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The measurement of stable carbon (8'3C) and nitrogen (§'°N) isotopes in tissues of
organisms has formed the foundation of isotopic food web reconstructions, as these
values directly reflect assimilated diet. In contrast, stable hydrogen (§2H) and oxygen
(8'80) isotope measurements have typically been reserved for studies of migratory origin
and paleoclimate reconstruction based on systematic relationships between organismal
tissue and local environmental water. Recently, innovative applications using §°H and, to
a lesser extent, §'80 values have demonstrated potential for these elements to provide
novel insights in modern food web studies. We explore the advantages and challenges
associated with three applications of §2H and 8 180 values in food web studies. First, large
82H differences between aquatic and terrestrial ecosystem end members can permit
the quantification of energy inputs and nutrient fluxes between these two sources, with
potential applications for determining allochthonous vs. autochthonous nutrient sources
in freshwater systems and relative aquatic habitat utilization by terrestrial organisms.
Next, some studies have identified a relationship between §2H values and trophic
position, which suggests that this marker may serve as a trophic indicator, in addition
to the more commonly used §'°N values. Finally, coupled measurements of §2H and
8180 values are increasing as a result of reduced analytical challenges to measure both
simultaneously and may provide additional ecological information over single element
measurements. In some organisms, the isotopic ratios of these two elements are tightly
coupled, whereas the isotopic disequilibrium in other organisms may offer insight into
the diet and physiology of individuals. Although a coherent framework for interpreting
8°H and §'80 data in the context of food web studies is emerging, many fundamental
uncertainties remain. We highlight directions for targeted research that will increase our
understanding of how these markers move through food webs and reflect ecological
processes.

Keywords: 18-oxygen, deuterium, diet, drinking water, isotopic discrimination, nutrient transfer, physiology,
trophic position
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INTRODUCTION

The application of stable isotope measurements of both the
organic and inorganic components of food webs has had
a long and impressive history, and such measurements are
now an indispensable tool for elucidating food web structure,
nutrient and contaminant flows, and the foraging ecology of
individuals and populations (Peterson and Fry, 1987; Rundel
et al., 1989; Lajtha and Michener, 1994; Fry, 2006; Michener
and Lajtha, 2007; Martinez del Rio et al, 2009; Boecklen
et al, 2011). With massive environmental perturbations that
characterize the current (Anthropocene) era, there will be a
commensurate increase in the use and need for refinement
of isotopic tools to investigate pressing environmental issues
(Dawson and Seigwolf, 2007). This field has relied almost
exclusively on the stable isotopes of relatively few elements, with
the overwhelming contributions coming from the use of §1*C and
815N measurements and to a lesser extent those of §34S (Krouse
and Grineko, 1971). This focus on C, N, and S derives from the
fact that these elements are major components of animal and
plant tissues that are sourced nearly exclusively from diet, thus
their stable isotopes are ideal indicators of sources of primary
production (e.g., 813C, §34S) or trophic position (8'°N). The use
of isotopic bi-plots involving these elements to infer source of
feeding, trophic position, and isotopic niche space is now routine
in several disciplines (Post, 2002; Bearhop et al., 2004; Layman
et al., 2007, 2012; Newsome et al., 2007, 2012; Jackson et al., 2011;
Ofukany et al., 2014).

In contrast, even though water is essential to life on earth,
measurements of the stable isotopes of H and O, have rarely been
used in modern animal trophic ecology. Instead, until recently,
these isotopes were largely used to study the hydrological cycle by
tracing water origins or reconstructing past climates (Clark and
Fritz, 1997). That focus derived from the fact that the isotopic
behavior of H and O in water is relatively well understood, and
82H and 830 values in water can provide key information on
water origins (e.g., local precipitation, ground water), climate
(ambient temperatures during condensation and precipitation)
and the degree of evapotranspiration (Clark and Fritz, 1997).

Applications of §?H measurements, and to a lesser extent
8180 measurements, in studies involving animals has increased
tremendously through the linkage of spatial patterns in amount-
weighted precipitation §2H and §'30 values (i.e., isoscapes) with
those in animal tissues, especially metabolically inert tissues such
as keratins (e.g., feathers, hair, claws) and chitins (e.g., insect
wings) (Hobson and Wassenaar, 2008). Such linkage has made
it possible to track movements and origins of a broad range of
migratory animals, and also provides the foundation for forensic
approaches to tracing origins of various animal- and plant-
based materials (Bowen et al., 2005b; Meier-Augenstein, 2011).
Because tissue H and O isotopic composition is influenced by
diet in addition to environmental water, the application of these
isotopes can also be used as a tracer of organismal food and
resource use.

Although there has been a rich history of using water isotopes
in investigations of plant physiology and water-use mechanisms,
the relative paucity of studies using §2H and §'80 values to

examine diet and trophic processes is related in part to past
difficulties in routine analyses of these isotopes in organic
materials. Hydrogen forms weak bonds with O and N and will
exchange with H in ambient waters both in vivo and in the
laboratory. This has led to a number of challenges in deriving
8*H values for the non-exchangeable fraction of H in organic
materials and the reporting of data (Wassenaar and Hobson,
2003, 2006; Meier-Augenstein et al., 2013). Both 82H and §'%0
analyses involve the use of pyrolytic combustion techniques and,
for 180, the need to separate the N, and CO (i.e., mass 28) peaks
for mass spectrometric analysis (Qi et al., 2011). While these
challenges can be addressed, it is noteworthy that there are still
no accepted organic international standards for §2H and §'80
measurements (but see Coplen and Qi, 2012; Wassenaar et al.,
2015), and many laboratories that routinely run organic materials
for §1°C, §1°N, and 634S measurements are unfamiliar with or not
equipped to routinely run organic §2H and §'80 measurements
(Wassenaar et al., 2015). More fundamentally, there are aspects of
animal metabolism involving H and O that present key challenges
in understanding metabolic routing and the nature of isotopic
discrimination within animals and between trophic levels, which
are introduced in the following section and discussed throughout
this review.

Our paper introduces the concept of using §*H and §80
measurements as a natural and valuable addition to the more
familiar C, N, and S isotopic toolbox for delineating nutrient
linkages, animal diets, and trophic relationships. We emphasize
key differences in isotopic behavior of these isotopes especially
related to the transition from well-understood inorganic phase
to the much more complex stages involving animal physiology.
We consider both aquatic and terrestrial systems and focus on
key mechanisms related to isotopic routing and discrimination.
Finally, we emphasize key research protocols and provide
recommendations for future research. Our ultimate goal is to
provide the reader with the necessary foundation and impetus to
consider the use of the H and O isotopes more effectively in food
web studies.

INFLUENCES ON ANIMAL TISSUE §2H
AND §180 VALUES

The primary challenges, as well as many of the opportunities,
associated with the use of H and O as tracers within food
webs stem from the fact that these isotopic systems integrate
information on both diet and water balance. Metabolism and
biosynthesis take place within the aqueous environments of the
body, and most of the associated reactions involve potential
for exchange of H and O between organic molecules and a
consumer’s body water. Thus, in contrast to C and N, where
atoms fixed in newly grown tissues can be considered to be
derived solely from dietary items, H and O fixed in these
same tissues may be a mixture of atoms derived from diet
and body water (DeNiro and Epstein, 1981a; Hobson et al.,
1999a; Ehleringer et al, 2008). Interpretation of H and O
in the context of dietary ecology shares many of the same
complications affecting C and N isotope data (e.g., diet-tissue
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routing, metabolic fractionation), but with H and O isotope
ratios several additional complexities such as the isotopic mass
balance of body water and water-tissue fractionation during
biosynthesis are involved. The spectrum of potential controls
on H and O isotope ratios measured for consumer tissues is
now fairly clearly defined (Figure 1), although our knowledge
of these controls varies, and as highlighted later in this review,
major research opportunities remain to further elaborate and
constrain the importance of many of these controls. Here we
introduce the processes influencing §°H and §'®0 integration
from environmental and dietary sources into organismal tissue
following the conceptual diagram in Figure 1.

Any isotopic study of dietary ecology requires substantial,
well-characterized variation in the isotopic composition of food
items, but potential food sources are rarely analyzed for §*H
and 880 values (but see Wolf and Martinez del Rio, 2000)
except in the case of aquatic food web studies (see Energy
Flow Pathways section). Variation in §*H and §'%0 values of
dietary items stems mainly from hydrologic isotopic effects and
biophysical processes occurring at lower trophic levels. Perhaps
the best-studied hydrologic effect in this context is the large-
scale variation in environmental water isotope ratios resulting
from the distillation of moisture from circulating air masses. This
process produces substantial gradients in water isotope ratios
that label local food webs and have great utility in migration
ecology research, but the variation imparted is usually expressed
over spatial scales much larger than the local foraging area of
consumers and therefore of little direct relevance to dietary
studies. Generally more relevant to food web studies is variation
arising from local and regional hydrological processes, such as
the aggregation of runoft in groundwater, streams, and lakes and

evaporation from soils and surface water bodies (Bowen et al.,
2011; Evaristo et al., 2015), or due to physiological processes
such as isotopic enrichment associated with transpiration from
land plants (Yakir and Deniro, 1990; Roden and Ehleringer,
1999; Marshall et al., 2007). For food webs where dietary items
inherit their H and O from different hydrological pools or
from plants characterized by different degrees of transpiratory
enrichment, this may provide an isotopic “label” that can be
traced from dietary items to consumer tissues (Wolf et al,
2002).

Perhaps the most challenging characteristic of the H and O
isotopic systems for food web applications is that the isotopic
composition of consumer tissues does not reflect dietary isotopic
composition alone, but a blend of dietary and body water
isotopic compositions. Understanding controls on the isotopic
composition of water in vivo (within consumers) is thus critical
for the accurate prediction of diet-tissue H and O isotope
offsets. Models of the isotopic mass balance of bulk body
water are fairly well developed as an outgrowth of work on
human metabolism (Gretebeck et al., 1997; Schoeller, 1999;
Podlesak et al.,, 2012) and ecological studies focusing on the
O isotope ratios of tooth enamel and bone (Luz et al., 1984,
1990; Luz and Kolodny, 1985; Tatner, 1988; Ayliffe and Chivas,
1990; Bryant and Froelich, 1995; Kohn, 1996). These models
require accurate information on the relative rates of input and
output fluxes of water, including drinking, metabolic water
production, intake of liquid water in food, and fractionating
losses in breath and via transcutaneous water loss, which are
known to vary among taxa and among individuals (Karasov and
Martinez del Rio, 2007; Reynard and Hedges, 2008; O’Grady
et al., 2010; Pecquerie et al., 2010). Perhaps more challenging,

Climate (5)
Hydrology (3)
Trophic processes (2)

Water flux (3)
Metabolic rate (3)
Evaporative losses (3)

Metabolic rate (1)
Cell membrane
permeability (1)

Environmental
and dietary

Y

sources

Local body

Bulk body water water pools

Calibration (3)

Site of fixation (2)
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turnover rate (3)
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FIGURE 1 | This conceptual diagram summarizes the processes that influence §2H and §180 integration from environmental (water and molecular Oy)
and dietary sources into animal tissues. Boxed text indicates stages of integration and analytical measurement, whereas unboxed text indicates factors that can
affect §2H and 180 values between these stages. The shaded triangle refers to processes that affect environmental and dietary sources prior to entering the
organism. The number in parentheses after each factor indicates a level of understanding ranging from 1 (minimal understanding) to 5 (well-characterized). The four
factors related to integration (site of fixation, tissue growth/turnover rate, routing, and fractionation) are relevant to all incoming sources (environmental and dietary
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significant differences have been demonstrated between the
isotopic composition of inter- and intra-cellular water, most
likely because rates of metabolic water production within some
cells may exceed the rates of isotopic equilibration across cell
membranes (Kreuzer-Martin et al., 2005). This means that the
H and O isotopic composition of consumer body water may in
fact be a heterogeneous mosaic of local body water pools, such
that the physical location and conditions under which synthesis
of a given tissue occurs may significantly affect the isotopic
composition of the H and O atoms fixed to the newly assembled
tissue.

Understanding the integration of dietary and physiological
signals in the H and O isotopic composition of consumer tissues,
as is also the case for C and N, requires understanding of tissue
growth and turnover rates, routing from water vs. food items
to consumer tissues, and fractionation associated with synthesis
reactions. Particularly for organisms that undergo a natural
shift in the isotopic composition of H and O inputs due to a
dietary shift or migration, understanding the timing of tissue
synthesis in relation to the point at which isotopic equilibrium is
reached is also important. Nevertheless, these shifts can provide
an opportunity to examine ecological strategies of resource use
(Wunder et al., 2012). Little work has addressed turnover with
respect to H and O isotope ratios specifically, and tissue-specific
times derived from other systems may or may not apply (O’Brien
and Wooller, 2007; Podlesak et al., 2008; Storm-Suke et al., 2012).

Routing is of particular importance for the interpretation of
H and O isotope data, and can be considered at two levels:
molecular and atomic routing. As for C and N, routing of
molecules directly from dietary items will have a significant
impact on bulk tissue-diet isotopic H and O offsets, particularly
for H, as the 62H value of lipids is much lower than that of other
macromolecules (Sessions et al., 1999; Sachse et al., 2012). Issues
associated with molecular routing can largely be addressed by
attempting to match substrates measured to characterize dietary
item and consumer tissue values (e.g., through the removal of
lipids from all samples where a protein substrate is measured
from the consumer), but the efficacy of this approach may vary
among applications and is not universally accepted (see Where
to Go From Here section). For H and O isotopes, because of
the potential for exchange between diet-derived macromolecules
and body water, the fraction of atoms on these molecules that
are routed directly from diet to consumer tissue must also be
considered. This atomic routing sets the fraction of atoms in
consumer tissue that carry a direct reflection of diet composition
vs. those that are fixed from body water and thus carry a “mixed”
signal of diet, environmental water composition, and body water
balance. A large fraction of H atoms are bonded directly to the C-
skeleton of most biomolecules, whereas most O is found within
functional groups, and theoretical assessments and experimental
data suggest that atomic routing from diet to consumer tissues
is in general much stronger for H than for O (Ehleringer et al,,
2008; Bowen et al., 2009; Wang et al., 2009; Nielson and Bowen,
2010; Wolf et al., 2011; Soto et al., 2013c). This means that in
most cases the expectation will be that H isotopes will carry a
“purer” dietary signature and O will bear a stronger reflection of
consumer physiological water balance. For H and O atoms that

are not routed, but are fixed to substrate molecules in vivo, we
can expect some fractionation between the body water pool and
the fixed H and O. Direct measurements of these fractionation
factors do not exist, and whole-organism experiments conducted
thus far involve too many free variables to derive the value of
fractionation factors associated with biosynthesis.

This framework provides a basis for evaluating, further
developing, and applying knowledge of the processes underlying
the application of H and O to dietary ecology research, as
elaborated throughout the rest of this review. In many cases our
understanding of these factors is limited to indirect inferences
drawn from field studies or constraints from a small number
of experiments. Although a growing number of successful case
studies suggest potential to apply H and O productively in
food web studies, and in many cases a comprehensive process-
level understanding of H and O systematics in food webs may
not be essential, most limitations and uncertainties associated
with these applications can be evaluated within the context of
the framework proposed here. In this sense, Figure 1 offers
a template for evaluating the power of H and O isotopes to
contribute to food web studies as well as a roadmap for future
research that may further advance this power.

ENERGY FLOW PATHWAYS

A New Tracer of Energy Flow in Aquatic

Systems

Spatially separated ecosystems may often be connected through
energy and nutrient subsidies that are transported through biotic
or physical vectors. Such allochthonous subsidies in the form
of nutrients, detritus, prey, or consumers, can greatly influence
the primary productivity of the recipient habitats (Polis et al.,
1997). Connectivity between origin and destination can range
widely among and between water and land habitats, and isotopic
markers of C and N have been central to many studies in
detecting and measuring these cross-ecosystem fluxes (Polis and
Hurd, 1996; Kitchell et al., 1999; Stapp et al., 1999; Helfield and
Naiman, 2001; Schindler and Lubetkin, 2004; Crait and Ben-
David, 2007; Vander Zanden et al., 2012). More recently, H stable
isotopes have been featured in a surge of research to trace energy
flow pathways, principally in aquatic systems.

Land-to-water nutrient transport is common in food webs
of streams, rivers, and lakes and these aquatic food webs are
often supported both by primary productivity (autochthonous)
and terrestrial (allochthonous) inputs (Figure 2, Polis et al.,
1997). Distinguishing and quantifying these inputs originating
from within the aquatic system vs. the surrounding landscape
is important for understanding the functioning of food webs as
well as their response to environmental change. Prior to the use
of 82H values, C stable isotopes were principally used as a marker
for these studies. In some locales, §13C values differ sufficiently
between terrestrial and aquatic end members to distinguish these
energy inputs (Rosenfeld and Roff, 1992; Junger and Planas, 1994;
Doucett et al., 1996; Grey et al.,, 2001; Dekar et al., 2011), but
there is not sufficient resolution in §'*C values for doing so in
other cases (France, 1995; Finlay et al., 1999, 2002, 2010; Finlay,
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FIGURE 2 | Hydrogen isotope values are a useful tracer of land-to-water and water-to-land nutrient flow as a result in §2H value differences between
aquatic and terrestrial primary producers. The offset between 82Hwater and zSszroducer (A, Equation 1) is typically larger for aquatic primary producers

(excluding macrophytes) than for terrestrial vegetation. The range for aquatic primary producers include phytoplankton, macroalgae, and benthic microalgae in rivers,
lakes, and coastal systems, while the terrestrial vegetation range includes both deciduous and evergreen species (compiled by Hondula et al., 2014). These isotopic
profiles can be measured in organisms within the aquatic food web to determine the autochthonous vs. allochthonous nutrient inputs. Additionally, emergent aquatic
insects may also provide important nutrient subsidies to the terrestrial ecosystem that can be detected in the $2H values of insectivorous organisms. Figure adapted

2001, 2004; Trudeau and Rasmussen, 2003; Singer et al., 2005;
Hill and Middleton, 2006; Finlay and Kendall, 2007; Wilkinson
et al., 2013b).

Doucett et al. (2007) first demonstrated that substantially
divergent 8*H values in aquatic and terrestrial primary
producers could be used to distinguish these two major inputs
into freshwater systems and in turn, the relative proportions
of nutrient input into higher trophic level organisms, such as
benthic invertebrates and fish. While the H isotope approach has
been repeatable in multiple aquatic ecosystems, characterizing
and predicting this offset depends on understanding the
influences on §2H values in these primary producers (Figure 2).
Autotrophs incorporate hydrogen from environmental water
into their tissues, and aquatic primary producers typically have
bulk biomass §H values that are 100-~180%yo more negative than
the source water due to fractionation during photosynthesis
(Estep and Hoering, 1980; Yakir and Deniro, 1990). In contrast,
terrestrial plants that photosynthesize in air undergo this same
fractionation (Estep and Hoering, 1980), but transpiration causes
enrichment of 2H in leaf water, as deuterium is preferentially
retained over protium during evaporation (Walker and Brunel,
1990; Roden and Ehleringer, 1999). Therefore, land plant tissue
82H values may be only 80-90%o lower than source water
(Sternberg et al., 1984; Hondula et al., 2014). This isotopic
discrimination (Ay) can be calculated as the difference between
the H stable isotope ratios of producer organic matter and water

(sensu Hondula et al., 2014):

Ay = (82H0m - 82Hwater)/(1 + (aszater/looo)) (1)

A comprehensive field survey spanning river, lake, and
coastal lagoon habitats revealed that three major categories
of aquatic primary producers (phytoplankton, macroalgae,
and benthic microalgae) were significantly different from
terrestrial vegetation in all of the different habitats studied
(Hondula et al., 2014). However, terrestrial vegetation cannot
always be distinguished from vascular aquatic plants with §*H
values (Evans, 2012; Hondula et al.,, 2014). The mechanisms
for the isotopic similarity between vascular aquatic and
terrestrial plants have not been identified, but it is possible that
variation in 2H enrichment via transpiration is not the sole
explanation for differences in §2H values between terrestrial
and aquatic autotrophs (Hondula et al., 2014). Without further
understanding of the drivers for §*H composition of aquatic
macrophytes, the use of hydrogen isotopes in lakes or rivers
where macrophytes can be a significant part of the food web
may result in a limited ability to distinguish allochthonous vs.
autochothonus nutrient inputs. Nevertheless, the substantial
and systematic difference in hydrogen isotope discrimination
among of non-macrophyte aquatic and terrestrial primary
producers across freshwater and marine ecosystems can aid
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in discriminating organic matter sources and identify nutrient
subsidies (Hondula et al., 2014).

Applications to Determine Resource Use
across Organisms and Ecosystems

In tracing food web processes with §2H values, the most common
applications have been to quantify land-to-water energy flows in
streams, rivers, lakes, and even coastal lagoons, but §°H values
have also been used to trace the reverse process: water-to-land
energy flow (Myers et al., 2012; Stenroth et al., 2015; Voigt et al.,
2015). We also explore some of the other unique applications
of H isotopes in food webs, which include determining the
resources that support aquacultured and invasive species (Cole
and Solomon, 2012; Evans, 2012; Foley et al., 2014; Hondula and
Pace, 2014; Emery et al., in press), how stream food webs respond
to fire (Cooper et al, 2015), interactions between hydrology
and turbidity in river ecosystems (Roach and Winemiller, 2015),
and detecting contributions of methanotrophic biomass (Deines
et al., 2009).

The structure of land-to-water resource subsidy and
consumption is not equal among aquatic ecosystems, and
resources are not always consumed in proportion to their
abundance or loading rates (Batt et al., 2012; Cole and Solomon,
2012; Karlsson et al., 2012). Thus, measurements of §*H values
have offered an important tool for quantifying this subsidy.
Whereas land-to-water subsidies have been well recognized
for benthic organisms in streams, rivers, and lakes, terrestrial
subsidies to pelagic consumers in lakes were typically more
difficult to demonstrate. An isotopic approach including §°H
values suggested that the significant terrestrial support of
pelagic consumers is widespread (Cole et al., 2011; Wilkinson
et al.,, 2013a). Allochthony is a common feature among these
ecosystems, but it is extremely variable across water bodies,
time, and space, ranging from undetectable to dominant
(Berggren et al., 2014, 2015). Some of this variability may
be due to morphological, biological, and chemical properties
among water bodies, as well as differences in methodology
among studies (Wilkinson et al., 2013a; Berggren et al., 2014;
Collins et al., in press). In streams where riparian vegetation
has burned due to wildfire, the autochthonous contribution
dominates stream food webs (Cooper et al., 2015). This is likely
a result of shading effects, as stream allochthonous energy use is
correlated with canopy cover (Collins et al., in press). Streamflow
regime has been found to influence the degree of allochthony
in rivers, with algae dominating nutrient contributions to
macroinvertebrates and fish following low flow periods, while
terrestrial plants made higher contributions following high-flow
pulses (Roach and Winemiller, 2015). In reservoir ecosystems,
the importance of the allochthonous subsidy is variable, but
is negatively correlated with watershed size (Babler et al,
2011) and negatively correlated with reservoir age (Emery
et al, 2015). The existing literature supports the hypothesis
that percentage of terrestrial organic matter in zooplankton
should be highest in humic lakes with low phytoplankton
biomass, and lowest in either eutrophic lakes, or clear-water
lakes (Berggren et al., 2014), but further work is needed to

model and predict this variation among ecosystems (Cole et al.,
2011).

Understanding how different consumers use the available
resources is also important. In aquacultured bivalves, it can be
difficult to identify the sources of organic matter supporting
the diet, as field-raised bivalves use in situ food sources and
may experience fluctuating environmental conditions (Hondula
and Pace, 2014). Oysters and clams raised within aquaculture
settings can have spatially variable diets and have been shown
to utilize macroalgae, which was previously thought to rarely
provide the dominant energy source for bivalves (Hondula and
Pace, 2014; Emery et al,, in press). In other cases, the consumers
of interest have been invasive species, and H isotopes have been
useful in elucidating resource use of these organisms as well.
The biomass of invasive zebra mussels (Dreissena polymorpha) in
the Hudson River food web is greater than all other consumers
combined (Cole and Solomon, 2012). In an ecosystem where
organic matter pools are heavily dominated by terrestrial detritus
(60-80%), the zebra mussels do not use the terrestrial resources
in proportion to their availability (~40% allochthony), and
selectively feed on autochthonous material (Cole and Solomon,
2012). Similarly, both zebra mussels and another invasive species,
the quagga mussel (Dreissena rostriformis bugensis) in the Great
Lakes, derived more of their food from autochothonous sources
compared to the native mussel (Diporieia spp.) (Foley et al,
2014). Evans (2012) compared the percent autochthony vs.
allochthony in native and invasive lamprey species from rivers
in Michigan and Ohio, and found that terrestrial vegetation was
more dominant in the diet of the native species in most cases.
Thus, different consumers can rely on different basal resources,
and 82H values can be particularly helpful in determining the
relative resource contributions to a given consumer.

In the reverse direction, an important component of the
water-to-land linkage is the biomass from emergent aquatic
insects. These insects subsidize terrestrial food webs along
small streams by constituting an important part of the diet
of many bats, birds, lizards, and spiders (Baxter et al., 2005;
Richardson et al., 2010). The 8*H values of aquatic invertebrates
do not change after emergence (because emergent aquatic insects
typically do not feed as adults) and are sufficiently different
from the 82H values of terrestrial invertebrates to distinguish the
habitat source with high accuracy (Myers et al., 2012; Stenroth
et al., 2015). H isotopes have also been used to assess the
ecological niche of bats and their relative association to aquatic
or terrestrial habitats, and may offer insight into the variability in
8%H values of birds and bats not explained by §H values in local
precipitation (Voigt et al., 2015). These water-to-land subsidies
can be highly seasonal, with peak emergence in the early summer,
and they can also exert indirect effects in the riparian habitat
(Baxter et al., 2005). The degree of aquatic resource exploitation
by terrestrial invertebrate consumers may also be influenced by
land use along streams (e.g., percentage of agricultural use vs.
natural forest) (Stenroth et al., 2015).

Stable isotopes have also been vital in tracing methane inputs
into food webs (Grey, 2016). However, interpretation of C
isotope data can be particularly problematic in freshwater food
webs that receive methane (CHy) subsidies. When comparing
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reliance on algal production vs. methanotropic bacterial biomass,
variation in 6!°C values can be too high (Grey and Deines,
2005), thus the addition of §*H values to the study of
methane-derived subsidies in freshwater food webs has also
been advantageous. Not only can the combination of isotopes
aid in distinguishing the linkages between microbial fauna in
lake sediment and macroinvertebrate consumers, but it can also
distinguish which of the two biochemical pathways was being
used during CH,; formation by methanogens (Deines et al.,
2009).

Tools for Analysis

In order to parse the relative contributions of allochthonous
and autochthonous sources of productivity, it is necessary to
use mixing models, which have increased in sophistication over
the past decade (Phillips et al., 2014). These range from simple
linear mixing models, such as IsoSource, that do not necessarily
incorporate complexities such as variability in isotope values,
hierarchical variance structure, and discrimination factors, to
fully Bayesian mixing models that permit more flexibility and
may incorporate some or all of these features. There are several
off-the-shelf Bayesian models and packages available (see Phillips
et al., 2014), but biologists in this field have mainly used SIAR
(Dekar et al,, 2011; Berggren et al., 2014; Hondula and Pace,
2014; Roach and Winemiller, 2015; Stenroth et al., 2015) and
MixSIR (Evans, 2012). Note that SIAR development has halted
and the new MixSIAR GUI (graphical user interface) provides
a collaboration between SIAR and MixSIR, while the mixing
model components of SIAR are still available as an R package
called simmr. Both MixSIAR and simmr are available through
GitHub.

Solomon et al. (2011) used a Bayesian mixing model to
incorporate parameters specific to aquatic food web ecology, such
as the per-trophic-level contribution of environmental water to
consumer H (see 82H Values as a Trophic Indicator section),
which has also been adapted for use in other aquatic food
web studies (Batt et al., 2012, 2015; Cole and Solomon, 2012;
Wilkinson et al., 2013a, 2015; Emery et al, 2015, in press).
In a comparison of a linear mixing model (IsoSource) to a
Bayesian mixing model, IsoSource overestimated the terrestrial
contribution by about 10% compared to the Bayesian results and
could not account for multiple sources of uncertainty, rendering
the uncertainty around the mean estimates incomparable for the
two approaches (Cole and Solomon, 2012). Therefore, a Bayesian
approach, particularly one that can be adapted to the specific
parameters relevant to aquatic food webs and uncertainty, is
recommended.

Any of these mixing models may also incorporate C and/or N
isotopes in addition to those of H (Jardine et al., 2009; Cole et al.,
2011; Dekar et al,, 2011; Solomon et al., 2011; Batt et al., 2012,
2015; Cole and Solomon, 2012; Evans, 2012; Wilkinson et al.,
2013a; Berggren et al., 2014; Hondula and Pace, 2014; Stenroth
et al., 2015; Voigt et al, 2015). Because the biogeochemical
controls on each of the elements are different, in many cases it can
be more powerful to use the multiple tracers together to resolve
contributions of potential nutrient sources (Jardine et al., 2009;
Cole et al., 2011; Soto et al., 2013a; Hondula and Pace, 2014).

§2H VALUES AS A TROPHIC INDICATOR
A New Trophic Tracer for Food Web Studies

The trophic levels of a simple food chain with declining numbers
of individuals at higher levels was the early vision for a food
web that Charles Elton showed in his classical book for animal
ecology (Elton, 1927). However, the use of discrete trophic levels
can be too simplistic to evaluate trophic structure and dynamics
because of complex interactions in ecological communities
(Lindeman, 1942; Polis and Strong, 1996). Food webs are highly
interconnected systems that present an intrinsic complexity with
several original sources of energy such as photoautotrophs and
chemoautotrophs. In addition, subsidies from spatially separated
ecosystems (i.e., allochthonous inputs) can often be incorporated
within the network of trophic connections (see Energy Flow
Pathways section).

The use of §!1°C and §!°N measurements is often insufficient
for unraveling complex food webs, especially in cases with
little isotopic differentiation among primary sources (Fry, 2013;
Soto et al.,, 2013a). Interest in using H isotopes to trace food
web patterns comes from the pioneering work of Estep and
Dabrowski (1980), which was published shortly before other
work demonstrating the use of N isotopes as trophic tracer
(DeNiro and Epstein, 1981b). In this early work, it was observed
that the H isotopic composition of mouse tissue was highly
correlated with the hydrogen isotopic content of the diet (Estep
and Dabrowski, 1980). Surprisingly, despite these promising
developments, little research involving H isotopes in food web
studies was conducted until the 2000s. The primary reasons for
slow progress were likely the presence of several confounding
environmental factors and methodological issues during sample
processing.

In contrast, the potential for the use of §'80 values in food
web studies has been quite limited. The O isotope composition
of animal tissues seems to be poorly related to that of dietary
sources. Only 10% of the oxygen in chitin from aquatic
crustaceans is derived from food (Nielson and Bowen, 2010),
while the dietary contribution of O to human hair protein was
estimated to be ~8% (Ehleringer et al., 2008), although that
study may have underestimated the atomic routing of O from
diet to hair keratin. This implies that changes in §'0 values of
environmental and body water are the main drivers of the tissue
O isotopic composition variability (Ehleringer et al., 2008; Wang
et al,, 2009; Nielson and Bowen, 2010; Soto et al., 2013¢; Schilder
et al., 2015; but see cautions for feline carnioves, Pietsch et al.,
2011), and that little trophic information is obtained by using
8180 values.

Trophic Discrimination and §2H

For 8'°N values, kinetic fractionation effects occur in the
enzyme-mediated biological reactions during the catabolism
and excretion of proteins, thus resulting in an enrichment of
5N relative to diet, although the magnitude of the diet-tissue
discrimination factor can be quite variable (Hobson and Clark,
1992; McCutchan et al., 2003; Vanderklift and Ponsard, 2003;
Robbins et al., 2005; Caut et al., 2009; Hussey et al., 2014).
For H isotopes, it is not clear whether the trophic enrichment
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observed in consumers relative to their diet is because of a trophic
compounding effect related to accumulating environmental
water contributions in food chains (see Trophic Compounding
below; Solomon et al.,, 2009; Soto et al, 2013c) or due to
metabolism as seen with §!°N measurements. Some studies have
found a weak correlation between §°H and §'°N values in food
webs (Birchall et al., 2005; Soto et al., 2011; Topalov et al., 2013)
suggesting the accumulation of exchange with ambient water
H at each trophic level might be causing an apparent trophic
enrichment in 2H in some systems.

To date, there is little experimental support for metabolic
fractionation as the mechanism for changes in §°H values in
terrestrial and aquatic organisms after accounting for other
mechanisms such as the contribution of environmental water
(Hobson et al.,, 1999a; Ehleringer et al., 2008; Solomon et al.,
2009; Myers et al, 2012; Soto et al., 2013c). Nonetheless,
data from bone collagen 62H measurements appear to reflect
trophic level, such that §H values of carnivores are higher
relative to those of other omnivore/herbivore species (Birchall
et al, 2005; Topalov et al, 2013). Birchall et al. (2005)
reported that those differences were ca. 90%o in a collection
of 19 species of non-migratory mammals, birds, and fish
from Great Britain, though it is important to note that that
this study mixed aquatic and terrestrial organisms, and the
methodology for the $2H measurements did not account for
exchangeable H in the collagen samples (which is problematic
given the hygroscopic nature of the tissue). Another study
involving H isotopes in a controlled laboratory plant-insect
system also found a significant trophic enrichment between
plant and moth tissues in larvae and adults (Peters et al., 2012),
which contradicts the findings of a separate controlled study
that observed a negligible diet-tissue discrimination between
monarch butterflies and host milkweed (Hobson et al., 1999b).
Whether this trophic enrichment described occurs broadly in
terrestrial organisms, and whether it is caused by a similar
mechanism such the apparent trophic compounding effect found
in aquatic organisms, is still unknown. We thus recommend
assessing the potential trophic use of $*H values on a case-by-
case basis and accounting for apparent trophic compounding,
especially in aquatic systems, which we address in more detail
below.

Trophic Compounding

Applying 8*H values as a food web tracer requires an
understanding of how H isotopes are transferred trophically.
Sources of H to consumer tissues include both diet and
environmental water (Figure1). Since environmental water
generally has higher §2H values than either aquatic or terrestrial
primary producer biomass, and since the synthesis of new
tissues at each trophic level involves fixation of H and O
from environmental water, the effect of the blending of H
from these two sources will be a progressive enrichment of
the heavy isotopes at each trophic level (Figure 3). Solomon
et al. (2009) first proposed accounting for the proportion of
tissue H derived from environmental water (w) because the
consumer 82H value (82Hconsumer) alone is not enough to infer
dietary sources (§>Hgie¢) without taking into account this trophic

compounding effect:

2 2
3“Heonsumer = (wcompound X 8“Hwater)

+((1 - C‘)compound) X (Ssziet) (2)

where 82Hyater is the 82H value of environmental water and
@Wcompound 18 the total contribution of environmental water in
tissue H. The value of @ ompound can be calculated as:

®Wcompound = 1 — (1-w)" (3)

where 1 is the difference in trophic level between the resource
and the consumer. In Equation (3), the trophic position of the
consumer relative to the resource baseline is needed to calculate
the total contribution of environmental water to tissue H, and
this is commonly estimated by using N isotopes (Post, 2002).
Additionally, the proportion of tissue H derived from ambient
water (w) in each trophic step, which can vary considerably
(between 0 and 50%; Solomon et al., 2009; Soto et al., 2013¢;
Wilkinson et al., 2015), needs to be determined or estimated.
Using a mean value of @ = 0.17, Wcompound Would approach
0.4 in high level consumers (Solomon et al., 2009). Indeed, a
compilation of w values from 24 consumers from both freshwater
and marine habitats supports this upper threshold of 0.4 for
@compound (Wilkinson et al., 2015). With more stringent criteria,
@Wcompound Was estimated at 0.23, and a reasonable assumed
value of w in the absence of other data was suggested to be
0.20 (Wilkinson et al, 2015). When a species- and system-
specific measurement is available for w, then it should be used
preferentially. The use of some Bayesian mixing models can also
incorporate uncertainty in the estimate of this parameter as well
(Cole et al., 2011; Solomon et al., 2011; Roach and Winemiller,
2015; Emery et al., in press).

COMBINED §2H AND §'80 VALUES

Paired Measurements of H and O Isotopes
Most of the research cited thus far has used exclusively H
isotopes, yet both the elements of H and O are strongly linked in
environmental waters through the meteoric water relationship.
More recent analytical techniques can permit the analysis of
8%H and §'80 values from the same pyrolysis (Qi et al., 2011;
Meier-Augenstein et al., 2013), thus offering the possibility to
infer greater information on the diet, climatic conditions, and
the “water web” (sensu McCluney and Sabo, 2010) used by
organisms. Measurements of 'O values in organic tissues are
scarce but increasing in frequency, as they had previously been
limited mainly to measurements of inorganic tissues such as
phosphates and carbonates of bone and tooth enamel, and §'30
data may complement that of §!3C and §!°N in bone collagen
in both modern and paleoecological contexts (Crowley et al.,
2015). Interpreting H and O isotopic data also requires an
understanding of what these measurements represent, such as
the proportion of each element that is incorporated from diet vs.
environmental water and how the observed relationship relates
to the meteoric water line, as a number of studies have observed
decoupling between §2H and §'80 values in organisms and
meteoric water.
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Proportion Diet vs. Environmental Water

As highlighted previously, the C and N in organismal tissues
can be derived only from dietary sources, where H and O
have multiple sources: diet, environmental or drinking water,
and atmospheric O, (the latter only applies to §'30 values).
Theoretical models and experimental laboratory studies have
focused on calculating the proportion of H and O derived
from drinking (or environmental) water, mostly for purposes
of geolocation, though the corresponding dietary information
is also relevant for food web studies. The proportion of
environmental water contributing to organismal tissue §2H and
8180 values varies widely among organisms and tissues (Table 1).
In general, environmental water contributions make up a small
fraction of the tissue §°H composition, ranging from 12% in fish
muscle (Solomon et al., 2009) to 70% in bird muscle (Wolf et al.,
2012), with a larger proportion of tissue §2H influence typically
originating from diet. In contrast, tissue §'30 values appear to be
more influenced by environmental water than diet contributions,
though the range in proportional contribution of environmental
waters to tissue 8180 values is also large, with as little as 15%
in house sparrow red blood cells (Wolf et al., 2011) to 87% in
chironomids originating from environmental water (Soto et al.,
2013c¢).

Decoupling in Tissue and Environmental
Water

Theoretical models derived for predicting the isotopic
composition of human hair based on drinking water and dietary

inputs explain 85% of the variability in observed variations of
samples from the United States (Ehleringer et al., 2008) and have
been validated in non-human primates (O’Grady et al., 2012).
The observed slopes in the strong linear relationships between
81804issue and 82Hijssue are typically lower than the slope of
8 (5°H = 8 * 580 + 10) in the meteoric water relationship
(Craig, 1961), ranging from 5.0 to 8.3 in humans (Fraser et al.,
2006; O’Brien and Wooller, 2007; Ehleringer et al., 2008; Bowen
et al., 2009; Thompson et al., 2010); 6.4-7.2 in birds (Wolf et al.,
2011); and 3.8-5.8 in insects (McCluney and Sabo, 2010). The
shallower slope may be a result of differing and separate controls
on 8%Hyissue and §'8O0yissue values, such as proportion local diet
fraction and fraction of tissue H fixed in vivo (Bowen et al,
2009).

In particular, theoretical calculations and data from human
hair samples suggests potential to use the coupled §*H/$'80
system as an indicator of situations where the isotope ratios of
environmental water contributing to dietary items and directly
to the consumer’s body water (e.g., as drinking water or water
in the life environment of aquatic organisms) are very different.
Bowen et al. (2009) showed that hair samples collected from
early-twentieth century Inuit living traditional lifestyles deviated
dramatically from the covariant §*H/8'80 relationships seen
in other humans (Figure4). Modeling suggested that these
distinctive values could be explained by the expected preferential
atomic routing of H from 2H-enriched marine dietary items to
keratin combined with the dominance of '#O-depleted drinking
water on keratin '30. This suggests that the dual-isotope system

TABLE 1 | Measured source contributions to organismal tissue §2H and 5180 values.

Organism §2H 5180 Tissue Source
Environmental Diet (%) Environmental Diet (%) Molecular
water (%) water (%) 0O, (%)
Humans 31 69* - - - Hair Sharp et al., 2003
36 64* 27 Hair O’Brien and Wooller, 2007
27 73* 35 Hair Ehleringer et al., 2008
Rodents 71 29 56 15 30 Body water Podlesak et al., 2008
25 75* 45 Hair Podlesak et al., 2008
Birds 18-32 68-82* - - - Blood, muscle, liver, lipids, feather, nail Hobson et al., 1999a
14-18 82-86* 15-27 Feathers, blood Wolf et al., 2011
26-70* 30-74 - - - Plasma, red blood cells, intestine, muscle ~ Wolf et al., 2012
Fish 12 88* - - - Muscle Solomon et al., 2009
33 67* 84 Lipid-free muscle Soto et al., 2013c
23-25 75-77 - - - Lipid-free muscle, liver Newsome et al., in review
Insects 14-39 61-86* - - - Whole organism Solomon et al., 2009
30 70 70 Whole organism Wang et al., 2009
47 53* 87 Lipid-free whole organism Soto et al., 2013c
Crustaceans 38 29 69 10 21 Chitin Nielson and Bowen, 2010
- - 56-69 Whole organism, eggs Schilder et al., 2015

When available, diet and molecular O, proportions are also reported.

*If only one source §2H measurement was reported (environmental water vs. dietary contributions), the other was calculated as 100-X.
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FIGURE 3 | Trophic compounding occurs in this food chain example
consisting of three trophic levels. Each trophic level is assumed to
consume from only the next lowest trophic level. The total contribution of
environmental water to consumer tissue §2H values depends on the value of
wcompound @nd its trophic level, such that increasing contributions of
environmental water to consumer tissue at each trophic level cause an
increase in 82H values. The value of » was assumed to be constant at 0.2 in
this example, while wgompound = 1— (1-)*, and  represents the trophic level.
Aquatic primary producer (—291.6%o, filamentous algae) and environmental
water (—106.8%o) $2H values used in this example are real measurements
from the Colorado River (Doucett et al., 2007). Values of 82H were calculated
using Equations (2) and (3) (see text).

could provide a powerful tracer, in particular, of consumption
of marine foods by terrestrial consumers or terrestrial subsidies
to marine food webs. Some indirect evidence for the latter may
be found in the anomalous §>H/8'80 values observed for some
commercially harvested marine bivalves (Chesson et al., 2011),
but controlled tests of this idea and applications to natural
systems have not yet emerged.

In contrast to the tight 8?Hiissue/8 '8 Otissue relationships
observed in the majority of human and primate data, the
literature also contains examples of altogether weak tissue/tissue
(e.g. 8?Hyissue/8 8 Oyigsue) OF tissue/source-water relationships
(e.g. 8?Hiissue/8*Huater» 8 8 Otissue/8 '8 Owater) in other organisms,
which suggest that we have more to learn about controls on these
isotopic systems. A tissue/source-water disequilibrium in one
of the two isotopes may suggest differences in the proportional
contribution of diet and environmental water to the tissue isotope
signal. Given that a greater proportion of O is derived from
environmental water than for H in many organismal tissues
(Table 1), it might be expected that the 818 0yater/8 " Otissue
relationship should be consistently strong in comparison with
82Hyater/6*Hyissue relationships. However, in some cases the
opposite pattern has been documented with strong relationships
in 8Hyater/8*Heissue comparisons and corresponding weaker
relationships in the 8"®Oyater/8'8Oyissue comparison, such as
for passerine birds and aquatic insects (Hobson et al., 2004;
Myers et al., 2012; Hobson and Koehler, 2015). Some potential
contributors to the relatively poor relationship in §'80 values
may be due to the exchanges of O in body water with O in the
CO; of dissolved body water (McCluney and Sabo, 2010), or
that in aquatic organisms, organically bound oxygen, particularly

o [
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FIGURE 4 | Mean 52H and 5180 values measured in human hair
samples from modern United States (n = 66, Ehleringer et al., 2008)
and Asian cities (n = 25, Thompson et al., 2010) as well as
mid-twentieth century indigenous populations (n = 26, Bowen et al.,
2009). A strong correlation exists between the H and O isotope ratios of these
globally distributed samples. Mean values from two Inuit groups with
marine-dominated diets were not included in the regression, as the deviation
from the relationship defined by the other samples indicates that different
mechanisms control the isotopic values under these unique dietary conditions
(Bowen et al., 2009).

in carbonyl and carboxyl functional groups, can exchange with
environmental water (Myers et al., 2012).

There are relatively few datasets in which both §2Hygsue
and §'80yeue values have been measured across a range of
environmental water isotope values, and thus these types of
comparisons are limited. Yet in some of these cases, both
82H and §'80 values of tissue demonstrate a strong isotopic
disequilibrium with environmental water. For example, the hair
of carnivorous felids (pumas and bobcats) lack the expected
correlation with isotopes in local water (Pietsch et al., 2011). One
potential factor, in this case, may be high levels of animal protein
consumption, which may contribute to low levels of amino
acid synthesis and/or potential trophic level effects (discussed
previously). In addition, felines drink to a limited extent, produce
high levels of metabolic water, and excrete concentrated urine,
suggesting that these differences in physiological and metabolic
adaptations of carnivores contributed to the lack of correlation
between hair and environmental water $?H and §'0 values
(Pietsch et al., 2011).

CONSIDERATIONS AND CAVEATS

As with other stable isotopes, the use of H and O in energy flow
and food web studies requires attention to additional factors that
can influence isotopic values, such as environmental variability
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over time, organismal and physiological characteristics, lipid
content, and trophic compounding. Many of these caveats
(highlighted in Figure 1 as factors that contribute to integration
and measurement) are not unique to 8*°H and §'80 data, but
have also proven applicable to studies using §!°C and §'°N as
well. Here, we discuss some of the potential influences on H and
O isotope values that researchers should be cognizant of when
conducting food web studies.

Environmental Variability
The isotopic composition of meteoric, surface, and ground
water can vary temporally (Kendall and Coplen, 2001; Bowen,
2008). In precipitation, the extent of the temporal variability
in isotope values is spatially heterogeneous, and the highest
intra-annual ranges occur in mid to high-latitude continental
interiors as a result of seasonal variability (Bowen, 2008). In
river water, seasonal shifts may occur in snow-dominated areas
when melt water is released or the degree of river management
varies (e.g., dams, irrigation return, diversions for agricultural,
and urban use) (Kendall and Coplen, 2001). Characterizing
how the environmental variability in the isotopic composition
of water is then translated into the §°H and §'80 values or
organismal tissue is still being explored. Higher trophic-level
organisms may act as ecological integrators, averaging isotopic
fluctuations over time and dampening temporal variability in
the environmental signal, as has been demonstrated for using
813C values as a proxy for atmospheric CO; in successive trophic
levels (Bump et al., 2007). With respect to H and O isotopic
composition between organisms and their environment, parallel
shifts have been observed in some cases but not others. For
example, seasonal shifts observed in the §2H and §'%0 values
of hair in grazed livestock appear to be a good proxy for
seasonal variability in climate (Auerswald et al,, 2011; Zazzo
et al,, 2015), and in aquatic systems, invertebrates in prairie
wetlands exhibited intra- and inter-annual variability in §*H
values that were related to the timing and amount of precipitation
(Bortolotti et al., 2013). On the contrary, algal and invertebrate
82H values were temporally consistent in a California river
system despite changes in environmental conditions known to
affect algal 8§'°C values (Finlay et al., 2010). Thus, these patterns
may be specific to location, ecosystem type, and species of study,
but understanding the time frames over which organisms track
changes in environmental 82Hyater and 8'8Oyyater values is still in
its infancy (Vander Zanden et al., 2014, 2015a; Tonra et al., 2015).
Other environmental factors such as climate and aridity have
been demonstrated to influence the §°H and §'80 values of
organisms. Evaporative environments can affect both the degree
of fractionation in dietary sources (i.e., plants) as well as the
animal body water pool. When the tissue isotopic signal has
a greater proportional contribution from diet, understanding
the environmental drivers of variability within and among food
items is important, yet has not received much investigation.
Instead, the bulk of research on climatic factors has focused on
resulting effects on the animal body water and tissue isotopic
signals. For example, the degree of increase in §2H values of
rock dove (Columba livia) body water was related to the fraction
of total water loss that occurred by evaporation (McKechnie

et al., 2004). In addition, several herbivorous species have tissue
8180 values that correlate with measures of relative humidity
and/or aridity (Ayliffe and Chivas, 1990; Luz et al., 1990; Cormie
et al,, 1994; Delgado Huertas et al., 1995; Levin et al., 2006), and
bone collagen §'30 values were different between dry and moist
forests in a variety of taxa (Crowley et al., 2015). Distinguishing
between feeding habitats within a forest canopy (i.e., arboreal
vs. terrestrial feeding heights) has also been evidenced in §'30
values of tissues such as tooth enamel and bone collagen, likely
driven by stratification in plant isotopic composition as relative
humidity changes within the canopy (Nelson, 2013; Crowley
et al,, 2015). On the other hand, insect body water §2H and §'80
values were not affected by varying humidity and temperature
(McCluney and Sabo, 2010), and several mammalian species were
found to have tooth enamel §'80 values that were not sensitive to
changes in aridity (Levin et al., 2006). Whether this divergence
relates to physiological differences among organisms or other
characteristics has not been determined.

Physiological and Organismal Variability
Other characteristics of an organism’s life history, habitat,
and physiology may result in variability in §?H and §'80
values, including species, size, age class, trophic position, habitat
stratification, drinking behavior, metabolic rate, routing, and
tissue type (Tuross et al., 2008; Kirsanow and Tuross, 2011; Soto
etal.,,2011,2013b; Wolfetal., 2011, 2012; Storm-Suke et al., 2012;
Graham et al,, 2013; Crowley et al., 2015).

Similar to patterns found with C and N isotopes (Roth and
Hobson, 2000; Trueman et al., 2005; Reich et al., 2008; Martinez
del Rio et al, 2009), it may be necessary to account for age
class and growth rates when comparing H and O isotope values
within or among species. Fish size—in addition to species and
tissue type—influenced the proportion of 2H in muscle derived
from drinking water, and in turn the §*H values of the tissue
(Graham et al., 2013). In rodents, 80 values of tooth enamel
carbonate were not affected by ontogenetic factors, while §2H and
8180 values of subcutaneous fat showed an age-class effect, such
that the fat of young rats did not strongly reflect $2H and §'30
values of drinking water (Kirsanow and Tuross, 2011). Likewise,
fish growth rate had a significant influence on the protein and
lipid 82H values in fish muscle, suggesting that metabolic effects
associated with growth may influence the degree of incorporation
of products derived from dietary lipids to tissue H (Soto et al.,
2013b). This suggests that §2H values in lipids could provide
complementary information to measuring §2H values in protein
in understanding organismal ecology, similar to the lipid §*H
biomarkers that have been important paleohydrological proxies
for photosynthesizing organisms (Sachse et al., 2012).

Several related physiological factors important to fluxes of
organismal H and O, such as metabolic rate, total water flux,
and evaporative water loss are largely influenced by body size
when comparing across a wide range of taxa, yet each factor may
respond to dietary, behavioral, and environmental influences
within a species or similar group of organisms (some of the
environmental influences are explored in the preceding section).
Metabolic rate is closely linked to body size, but within organisms
of similar body mass, it can be sensitive to factors such as
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diet and thermophysiology (Bryant and Froelich, 1995). For
example, the relative contribution of drinking water to avian
feather H increases with increasing metabolic rate, which was
experimentally elevated by housing quail at colder temperatures
(Storm-Suke et al., 2012). Total water flux, defined as the amount
of water into and out of an animal each day, also scales with
body size, but can respond to other factors, such as dietary
inputs and environmental temperature (Bryant and Froelich,
1995). Species that derive much of their water from leaves are
expected to have more '80- and 2H-enriched tissues, while
“obligate drinkers” or species that rely on meteoric water that has
experienced less evaporation than vegetative sources would have
relatively lower §2H and §'80 values (Flanagan and Ehleringer,
1991; Levin et al., 2006; Pietsch et al., 2011; Moritz et al.,
2012). Similarly, evaporative water loss composes a portion of
the water flux out of an animal, and can be influenced by
temperature, activity level, and method of body temperature
regulation. These factors can be intertwined, making it difficult
to experimentally test cause and effect, though it may be possible
to build physiological characteristics into modeling predictions
of tissue isotopic composition.

Within an organism, inter- and intra- tissue variation can also
influence sampling protocols and data interpretation. Inter-tissue
differences are likely due to routing of dietary macromolecules
and variability in the biochemical constituents (e.g., amino acids)
of the tissues, which do not undergo uniform fractionation
during synthesis (Tuross et al, 2008; Wolf et al., 2011). In
a controlled, long-term feeding trial of pigs maintained on
consistent diet and drinking water sources, a large isotopic range
was observed across different tissues: over 200%o in §2H values
and 8%o in 880 values (Tuross et al., 2008). Additionally, intra-
tissue variability, or inherent variation, in stable isotope values
within some tissues may be higher than in others. Values of §!80
in human nail samples were more variable than in scalp hair
from the sample subjects (Fraser et al., 2006). In fishes, the least
variability in §2H values was observed in muscle compared to
fin tissues, and therefore fin tissue should not be used unless
the subsampling protocol is standardized or whole fins are
homogenized prior to analysis (Graham et al., 2013; Hayden et al.,
2015).

Another factor to consider in sample preparation is the
presence of lipids, particularly in measuring 6°H values, as
the 2H content of lipids is typically much lower than that of
proteinaceous tissues (Estep and Hoering, 1980; Hobson et al.,
1999a; Soto et al., 2013c). For example, lipid 6°H values were up
to 200%o lower than other tissues such as muscle, blood, hair,
or bone collagen in mammals (Tuross et al., 2008; Kirsanow and
Tuross, 2011) and 55-110%0 lower than muscle and liver in fish
(Soto et al., 2013b; Newsome et al., in review). The type of lipids
present in a tissue may also affect the lipid isotopic composition,
as different fats can be synthesized though varying biochemical
pathways (Estep and Hoering, 1980; Zhang et al., 2009). Thus,
tissues that have a high or variable proportion of lipids can affect
the interpretation of §*H values. Given the small magnitude
of the 82H shift observed across a variety of samples, a failure
to correct for lipids affected mixing model results minimally
(Wilkinson et al., 2015). However, if the lipid content differs

between consumers and end members, there is a potential for
some bias in the mixing model results (Wilkinson et al., 2015).
In addition, the presence of lipids may affect the exchangeable
H content and the interpretation of bulk §?H values when
the comparative equilibration method is used for §H analysis
(Wassenaar and Hobson, 2000). More specifically, H in lipids is
mainly bound to carbon and is not exchangeable with ambient
water vapor at low temperatures, whereas H in proteins does
exchange (Wassenaar and Hobson, 2000), and thus the overall
lipid content can add variance to measured non-exchangeable
82H values when the lipid proportion is variable among samples.
As this field advances, there may also be utility in considering the
isotopic composition of lipids in dietary items. Lipid-derived H
can likely be used by eukaryotes to synthesis non-essential amino
acids and construct proteinacious tissues, which has been shown
to occur for C in lab mice that are fed diets 10-40% lipid (by
weight) (Newsome et al., 2014; Wolf et al., 2015). Nevertheless,
lipid extraction is currently recommended to maximize accuracy
of 6°H measurements and mixing model outputs.

WHERE TO GO FROM HERE

The measurement of §°H and 8'%0 in the tissues of plants,
wildlife, and people has emerged as a powerful tool, not
only in the initial applications of tracking human/animal
geographic origin and migration patterns, but also to understand
the movement of energy and nutrients across ecosystem
boundaries, food web relationships, and the physiologic status
of organisms. Along with the exciting potential for scientific
advances in ecosystem, food web, and organismal ecology, we
have variable understanding of the mechanisms involved in
integrating environmental water and dietary source H and O
into organismal tissues illustrated in Figure 1. We highlight
analytical considerations that will contribute to producing
reliable analytical results across laboratories and identify
knowledge gaps where continued investigation is encouraged.

Analytical Considerations

The first of these considerations is the need for quality assurance
practices in H and O isotope measurements. Measurements
of §?H are particularly problematic, given the capacity for a
portion of the H atoms to exchange with ambient humidity. The
ambient air moisture can change with location, season, or even
on a daily basis, affecting both the concentration and isotopic
composition of the moisture. Thus, the fraction of exchangeable
H must be accounted for (Wassenaar and Hobson, 2000; Bowen
et al, 2005a; Landwehr et al, 2011; Meier-Augenstein et al.,
2013). We have a fairly good understanding of the fact that H
exchange occurs (Figure 1) in addition to analytical approaches
to account for this phenomenon in measuring §°H values.
However, some studies have failed to account for H exchange or
do not report adequate information about the methods used to
do so. Approaches for controlled and repeatable accounting of
the exchangeable-H in organic samples have varied (Wassenaar
and Hobson, 2003; Bowen et al., 2005a; Kelly et al., 2009; Meier-
Augenstein et al., 2011; Qi and Coplen, 2011; Coplen and Qji,
2012). Some of the recommended methods are described in
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more detail by Meier-Augenstein et al. (2013) and include a
two-stage exchange equilibration process (Bowen et al., 2005a),
a comparative two-point end-member equilibration (Wassenaar
and Hobson, 2000; Kelly et al., 2009), online comparative two-
point end-member equilibration with an autosampler that will
allow steam equilibration (EuroVector'), or an online vacuum
equilibration system (Wassenaar et al, 2015). Regardless of
the method used, we emphasize that the methods must be
reliable and reproducible, and reported with sufficient detail in
publications. The interchange of materials among laboratories
can aid in assuring repeatability in $*H and §'#0 measurements
(e.g., Meier-Augenstein et al., 2011), given that it is unrealistic to
expect that all laboratories are equipped in exactly the same way.

Another consideration related to the analytical quality
assurance is the use of standards. Currently, no organic
international standards for H exist, but laboratory standards that
are used should be matched to the unknown sample type in terms
of biochemical structure, as the sample composition can affect
the proportion of exchangeable H, which will affect equilibration
calculations. Two human hair standards, USGS-42 and USGS-
43, of known and different isotopic composition are useful in
the isotopic analysis of human scalp hair (Coplen and Qi, 2012),
and two keratin standards, developed by Environment Canada
(Wassenaar et al., 2015), and which can now be purchased
through USGS, can be useful for other types of wildlife keratins.
As laboratories develop their own internal standards, sharing
among the community and referencing to non-exchangeable H
isotopic values is encouraged.

Finally, we emphasize the importance of accounting for lipids,
given their potential to affect §2H values. Lipids have dramatically
lower §°H values due to fractionation during synthesis and
integration, but this is an area where limited data are available
(Figure 1). Few studies have compared §2H values in lipid-
extracted vs. untreated organisms or tissues, and these studies
have presented mixed conclusions. In producers and consumers
of several lake species, lipid extraction had little effect on mixing
model results using 82H values, and therefore samples were
not lipid extracted prior to analysis (Solomon et al, 2011).
In contrast, other studies have recommended lipid extraction
in order to best quantify consumer §2H values (Jardine et al,,
2009; Wilkinson et al., 2015). Across a variety of samples from
lakes and rivers (four end member groups and three consumer
groups), the mean change in §2H values after lipid extraction
was 11.8%o, though the overall change in §2H values (A?H) after
lipid extraction varied among species (with algae changing the
least) (Wilkinson et al.,, 2015). While lipids have substantially
lower 82H values than proteins, they have been found be highly
correlated with §2H values of environmental water (Hobson et al.,
1999a; Soto et al., 2013c). Therefore, it might be expected that the
magnitude of the §2H shift is related to the lipid content of the
tissue, yet the degree of §2H shifts was not related to C:N values
in untreated samples (Wilkinson et al., 2015).

C:N ratios have been the typical proxy for lipid content
used in correcting §'*C values for animal tissue, although the

'EuroVector. Available at: http://www.eurovector.it/index.html [Accessed October
28,2015].

relationship between C:N and lipid content is not significant
for some food web components such as plants (Post et al.,
2007). Models have been developed to mathematically correct
for the presence of lipids when measuring §'3C values (Post
et al.,, 2007). Additional laboratory studies may allow for the
development of similar models for §2H values in the future,
potentially using measures of weight percent H content as a proxy
for assessing lipid effects on §2H values, but no reliable correction
models currently exist. Lipid extraction or other normalization
methods will be most important when the lipid content is variable
among samples (e.g., consumers and end members) to reduce the
potential for bias in §2H values.

Knowledge Gaps

Characterizing the difference between §2H values of terrestrial
vegetation and aquatic primary producers is critical for
quantifying the proportional energy inputs into aquatic food
webs (Figure 2). Thus, far, characterization of primary producer
8%H values has been required at each study site, as the differences
may be unique to each location or habitat. For example, the
82H offset between terrestrial and aquatic producers was much
larger in an arid environment (Doucett et al., 2007) than a
mesic one (Jardine et al., 2009). The application of models to
predict §2H values of these two end members could be useful
but has not been directly explored. This could be achieved in
the following steps. Meteoric water isotopic composition can
be estimated for a given location using modeling tools such as
IsoMAP (Bowen et al., 2013), and conversions between 82Hyyater
values and §*Hom values can be measured for the species of
primary producers of interest since the §H variability among
species from the same producer group and ecosystem is relatively
large (Hondula et al., 2014). However, the estimates for 8?Hom
values in terrestrial vegetation could be improved by accounting
for site-specific evapotranspiration among regions of differing
aridity and validated with data from the growing number of sites
where these measurements have been made. Soon, IsoOMAP users
will be able to estimate §°H values for water of plant leaves,
which could aid in exploring the controls on terrestrial vs. aquatic
vegetation offset and how this differs among sites. Alternatively,
a mechanistic model to predict the isotopic composition of
plant tissue, such as the one developed for tree-ring cellulose
accounting for humidity and source water environmental data
(Roden et al., 2000) could be useful for predicting terrestrial leaf
and aquatic primary producer isotopic composition.

As research using §°H and §'80 values in food web ecology
continues to expand, we expect that controlled studies to
explore the mechanisms and physiological processes affecting the
isotopic values of H and O during the integration and synthesis
of tissues will contribute to advances in interpreting isotopic data
(Figure 1). It is not yet clear whether the mechanistic models that
describe the behavior of H and O isotope behavior in humans,
primates, rodents, and fish (Ehleringer et al,, 2008; Podlesak
et al., 2008; Bowen et al., 2009; O’Grady et al., 2012; Soto et al.,
2013c) can be applied to other organisms or tissues, but work that
focuses on the theoretical underpinnings of the expected tissue
values given known diet and environmental water inputs would
be valuable.
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It may also be important to account for organismal differences
in physiological characteristics such as metabolic rate, water flux,
and evaporative losses in modeling and predicting §*H and §'80
values (Figure 1). These factors, along with behavior, may largely
determine the relative contribution of diet vs. environmental
water contribution to tissue measurements. The drinking water
status of organisms should be further explored with respect to
H and O isotope composition in tissues. When small portions of
the body water are derived from drinking water, there appears to
be a decoupling between tissue and environmental water isotopic
composition, or at least this effect was observed in felids (Pietsch
et al., 2011). Experiments with organisms that represent a
spectrum of water-conservation strategies (e.g., obligate drinkers
vs. drought-tolerant species) would elucidate if this phenomenon
extends beyond felids. Additionally, the effect of exercise (or
metabolic rate changes) and increased evapotranspiration on
the dynamics of the body water pool is poorly understood.
The metabolic demands and evaporative water loss associated
with growing tissue during the breeding season may contribute
to deviations between feather and precipitation §°H values
of raptors (Meehan et al,, 2003; Smith et al., 2008). Yet the
water loss associated with evaporative environments (i.e., high
temperatures and/or low environmental humidity) does not have
consistent effects on organismal tissue §2H and §'30 values
(Ayliffe and Chivas, 1990; Luz et al., 1990; Delgado Huertas
et al, 1995; McCluney and Sabo, 2010), and may be related
to body size or mass-specific metabolic rates (Topalov et al.,
2013). More controlled experiments are needed to determine how
environmental conditions, in addition to diet and water inputs,
may affect organismal body water and tissue H and O isotopic
composition.

Additionally, little is known about the turnover times for
H and O isotopes (Podlesak et al., 2008; Storm-Suke et al.,
2012; Wolf et al., 2012), which is necessary to quantify the time
frames over which organisms reflect changes in the diet, drinking
water, and environment. Controlled feeding studies with changes
in diet and/or drinking water are needed to characterize the
integration periods and turnover patterns of these elements in
organismal tissue. General patterns of turnover rates using C, N,
and S isotopes from a synthesis of many studies indicated that
half-life is related to animal body mass (Vander Zanden et al,,
2015b), though insufficient data exist to explore whether similar
patterns exist for H and O isotopes. Molecular routing may
be largely responsible for tissue-specific differences in 62H and
8180 values, and feeding trials that account for particular dietary
components can help to explore routing effects. In addition,
compound-specific §2H analysis of individual amino acids may
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