g., Rodríguez et al., 2001)
as is currently done in more explicit trait-based approaches.
In phytoplankton body size is usually estimated as cell size
along the maximum linear dimension (abbreviated as MLD
or GALD: greatest axial linear dimension). The use of cell
size is common to both the explicit trait and morphospecies
frameworks and lends itself well to ecosystem modeling
(e.g., Acevedo-Trejos et al., 2016).

Elemental stoichiometry of phytoplankton cells could
be considered a type of “master trait” because, like size,
these relationships are subject to biophysical rules that link
growth rates with environments, food web interactions
and thus biogeochemical cycles (Finkel et al., 2010). This
consideration stems originally and largely from marine studies
of phytoplankton (Finkel et al., 2010; Litchman et al., 2015), in
large part due to the longer focus on biogeochemical cycles and
feedbacks with phytoplankton (e.g., Follows and Dutkiewicz,
2011). Phytoplankton taxa have distinct stoichiometric ratios in
both the macronutrients (e.g., C:P, N:P), but also in relation to
micronutrients such as Cu, Fe, Zn, Co, Cd, and Mn; relationships
that have evolved over time (reviewed in Litchman et al., 2015).
Because of the strong potential effect of changes in stoichometry
that would accompany changes in phytoplankton communities
driven by environmental factors (other than biogeochemical
ones), it is argued that the stoichiometric properties or traits
of altered communities could inform on how biogeochemical
processes are likely to be altered.

More recently, and in a different context, an interest
in using phytoplankton to produce biofuel has lead to a
fuller investigation of the stoichiometric traits in freshwater
phytoplankton as well (Shurin et al., 2013, 2014). The goal
has been to optimize long-term culture conditions for
commercial-grade algal biofuels through the manipulation
of C:N:P ratios that best optimize desired phytoplankton
biomass production based on organismal requirements
(stoichiometric traits).

Other Trait Types
There are a series of other trait types being developed, some
focusing on more aggregate properties of communities (i.e.,
defined at the community and not individual level) and others
focussing directly on the many individual phytoplankton present
in a community. We will describe these briefly working from the
aggregate community to the individual level.
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Remotely-Sensed Traits
In marine ecosystems, researchers have begun to use optical
properties measured from satellites to estimate overall
phytoplankton community structure. Essentially, from MERIS
wavelengths, bio-optical traits (BOTs) have been derived to
characterize phytoplankton functional types (PFTs) (Aiken et al.,
2007, 2008). Such PFTs can then be linked to the global carbon
cycle using bio-mechanistic models (Aiken et al., 2008). As
with other trait-based methods, estimating the functional type
(PFT) from remotely sensed oceanographic data requires that a
specific BOT exist for each taxon. Bio-optical traits are derived
more specifically from a suite of variables: Chl-a concentration;
accessory pigments (Chl-b, Chl-c, carotenoids, phycobillins);
pigment ratios (TChl-a/AP, TChl-a/TP, PPC/TC); phytoplankton
absorption at 443 nm (aph443), and the spectral slope of aph.

Pigments as Traits
Using high performance liquid chromatography (HPLC), it is
possible to characterize phytoplankton communities by their
pigments (e.g., Zhao and Quigg, 2014). Post-processing of HPLC
results enables observation of changes in communities in terms
of often highly phylogenetically conserved pigment groups.
Because taxa with different pigments respond differently to the
light environment, their pigment profiles can be considered as
functional traits.

Cell Chemotyping for Macromolecular Traits
This method relies on the fact that there are conserved
strategies in energy and C partitioning amongst phytoplankton
species that can then be used to characterize their growth rate
traits. Cell chemotyping can be done using Fourier transform
infrared (FTIR)-spectroscopy to obtain biochemical signatures
in phytoplankton cells (Fanesi et al., 2017). In this study, the
authors demonstrated that the macromolecular (FTIR absorption
peaks of proteins, lipids, carbohydrates, and phosphorylated
compounds) composition of phytoplankton cells was able to
better characterize details of cell physiology related to growth
rates. In this way, a common set of physiological traits can be
used to define species and it has the potential to apply to in situ
estimates of functioning of cells, even in dynamic environments.

Scanning Flow Cytometry Traits
Another recent method applies to characterizing individual cells
in a community, rather than assigning traits to all individuals
in the same taxon. Thus, the focus is on intra-specific variation.
The idea is to scan communities using flow cytometry to obtain
a series of parameter estimates (traits) for all individual cells
present in a community (Fontana et al., 2014). These traits
characterize morphology (length, area) as well as fluorescence
characters (chlorophyll a, accessory and degraded pigments) on
the individual level, thereby allowing for intra-specific variation
in these traits to be estimated.

Trait Concept Standardization
To better integrate the various ways in which traits have been
defined and used for phytoplankton, recent developments have
been underway to better harmonize data and allow for its

interoperability (e.g., exchange between computer platforms or
software). In particular the development of thesauri is occurring
generally in ecology, to standardize the semantic properties
for trait labels, including their definitions. For phytoplankton,
the PhytoTraits thesaurus has recently been created1 (Rosati
et al., 2017). This thesaurus creates a standard definition of
phytoplankton traits and their measurements that will permit
better data integration across studies. A thesaurus ensures
the integration amongst different datasets that use different
terms for the same concept (for example biomass, weight, or
dry weight; Rosati et al., 2017). Thesaurus construction uses
eco-informatics approaches to acquire, integrate and analyze
trait terms, developing a standard terminology or “controlled
vocabulary” to which the scientific community can refer. Each
term or concept obtains its own Uniform Resource Identifier
(URI that is a unique, persistent internet label). New terms can
then be added to thesauri such as PhytoTrait via a portal and
traits labeled differently but referring to the same concept can be
identified and properly classified.

Traits Used in Marine and Freshwater Research
Due to the similar nature of marine and freshwater habitats,
relevant phytoplankton traits are also very similar between
marine and freshwater species. The master trait size is commonly
used independently of the habitat under consideration, being
a unifying trait (Litchman and Klausmeier, 2008). Other, less
frequently used traits, are resource use traits, e.g., nitrate
acquisition (N-fixation), mixotrophy or traits related to light
harvesting (Barton et al., 2013; Edwards et al., 2013). In
freshwater studies, size is often expanded to a more complex
measure of shape, taking morpho-functional differences between
species into account (e.g., Kruk et al., 2010), often in combination
with phylogenetic/taxonomic relatedness (Huszar and Caraco,
1998; Cellamare et al., 2013; Segura et al., 2013). In studies
investigating the vertical structure of lakes, the pigment
composition (Beisner and Longhi, 2013) and the motility of cells
(by gas vacuoles or flagella) are further relevant traits (e.g., Pomati
et al., 2012), likely less important in the well-mixed surface layer
of the open ocean.

LITERATURE SURVEY

To better compare how trait-based approaches have been used
in phytoplankton ecological research in marine and freshwater
studies, we performed a literature search using the criteria
“phytoplankton” AND “trait∗” in the Web of Science (Clarivate
Analytics) on March 7, 2018. A total of 631 entries matched
our criteria; the oldest one is from 1976 (Vladimirskaya et al.,
1976), taking 15 years until the next papers appeared. From
that point onwards, the number of contributions increased
rapidly with a total of 243 papers published in 2015–2017 on
phytoplankton and trait∗. We discarded > 300 papers from
our subsequent analysis because the term trait was not at all
related to phytoplankton or because the study did not fit into

1http://thesauri.lifewatchitaly.eu/PhytoTraits/index.php
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the context of phytoplankton trait-based ecology. Another ca.
150 were also removed because of a lack of a community
context, dealing with only a single trait or a single species,
or a particular measurement technique. A total of 150 papers
remained and these were grouped into marine or freshwater
(lakes and rivers) studies, then classified according to study
type (field observational surveys, experimental, mathematical
modeling and conceptual/review) and according their research
question (community assembly, response to environmental
change or relations with biogeochemical cycling). A substantial
number of the papers could not assigned clearly to each
category, because research questions were overarching or the
themes were only loosely related to our categories. Thus, the
exact numbers we present are debatable, but they do indicate
some overall tendencies. From the subset of 150 articles, we
found an almost equal share of marine (67) and freshwater
(76) studies (Figure 1 and Table 1). Furthermore, there
were several modeling or conceptual/review studies that were
either not specific to one habitat type or explicitly dealt with
both. Grouping these articles into field surveys, experimental,
mathematical modeling and conceptual/review studies, it became
obvious that experimental studies were underrepresented, while
field surveys and mathematical modeling studies dominate the
literature. Mathematical modeling studies were more commonly
applied to marine ecosystems, while field studies were more
often conducted in freshwater studies. This might reflect the
accessibility and higher sampling frequencies of freshwater
sites, but also the goal of the respective studies (see section
“Comparing Freshwater and Marine Trait Studies: Assembly
vs. Biogeochemistry”). This literature survey better enabled us
to determine the different ways in which traits have been
incorporated into the study of phytoplankton ecology in both
freshwater and marine environments, which we now elaborate
with some examples.

STUDY OF COMMUNITIES vs.
SELECTED TAXONOMIC GROUPS

Trait-based phytoplankton studies generally consider either the
whole community or focus on responses in certain phylogenetic
groups such as the diatoms or other major phyla. Whole
community studies from freshwater sites typically analyze
seasonal dynamics or a component of temporal variation, such
as the spring bloom, using classical phylogenetic (taxonomic)
approaches. A trait component, such as cell size as a master trait,
or some measures of functional diversity based on functional
traits is sometimes added to broaden the view. However, such
studies do not focus on a trait-based approach per se making it
difficult to group them unambiguously into our categories.

Another aspect in community studies is the analysis of spatial
(mostly vertical) differences in communities from stratified
environments (e.g., Longhi and Beisner, 2010; Santana et al.,
2017). Often the response to environmental changes or a detailed
analysis of the traits within a particular taxonomic group
(representing a particular set of traits) has been the focus. For
example, diatoms represent a phylogenetic group common to

FIGURE 1 | Results of the literature search using “phytoplankton” AND
“trait∗.” From a total 631 articles, 150 were selected that used a trait-based
approach to study phytoplankton ecology. The remaining studies were
assigned to four different types according to their predominant approach and
according to ecosystem type. The conceptual/review articles were often not
specific to a habitat type, so no further distinctions were made.

both marine and freshwater studies. They are abundant in lakes,
rivers and oceans alike, and play an important role in food webs
and the biogeochemical cycles. As a result, their trait distribution
and the consequences for diatom dynamics have been commonly
studied in both ecosystem types (e.g., Terseleer et al., 2014;
B-Béres et al., 2017; Taherzadeh et al., 2017). Diatoms come with
the added advantage that they preserve in sediments and can
thus be the focus of longer-term paleo-limnological or paleo-
oceanographic analyses (Smol et al., 2005; McKay et al., 2012).
In marine studies dinoflagellates and coccolithophores represent
other target groups. For dinoflagellates, important traits relate
either to toxin production or to mixotrophy, for coccolithophores
relevant traits relate to the tolerance to ocean acidification (see
section “Genotypic Trait Plasticity”).

TRAIT VARIABILITY: GENOTYPIC vs.
PHENOTYPIC

An important, though often neglected, aspect in the
quantification of traits is the phenotypic and genotypic plasticity
of traits. Plasticity or trait variation is difficult to measure, but
it is important for the parametrization of mathematical models
and for the understanding of community processes on timescales
relevant for phytoplankton ecology.

Phenotypic Trait Plasticity
Many traits can vary substantially according to environmental
conditions. While some traits can be measured on individuals
(e.g., body size), some are more amenable to measurement at
the community level, representing the average of a population of
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TABLE 1 | Summary of the focus of the 73 trait-based studies examining entire (or a majority of groups within) phytoplankton communities.

Research perspective Marine Freshwater Marine/freshwater Estuaries

Effects of the environment on trait assembly or dynamics 8 29 1 3

Trait interactions on community structure or dynamics 7 6 3 0

Traits on ecosystem function or its biogeography 8 3 2 0

Other topics 1 1 1 0

Total 24 39 7 3

Note in some studies, the focus could not clearly assigned to one of the categories.

individuals, such as nutrient ratios or physiological traits. Size,
as a master trait (see section “Phytoplankton Trait Types”), is
related to many ecological processes, but it can also be highly
variable. To account for cell size variation within a phytoplankton
population or community and over extended periods, modern
techniques now exist, although not regularly utilized to assess size
variation, including flow cytometry or related systems that also
provide images (e.g., Flow-CAM, CytoBOT).

Body size variation, in addition to being easy to measure,
is ecological very relevant in phytoplankton and thus often
considered in ecological studies. For example, because
zooplankton herbivory is often size-selective, a selective
pressure on distinct prey size classes is introduced, thereby
changing the size distribution of a population or community
(Sommer et al., 2001; Lewandowska et al., 2014). Furthermore,
in freshwater ecosystems, it has been observed that the mere
presence of the herbivore Daphnia, can induce changes in
the colony size of their algal prey driven by kairomones, even
without any herbivory (Hessen and VanDonk, 1993). In another
example, the physiological status of phytoplankton cells can
also drive their body sizes and thus the variation observed in a
population or community: during the regular cell growth cycle
the size of the cells might vary by a factor of two or even more
(Massie et al., 2010). With increasing nutrient limitation, the
cell cycle arrests at a certain limiting nutrient concentration
and it continues only under nutrient replete conditions, which
may synchronize a population’s cell size to a smaller value
(Massie et al., 2010). Body size in diatoms is a particularly
interesting case of size variation. Diatoms reduce their average
cell size through progressive population growth, because after
cell division the newly-built theca is formed from the inner
(smaller) part of the mother theca leading to a continuous
cell size reduction of one of the daughter cells (Lee, 1999).
Associated to a smaller body size is an increase in the surface to
volume ratio, facilitating the nutrient uptake per unit of volume
(Reynolds, 1997).

Physiological traits also vary in response to environmental
changes. A common strategy is the optimization of resource use
efficiency. This includes an increase in chlorophyll-a or other
photosynthetic pigments by phytoplankton cells to better collect
photons at low light availabilities or spectral discontinuities
(Richardson et al., 1981; Falkowski and LaRoche, 1991). Another
example is the production of the enzyme nitrogenase under
nitrogen limiting conditions, which enables the fixation of
elementary nitrogen. An increasing nitrogenase activity is
typically found with increasing duration of nitrogen-depleted
conditions (e.g., Paerl, 1988).

Genotypic Trait Plasticity
Traits and trait values not only vary in response to environmental
factors but also among different genotypes within a population.
Information on genotypic trait variation is surprisingly rare
and often stems from research in other fields than trait-
based ecology. We can draw on several examples involving
phytoplankton. First, with respect to toxicity, different strains
of potentially toxic algae have been analyzed to understand the
mechanisms and physiological costs behind toxin production. In
marine habitats, dinoflagellates (e.g., Alexandrium) are the most
prominent toxic group, while cyanobacteria (e.g., Microcystis and
others) are the main toxin producers in freshwaters. Within one
species, the ability and magnitude of toxin production among
different strains varies considerably, making it difficult to assign
this trait to a species (Ichimi et al., 2002; Kardinaal et al.,
2007; Touzet et al., 2008). Another source for information on
trait plasticity comes from invasion biology: invasive species
usually regarded as species with a high genotypic plasticity
facilitating their establishment in newly invaded habitats. For
the invasive cyanobacterium Cylindrospermopsis, high genotypic
trait variability is notable (Willis et al., 2016; Bolius et al.,
2017). Genotypic variation in phytoplankton also comes from
global change research as it is related to ocean acidification. The
response of coccolithophores to declining pH-levels has been
shown to be strain-specific (Müller et al., 2015; Rickaby et al.,
2016) and varies at different times scales (Meyer and Riebesell,
2015; Schlüter et al., 2016). Differentiating between such short-
term strain-specific acclimation and long-term adaptation makes
it difficult to predict community responses to ocean acidification.

Consequences for Trait-Based Modeling
For several applications of trait-based approaches, trait variability
might not be a serious disadvantage, as for example with
respect to aspects of community assembly in relatively stable
environments. However, for modeling ecosystem processes or
species interactions more directly and on shorter timescales,
the variability in traits may be critical. However, not only does
the variability itself complicate trait-based modeling (Coutinho
et al., 2016), but the shape of the trait distribution also plays an
important role (Gaedke and Klauschies, 2018). The shape of the
trait distribution determines the potential for adaptive responses
to environmental change. For example, when environmental
forces act specifically on a certain trait and a distinct range of
the trait values, a bimodal trait distribution might permit a more
sustainable response option relative to a normal trait distribution,
especially if the pressure is imposed around the mean. A great
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deal more work will be necessary to establish the distributions of
highly variable individual phytoplankton traits to inform these
modeling approaches.

COMPARING FRESHWATER AND
MARINE TRAIT STUDIES: ASSEMBLY vs.
BIOGEOCHEMISTRY

Narrowing our literature survey subset of 150 articles further,
by including only those studies that had either a broad spatial
(many samples over a broader area) or temporal scale (time
series data), as well as those that considered the entire (or
a substantial part of the) phytoplankton community under
a trait-based view, 73 articles remained. The majority were
freshwater studies, with 29 dealing mostly with environmental
factors driving community assembly or temporal dynamics when
assessed using traits (perspective 1, Table 1 and Supplementary
Table S1). Other studies at the community level examined
trait distributions more directly by focusing on interactions
between them and how this could influence community structure
or dynamics (without explicit consideration of environmental
variation). This group (perspective 2, Table 1) was more evenly
split between marine and freshwater environments (6–7 per
environment). On the other hand, studies that focused more
directly on ecosystem consequences of traits (perspective 3,
Table 1), including ecosystem biogeography and biogeochemical
processes including stoichiometry, were much less numerous
(total of 13), with the majority (8) from marine environments
and another two combining freshwater and marine. Irrespective
of research perspective, a total of seven studies used trait-
based approaches in marine and freshwaters together, and three
considered estuaries.

Generally speaking, for phytoplankton, the nature of the
pelagic habitat as well as the main representative phyla and
their ecology are relatively similar across both marine and
freshwater ecosystems. Despite this similarity, research questions
and approaches have evolved, at least in part, separately, in
the two environments. One crucial difference between these
ecosystem types is the accessibility and the possibility to take
frequent samples. For many lakes, routine sampling campaigns
are regularly conducted, either by local authorities or scientific
institutes and universities. Thus, many data sets with some
temporal resolution and good physico-chemical background
data exist. In comparison, less data exists for coastal regions,
and regular, high temporal resolution biological sampling in
open ocean sites is very rare (but see Buitenhuis et al., 2013;
Brun et al., 2015).

Traditionally, much ecological research was performed at
field stations investigating the on-site environment. This is
particularly the case for freshwater biological stations, many of
which were established to combine monitoring and research,
often in relation to water utilities and providers related to
drinking water, fisheries or recreational uses. For these purposes,
water quality and phytoplankton community composition has
been extensively studied, with frequent and regular sampling of
the pelagic food web, to ensure the management of drinking

water quality and quantity or of fish harvest. At marine biological
stations, local sites have also been sampled, although they have
served primarily as entry points to understanding the open
ocean, for which cruises are expensive and do not allow for
regular sampling.

These different ecosystem accessibility and scientific histories
are mirrored in the different research questions addressed in
phytoplankton trait-based studies in freshwater and marine
systems. Trait-based studies from the open ocean preferentially
investigate biogeographic trait patterns (Acevedo-Trejos et al.,
2013; Barton et al., 2013) or they have a strong biogeochemical
focus aiming for the quantification of globally important
processes related to primary production such as carbon-dioxide
acquisition, nitrogen fixation (Breton et al., 2017), or oceanic
stoichiometry and biochemistry (Litchman et al., 2007, 2015;
Strom, 2008; Finkel et al., 2010; Bonachela et al., 2016),
but also on phytoplankton dynamics (Alexander et al., 2015)
(Figure 2). In oceanography, many studies model trait-based
processes, aiming for broad-scale extrapolation of these globally
(Smith et al., 2016; Vallina et al., 2017). From a conceptual
point of view, marine research considers how traits and trait
distribution drive processes determining the environmental
conditions (e.g., biogeochemistry).

In the more accessible coastal or freshwater sites such as lakes,
the conceptual view is often in the opposite direction (Figure 2),
considering instead how phytoplankton communities respond to
the environment and which environmental factors drive the trait-
based community assembly. Answers to these research questions
rely on a sampling regime with a high temporal resolution.
A prominent example for a coastal long-term sampling site is
the Western Channel Observatory site in the English Channel off
the coast of Plymouth, United Kingdom (Edwards et al., 2013;
Mutshinda et al., 2017). Coastal sites that are influenced by the
tide or estuaries are subjected to rapid environmental changes
so that the response to such changes became into the focus of
the investigations (Aubry et al., 2017; Klais et al., 2017; Moser
et al., 2017). On a similar time-scale, lakes (and rivers) are also
characterized by rapid environmental changes and studies on
these systems thus often deal with trait-driven responses to these
by the community. Longer-term studies that consider several

FIGURE 2 | Schematic of the pre-dominant perspectives in marine and
freshwater phytoplankton trait-based research. Line thickness indicates the
relative number of studies.
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months or years are highly suitable to these types of questions,
especially when similar environmental changes are repeated
during the investigation, representing a form of temporal
replication (Pomati et al., 2012; Edwards et al., 2013; Tsai et al.,
2014; Weithoff et al., 2015; Bortolini et al., 2016; Weithoff and
Gaedke, 2017). Alternatively, instead of temporal replication,
trait-based approaches also enable a space-for-time substitution
in which many sites receiving a similar environmental signal (e.g.,
sites along a coastal or river stretch or lakes within the same
region) are sampled only once or a very few times (Longhi and
Beisner, 2010; Machado et al., 2016; Santana et al., 2017; Vadrucci
et al., 2017). Trait-based approaches become particularly helpful
in such cases, as they are ataxonomic, facilitating the detection
of common response patterns within these potentially disparate
communities. Another aspect of freshwater trait-based studies is
the analysis of the vertical distribution of phytoplankton (Pomati
et al., 2012; Beisner and Longhi, 2013; Santana et al., 2017),
when steep physical-chemical gradients exist. One drawback we
noted in several studies is that they lack a clear rationale as to
why they use trait-based approaches in relation to the ecological
goals (as also argued by Hébert et al., 2017 for zooplankton).
Clearly outlined goals related to improved understanding of
community assembly vs. contributions of phytoplankton to
biogeochemical cycles should be a part of every study that uses
trait-based approaches.

RECOMMENDATIONS AND
CONCLUSION

Similarities and differences in phytoplankton trait-based
approaches between marine and freshwater studies can be
identified by the ways in which traits are assigned and the focus of
the primary research questions to which traits are applied. With
respect to trait assignment, two related schools of thought exist,
either “explicitly” defining several species’ traits simultaneously
so that there is little overlap between taxa, or by restricting
classification to “morphospecies” types, continuing more directly
Reynold’s earlier classification. Explicitly-defined traits are
commonly used in both marine and freshwater studies, while
morphospecies classification has been more commonly used in
freshwater habitats. We attribute this difference to the tradition
of studying seasonal succession and community assembly under
varying environmental conditions in highly accessible freshwater
environments that preempts the need for higher resolution
physiological processing rates. Marine studies often focus on
globally relevant biogeochemical cycles, for which key process-
related traits are studied on the most abundant taxa, especially

coccolithophores, diatoms, dinoflagellates and prochlorophytes.
In general, researchers are encouraged to better motivate, why
they apply trait-based analyses to their studies. They will benefit
from applying the strong process-driven approaches used in
most marine studies to investigate the relationship between traits
and biogeochemical processes. Marine researchers might benefit
from the mechanistic approaches used by freshwater researchers
to better understand community assembly using traits, if more
resolved time-series data can be obtained through autonomous
buoys or remote sensing. As another avenue of future research,
we propose fully comparative trait studies conducted along
the habitat gradient spanning freshwater to brackish to marine
systems. Such studies can combine the strengths of both fields
and would be of general ecological interest. Other comparative
studies could analyze latitudinal, altitudinal, or trophic gradients
using phytoplankton traits as a common currency to assess
community structure. In some cases, data likely already exist
to conduct these studies. Given the low number of experimental
studies we noted in our literature survey, it would be very useful
to test the field survey patterns more explicitly in manipulated
experiments, such as in mesocosms, to ascertain mechanisms
influencing trait distribution and expression. Last, but not least,
a common challenge for future research in both systems remains
to account for within-species trait variation, a critical component
to trait-based studies in all aquatic habitats, especially in an era of
rapid environmental change.
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