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ABSTRACT

About 10 years ago, reviews of the use of stable isotopes in animal ecology predicted explosive growth in this field
and called for laboratory experiments to provide a mechanistic foundation to this growth. They identified four
major areas of inquiry: (1) the dynamics of isotopic incorporation, (2) mixing models, (3) the problem of routing,
and (4) trophic discrimination factors. Because these areas remain central to isotopic ecology, we use them as
organising foci to review the experimental results that isotopic ecologists have collected in the intervening 10
years since the call for laboratory experiments. We also review the models that have been built to explain and

organise experimental results in these areas.
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I. INTRODUCTION

Stable isotope chemistry was once the domain of the earth
sciences. Due to a combination of neglect and technical
difficulty, its use was largely inaccessible to biologists. This
situation changed about 20 years ago with development of
on-line isotopic analyses and when plant physiologists and
plant physiological ecologists began using these tools to
discover the potential of stable isotope analyses (SIA) as
tools to link processes at scales spanning from cells to
ecosystems (Dawson et al. 2002). Animal ecologists were
a little slower in adopting the method, but over the last
10-15 years they have embraced it heartily, and in this
period the applications of SIA to the study of animals have
grown very rapidly (Martinez del Rio & Wolf 2005).
Ecologists have realised that they have a remarkable
technique at their disposal and have taken advantage of it
with gusto. Animal ecologists use stable isotopes in a myriad
of applications that range from paleoecology to ecosystem
ecology, passing through physiological and population
ecology (Hobson & Wassenaar 1999; Koch 2007).

The successful adoption of the method by animal
ecologists 1s the result of strides in three areas: (1)
technological progress has made SIA widely available, and
a lot cheaper; (2) ecologists have gathered large observa-
tional data sets, and have conducted many experiments that
examine the boundaries of the applications of SIA; and (3)
ecologists have developed models that permit the interpre-
tation of field data and experimental results, which has
motivated further observations and experiments. About 10
years ago, Gannes, O’Brien & Martinez del Rio (1997) and
Gannes, Martinez del Rio & Koch (1998) assessed the state
of the art in the application of stable isotopes in animal
ecology. They concluded with the prediction of explosive
growth in the field and with an exhortation for laboratory
experiments to sustain it. Gannes et al. (1997) contended
that the field’s health depended on using experimental data
to support the many assumptions needed to interpret field
data, and to establish whether the assumptions that field
researchers often have to make are warranted. Gannes
et al’s (1997) prediction was confirmed spectacularly. The
use of stable isotopes in animal ecology has flourished.
Their exhortation for more laboratory experiments was
heeded and now the field is supported by a stronger
collection of experimental studies. The literature on the
application of SIAs in animal ecology has grown so much
that it would be folly to attempt to review it here. Like
Gannes e al. (1997, 1998), we will review only how
experimental studies have led to advances in the application
of stable 1sotopes in animal ecology. Our focus will not be
the, often striking, insights that ecologists have gained by
using stable isotopes, but rather the areas in which further
experimentation can lead to progress.

The development of the application of SIA to animal
ecology has been the result not only of advances in
experimental research, but also of the growth in theory. The
accumulation of field and experimental data has stimulated
ecologists to build mathematical models that aim to explain
patterns, to synthesise observations, and to generate novel
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predictions. The use of theory in isotopic ecology has
advanced hand in hand with the accumulation of data. The
purpose of this review is not only to summarise experi-
mental results, but also to describe, and on occasion
elaborate, the models that ecologists use to interpret them.
We will also identify areas in which theoretical research and
development are still needed.

Gannes et al. (1997, 1998) proposed that the successful
application of SIA to animal ecology hinged on our
knowledge of how rapidly and faithfully animals incorpo-
rate the isotopic composition of the resources that they use.
They identified four major areas in which experimental
work was needed to further this knowledge. We have labeled
these areas: (1) the dynamics of isotopic incorporation, (2)
mixing models, (3) isotopic routing, and (4) trophic
discrimination factors. These areas remain relevant and
are the organising foci of this review. In a final section we
will identify novel research themes that we believe are
potentially fruitful and ripe for exploration. Throughout this
review, we will contend that although isotopic ecology has
grown and matured, there is still much that we do not know.

II. THE DYNAMICS OF ISOTOPIC
INCORPORATION

(1) Why should ecologists care about them?

Isotopic ecologists should be interested in the time course of
the incorporation of the isotopic signature into an animal’s
tissues for two reasons: first, this information determines the
time window through which they can perceive the course of
changes in the isotopic composition of an animal’s diet
(Newsome et al. 2007). Second, by sampling different types
of tissues in a single individual, SIA permit exploration of
how an animal uses resources over a variety of temporal
scales. The method therefore allows making inferences
about the breadth of resources used by an individual, and to
determine the contribution of intra- and inter-individual
variation to the spectrum of resources used by a population
(Dalerum & Angerbjorn 2005). This application is based on
the observation that tissues differ in the rate at which they
incorporate new materials (reviewed by Phillips & Eldrige
2006). In vertebrates, some tissues, such as liver and plasma
proteins have high turnover rates, and their isotopic
composition reflects integration of recent dietary inputs.
Others, such as bone collagen, exhibit low incorporation
rates and their isotopic composition reflects integration of
dietary inputs over longer time periods (Dalerum &
Angerbjorn 2005 and references therein). Some tissues such
as feathers, hair, and shells are deposited in a discrete interval
and because they are inert, retain the isotopic composition of
resources incorporated while they were manufactured (Best
& Schell 1996 & Bowen, Wassenaar & Hobson 2005).

(2) One-compartment, first-order models

The time course of isotopic incorporation is determined
experimentally, most often in the laboratory, but sometimes
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in the field (Mclntyre & Flecker 2006). Typically a group of
animals are fed a diet of known isotopic composition. After
their tissues have reached a stable isotopic composition,
animals are shifted to another diet with a different isotopic
composition (Martinez del Rio & Anderson-Sprecher 2008).
The relationship between the composition of animal’s tissue
and time (§) has been traditionally described by the
equation:

0X jissue(t) = a + be ~ (1)

where the parameters a, b, and ¢ are estimated empirically
(Bearhop et al. 2002 and references there). Martinez del Rio
and Wolf (2005) proposed the alternative form

6Xti55uﬂ - 6X°0 - [6X00 - 6Athis.me.r(O)]€ B ;Ua (2)

In this equation a = 80X o, b = -[0X & - dXisue(0)], and ¢ = A
The values of @ and b in equation 1 are very useful to
diagnose the success of an isotopic incorporation experi-
ment. If a (or 8X ) does not equal the value of the diet plus
a reasonable discrimination factor (¢ =0Xo= 08Xy, +A),
the experiment has not run to completion and one might
question the inferences on ¢ (or A) that one can derive from
the experiment. The non-linear routines routinely used to
fit the values of equations 1 and 2 are notoriously unreliable
if the data set does not include values of 8.Xy;,(f) that are
close from the function’s asymptote (Bates & Watts 1988).
Equations 1 and 2 represent the behavior of a well-
mixed, one-compartment system with first order kinetics.
Martinez del Rio and Wolf (2005) and Olive et al. (2003)
described similar derivations for equation 2. In systems well
described by equation 2, the residence time of an element is
distributed as an exponential density function of time (f):

S()=—e (3)
T

where T is the average residence time and equals 1/A
(Martinez del Rio & Anderson-Sprecher 2008). Researchers
often estimate the half-life of an element in a tissue as t; o =
7 In(2) = In(2)/\. The half-life is the median of the residence
time distribution represented in equation 3. Although in
a following section we will argue that it is inappropriate to
use equation 2 as a general description of isotopic
incorporation in all cases (see Cerling et al. 2007a), its
application has been fruitful. Perhaps because of its sim-
plicity and the clear intuitive interpretation of its param-
eters, equation 2 has led ecologists to identify some of the
important factors that determine isotopic incorporation
rates.

(3) Why does isotopic incorporation differ
among animals?

The rate at which animals incorporate the isotopic signal of
their diets into their tissues varies among organisms and
among the tissues within a single individual. The factors
that have been recognised (or hypothesised) to influence
incorporation rate are body size, growth, and protein
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turnover. In this section we will deal with body size and
growth. We will consider protein turnover in the following
section. Carleton & Martinez del Rio (2005) interpreted A
in equation 2 as the ratio of the net rate of influx of
materials into a tissue (7) and the size of the pool of the
element in the tissue (P: A =9 /P. Because the rate of
elemental incorporation into a tissue, and hence v, should
be proportional to body mass (m;) to the 3/4 power (West,
Brown & Enquist 1997), and because the size of most tissues
scales isometrically with body mass, A should be pro-
portional to m,*'*/ m, = my'/*. A data set on the rate of
13C incorporation into the red blood cells of several bird
species verified this prediction (Carleton & Martinez del Rio
2005): the fractional rate of isotopic incorporation declined
with body mass to approximately the -1/4" power. To our
knowledge, this prediction has not been tested in other
animal groups or other tissues. However, this result suggests
that 1sotopic ecologists cannot use incorporation data of an
animal to infer the incorporation rate of another of
a different size. This cautionary note depends on the
difference in mass between animals: an allometric exponent
of -1/4 suggests that animals that differ in mass by a factor
of 2 will differ in A values by only 20%, whereas if they differ
in mass by an order of magnitude their A values will differ
by =~ 100%. Carleton & Martinez del Rio (2005) also
suggest that a fruitful, and perhaps urgent, task for isotopic
ecologists is to gather the data needed to construct the
allometric relationships between incorporation rate and
body size in a diversity of taxa and for the most widely used
tissues.

An animal’s body size is not the only determinant of the
rate at which its tissues incorporate the isotopic composition
of the diet. Fry & Arnold (1982) recognised that the value of
A is determined by both the addition of new material to the
tissue (“growth”) and by the replacement of material
exported from the tissue as a result of catabolism (“catabolic
turnover”). Hesslein, Hallard & Ramal (1993) proposed that
the value of A equals the sum of fractional net growth £, (£, =
my, ! [dmy,/df]) and catabolic turnover kg (A = kg + kg). If the
animal is not growing, then A equals catabolic turnover (A =
kq). 1f the animal is growing exponentially (i.c. if £, is
approximately constant), then we can measure growth and
use equation 2 to partition the contribution of net growth
and catabolic turnover to A. The term k, can be measured
as the mass specific rate of change in the size of the pool and
kq can be estimated by difference (k4 = A - £;). Partitioning
the contribution of growth and catabolism to A is more
complicated if the animal is not growing exponentially. If we
measure growth, we can find the function that describes the
change of £, in time. If we assume that &4 remains constant,
we can solve

8X(1) = 6Xw — [0Xw — 5)((0)][[ (k0 + k) "

to find the relative contribution of growth and catabolism to
incorporation as a function of time.

If isotopic incorporation can be described adequately by
equation 2, we can summarize the effects of growth and
catabolism on A as follows:
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1 (dmy 0
A= (2 5
mb<dt)+amb7 ()

where o and 0 are an allometric constant and an allometric
exponent, respectively. This equation states that the
fractional rate of isotopic incorporation equals the sum of
fractional growth rate and the allometric effect of body size
on catabolic turnover. In the adults of determinate growers,
the growth rate term equals 0, and therefore the allometric
effect of body size should be the primary determinant of
isotopic incorporation. In this case we expect both T, the
average retention time (A~ 1), and ¢, /9, to scale with mass to
the "2 power. Because mass-specific growth rate scales with
my, '/ (Peters 1983) in animals in the exponential phase of
growth, both terms in equation 5 should be allometric
functions of body mass with the same exponent (approx-
imately -1/4). Because temperature has a profound effect
on all metabolic processes (Gillooly et al. 2001), we expect
the magnitude of the allometric term to be temperature
dependent (Witting e/ al. 2004), and to differ between
endotherms and ectotherms. Following the notation of
metabolic theory (Brown et al. 2004), we can summarize

1 Ea
these expectations as Ao<cm, * ™, where E, is the “energy
of activation” of metabolic processes, £ is Boltzmann’s
constant, and T is absolute temperature (Brown et al. 2004).

Although the predictions embodied in equation 5 have
not been tested quantitatively yet, the available data are
consistent with them. Isotopic incorporation is rapid in fast-
growing ectotherms. In growing fish, growth seems to
account for most, if not all, of the value of A (Jardine et al.
2004; Suzuki ef al. 2005 and references therein). McIntyre &
Flecker (2006) reported that incorporation rates were very
similar to growth rates in snails (Zarebia granifera) and
tadpoles (Rana palmipes) and Reich, Bjorndal & Martinez del
Rio (2008) made the same observation in growing
loggerhead turtles (Caretta caretta). The contribution of
growth to A in the tissues of all the ectotherms listed above
was high (from 30 to 100%) relative to that reported by
MacAvoy, Macko & Arneson (2005) for adult, but still
growing, mice. In these endotherms, growth accounted for
only =~ 10% of the rate of incorporation of carbon and
nitrogen. It is tempting to speculate that there is a difference
in the relative contributions of growth and catabolic
turnover to the rate of isotopic incorporation between
endotherms (e.g. mice) and ectotherms (e.g. crustaceans,
snails, fish, amphibians, and reptiles).

This hypothesis must be tempered by differences in the
developmental stages of the endotherms and ectotherms
that have been investigated. Although the mice studied by
MacAvoy et al. (2005) were growing, they were close to their
maximal size, whereas many of the studies on ectotherms
have been conducted in rapidly growing young West,
Brown & Enquist (2001) have hypothesised that the fraction
of energy and nutrients used for growth, relative to other
functions, is more or less equal for all species at the same
stage of development, as measured relative to their
asymptotic mass. The relative contribution of growth to
isotopic incorporation may be roughly the same in
ectotherms and endotherms, provided that animals are
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measured at comparable developmental stages. Among
vertebrates, endotherms reach their asymptotic mass in
a relatively short time and then stop growing (they are
“determinate growers”), whereas many (albeit not all)
ectotherms continue growing for most of their lives (they
are “indeterminate growers”; Sebens 1987). Therefore, in
most ecological field studies growth rates will be more
important determinants of isotopic incorporation in ecto-
therms than in endotherms.

The dominant effect of growth on the rate of isotopic
incorporation in growing ectotherms has consequences for
the interpretation of field isotopic measurements. Perga &
Gerdeaux (2005) found that the isotopic composition of
muscle in whitefish (Coregonus lavaretus) reflected only the
1sotopic composition of prey consumed in the seasons when
the fish were growing. By contrast, the isotopic composition
of liver tracked the isotopic composition of the diet closely
throughout the year. The effects of growth on stable isotope
analyses are probably a prevalent, and relatively unstudied,
confounding factor in stable isotope field studies (Reich et al.
2008). Tieszen e al. (1983, p. 35) warned about an
“...amportant complication . . . is that each tissue. . .can be expected
to have an isotopic memory”. The combined effect of body size
and growth on incorporation rate may exacerbate this
complication in large animals, such as ungulates and seals,
and in the “slow” tissues that are often used to study them
(bone collagen; Koch 2007). In these animals the diet
ingested during growth may give collagen a long-lasting
imprint, and the contribution of diets ingested after animals
are fully grown may be difficult to detect.

The experimental studies that we have reviewed have
revealed the profound importance of animal size, temper-
ature, and growth for the dynamics of isotopic incorpora-
tion. These studies are useful in that they identify important
factors. Unfortunately, laboratory experiments fail to
capture fully all complexities of these factors in nature -
including temporal variation and dependence on food
abundance and quality. Field experiments that probe the
effects and consequences of these factors on isotopic
incorporation are needed for ecologists to interpret the
results of isotopic patterns.

(4) Why does isotopic incorporation differ
among tissues?

Tieszen et al. (1983) first recognised the importance of
measuring isotopic incorporation to interpret field isotopic
measurements. These authors were also the first to
demonstrate variation in isotopic incorporation rate among
tissues. They speculated that “more metabolically active
tissues. . .have faster turnover than less metabolically active tissues”
(p- 33), and supported this speculation with a negative
correlation between oxygen consumption data measured
vitro and the half-life of 13C. in four tissues. Understandably,
Tieszen et al.’s (1983) statement has come to be interpreted
to mean that both organisms and tissues with high
metabolic rate, construed narrowly as a high rate of oxygen
consumption, should have fast rates of isotopic incorpora-
tion (Hobson and Clark 1992; Voigt et al. 2003). For
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example, Klaasen, Thums & Hume (2004) measured
incorporation of dietary '*C and "N into the blood of
long-nosed bandicoots (Perameles nasuta), found very low
levels of incorporation, and speculated that these rates were
low compared with those measured in other birds and
mammals due to the low metabolic rate of marsupials
(Klaasen et al. 2004).

However, the experimental evidence does not support
this widely held assumption. Voigt e/ al. (2003) investigated
the rate of dietary carbon incorporation into the tissues of
nectar-feeding bats, and found that the rate of carbon
incorporation in these animals was the lowest reported for
a vertebrate, which is surprising in view of the exceedingly
high metabolic rates of these animals. Carleton & Martinez
del Rio (2005) exposed house sparrows (Passer domesticus) to
cold temperature to increase their metabolic rate. In spite of
a large increase in metabolic rate, cold exposure had no
effect on '°N incorporation rate, and had only a small, and
biologically insignificant, effect on '*C incorporation rate.
Why do we find these discrepancies between experimental
observations and what seems like a reasonable hypothesis?

In their original paper, Tieszen et al. (1983) conflated two
related concepts: metabolic activity construed broadly as
the collection of anabolic and catabolic processes, and
metabolic rate construed narrowly as respiration rate.
Although respiration rate is related to metabolism sensu
lato, the relationship is not direct and respiration rate can be
uncoupled from some (albeit not all) components of the
intensity of secondary metabolism (Marsh, Marxson &
Manahan 2001). This confusing conflation has been
exacerbated by MacAvoy, Macko & Bassett’s (2006) report
of a negative correlation between mass-specific basal
metabolic rate (MR/m,) and the half-life (t,,9) of isotopic
incorporation. This correlation is a necessary consequence
of the allometric dependence of both ¢,,9 and MR/m, on
body mass. Because ¢, scales with m,!/* (Carleton &
Martinez del Rio 2005) and MR/ m, scales with my,™/* (West
et al. 1997), then ¢;,o must scale with (MR/my,)".

Both Voigt et al. (2003) and Carleton & Martinez del Rio
(2005) measured the incorporation of carbon into pro-
teinaceous tissues (connective tissues and blood). In these
tissues, respiration rate can be increased by the catabolism
of endogenous non-protein substrates without increasing
the rate of protein synthesis and breakdown (Marsh et al.
2001; Lobley 2003). Had Voigt et al. (2003) and Carleton
and Martinez del Rio (2005) measured the turnover of lipid
and carbohydrate reserves, instead of that of protein, they
would have found very high incorporation rates. Indeed,
Voigt & Speakman (2007) found that nectar-feeding bats
incorporate dietary '*C into lipid reserves very rapidly.
Carleton and Martinez del Rio (2005) proposed that the
term “metabolic activity” in Tieszen ef al’s (1983)
hypothesis should be interpreted narrowly to imply
synthesis and catabolism of specific tissue components.
They speculated that the primary determinant of the rate of
isotopic incorporation in most tissues (whose isotopic
composition 1s typically measured after lipids are extracted,
Post et al. 2007) is protein turnover.

Because protein turnover is a process that has been
relatively well studied, we can pose two predictions: (1) the
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rate of isotopic incorporation into different organs/tissues
should be ranked in the same order as their rate of protein
turnover. Thus, structural elements (collagen, striated
muscle, red blood cells) should have lower rates of isotopic
incorporation than splanchnic organs (liver, viscerae, and
plasma proteins; Waterlow 2006); (2) because dietary
proteins are known to have a regulatory effect on protein
synthesis and degradation (Lobley 2003 and reviewed by
Waterlow, 2006), we expect protein intake to influence
1sotopic incorporation rates. Physiologists have documented
increases in protein synthesis resulting from increased protein
intake in a variety of vertebrates (see Tsahar ef al. 2007).

Testing Carleton & Martinez del Rio’s (2005) conjecture
directly requires measuring protein turnover and isotopic
mcorporation concurrently. Although these measurements
have not been done, there is significant support for the
hypotheses” two predictions. Splanchnic organs with high
rates of protein turnover such as the liver and intestine have
higher rates of isotopic incorporation than collagen and
muscle (see Waterlow 2006), and Tsahar et al. (2007)
documented a 36-60% increase in the retention time of '°N
m blood cells and plasma when they reduced the nitrogen
content of the diet of a fruit-eating bird (Pycnonotus xanthopygos).
Tsahar et al. (2007) suggested that a protein-deficient diet was
responsible for the unusually long '*Ci and >N retention
times in the nectar-feeding bats studied by Voigt et al. (2003).
This hypothesis 1s supported by the observation that when the
same bat species were fed on diets with adequate nitrogen/
protein, their retention times were much lower (Mirén et al.
2006). Carleton & Martinez del Rio (2005) speculated that
isotopic incorporation and protein turnover are linked by the
two components of protein turnover: synthesis, which entails
incorporation of dietary nutrients, and catabolism, which
entails loss of tissue materials. Available evidence gathered so
far supports this view.

(5) Isotopes and nutrient allocation

The link between isotopic incorporation and protein
turnover illustrates how we can find the foundations of
isotopic ecology in nutritional physiology. Recent experi-
mental work has illustrated the other side of the coin: stable
isotope analyses can open up new vistas in nutritional
research. One of the most exciting applications of SIA in
nutritional research has been the use of food’s natural
isotopic signatures to estimate the allocation of ingested
nutrients to somatic and reproductive functions (Boutton
et al. 1988). In a series of ingenious experiments, O’Brien
and her collaborators have disentangled the contribution of
larval and adult diet to eggs in moths and butterflies, and in
the process illuminated the importance of essential amino
acids in the life history of these organisms.

The methods used by these researchers are informative.
O’Brien e al. (2000 and 2002) fed adults on nectar with
a carbon isotopic composition that could be distinguished
from that of the plants that they ate as larvae. Irom the time
course of incorporation of '3C from the adult diet into eggs,
they estimated the fractional rate at which the pool of
nutrients devoted to eggs incorporated new carbon, and the
maximal percentage of carbon in eggs that was derived
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from nectar (Fig.1). Many moths and butterflies feed
exclusively on nectar as adults and primarily derive
carbohydrates from it. In these animals, the maximal %
of carbon in eggs derived from nectar ranges from 44% to
66% (O’Brien, Boggs & Fogel 2004). O’Brien, Boggs &
Fogel (2005) found that the 3'3C of individual indispensable
amino acids in eggs was very similar to that of the essential
amino acids of the larval food plant (Fig. 1). By contrast, the
3!3C values of dispensable amino acids resembled those of
nectar. Thus, dispensable amino acids are a renewable
resource that the butterflies can synthesise from carbon
skeletons that they obtain from their adult diet. By contrast,
when butterflies use indispensable amino acids to make
eggs, they are tapping into a non-renewable, and hence
finite, resource (O’Brien et al. 2002). Total egg production is
limited by the amount of indispensable amino acids stored
as larvae (O’Brien et al. 2004).

Indispensable amino acids appear not be a non-renewable
resource in all Lepidoptera. Some butterflies in the genera
Heliconius and Laparus (subfamily Heliconiini) soak pollen in
the nectar that they imbibe. These butterflies live longer
and are more fecund that those that rely exclusively on
nectar as adults. O’Brien, Boggs & Fogel (2003) used
compound-specific isotopic analyses to estimate the contri-
bution of the nutrients that leach from pollen to the
indispensable amino acids found in eggs. In Heliconius
charitonia, they found that roughly 17% of the carbon in
indispensable amino acids was derived from pollen (O’Brien
et al. 2003). The higher longevity and fecundity of
heliconine butterflies seems to be the result of the ability
of these butterflies to replace some of the indispensable
amino acids that they place in eggs with amino acids from
pollen. Stable isotopes have revealed that the life history of
butterflies and moths seems to be shaped by whether they
use indispensable amino acids as renewable or non-
renewable resources.

(6) One, two, how many compartments?

Ecologists have traditionally estimated isotope incorpora-
tion rates using one-compartment models that obey first-
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order kinetics (Martinez del Rio & Wolf 2005). By contrast,
since the late 1950s, physiologists studying protein turn-
over typically have relied on multi-compartment models
(Waterlow 2006). Ayliffe et al. (2004) and more recently
Cerling et al. (2007a) have called for the use of mult-
compartment models to describe isotopic incorporation
rates. Cerling et al. (20074, b) have argued that by using one-
compartment models, isotopic ecologists have erroneously
over-simplified a complex process. Implicit in Cerling e al.’s
(20074, b) contention is the observation that by using only
one-compartment models, we may be biasing the estimates
of how long isotopes stay in tissues, and thus the time
windows of incorporation that we can assess in each tissue.

Cerling et al. (2007q) proposed a useful graphical method
(the “reaction progress variable”) to diagnose whether
isotopic incorporation data must be described by one- or
multi-compartment models. Martinez del Rio & Anderson-
Sprecher (2008) extended Cerling et al.’s (2007a) method by
developing statistical estimates of average retention time for
isotopes in multi-compartment systems and of the uncer-
tainty associated with these estimates. These authors also
proposed the use of information theoretic criteria (such as
Akaike Information Theoretic Criteria, AIC), to assess the
weight of evidence in favour of one- or multi-compartment
models. Tsahar e al. (2007) used the methods proposed by
Martinez del Rio & Anderson-Sprecher (2008) to analyse
the incorporation of >N into the blood cells and plasma
proteins of a fruit-eating bird (Pycnonotus xanthopygos). They
concluded that one-compartment models were better
supported than two-compartment models. By contrast,
Carleton et al. (2008) analysed the incorporation of '*C into
several tissues of house sparrows and found that in many
(albeit not all) tissues, two-compartment models were better
supported than one-compartment models (Fig. 2). More
importantly, they found that using one- or two-compartment
models led to different inferences: the average retention of
13C estimated by the two-compartment model was
systematically higher than that estimated by the one-
compartment model (Fig 2). Furthermore, the absolute
difference in 3'3C values between tissues and diet (the
tissue to diet “discrimination factor”, A) estimated by
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w21 t " . ) w©
-23
28 ( | ) L -30.0
1 1 1 3 L | N TN N T T S T N S T ——
EmI2onsoo>s003
0.0 50 10.0 150 20.0 25.0 30.0 £ g 332 253588 25

Time after emergence (days)

Fig.1. The carbon isotopic composition of protein in the eggs of newly emerged Colias eurytheme resembled that of larval diet. The
isotopic composition of eggs changed with time as more carbon from nectar was incorporated into eggs (A). However, the
asymptotic d'*C of eggs was intermediate between that of larval and adult diets (upper line in A). This result can be explained by
the 3!3C of dispensable amino acids (which are derived from carbon in nectar, open symbols in B), and that of indispensable amino
acids (which are derived from the larval diet, filled symbols in B). After O’Brien et al. (2005).
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Fig.2. (A) The pattern of incorporation of '3C into the liver of
house sparrows (P domesticus) was best described by a two
(dashed curve, AICc = 39.9) than by a one-compartment
(dotted curve, AICc =83.1) model. (B) In a variety of tissues of
P domesticus, the average retention time estimated by two-
compartment models was consistently higher (by about 3.5
days) than that estimated by one-compartment models (b).
After Carleton et al. (2008).

two-compartment models was smaller than that that esti-
mated by the one-compartment model (Carleton et al. 2008).
Martinez del Rio & Anderson-Sprecher (2008) have em-
phasised the important observation that multi-compartment
models are convenient simplified statistical descriptions of
complex phenomena and pointed that one cannot infer from
these models the number of “real” isotopic compartments in
an organism. Indeed, O’Brien et al. (2002) have shown that
isotopic incorporation patterns vary greatly among individ-
ual amino acids! The results of compound-specific isotopic
analyses open new vistas and remind us that the results of
“bulk” isotopic analyses are the results of the statistical
averages of a myriad of metabolic transformations of organic
compounds.

The use of multi-compartment models in isotopic
incorporation studies is a relatively recent development.
Consequently, we do not know yet if the application of these
models will force us to reconsider the inferences hard won
with studies that used one-compartment models. Because
these patterns are strong, we venture that their general trends
will be robust to model structure. However, details might
change (Fig.2). A re-analysis of the myriad isotopic
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incorporation studies following the guidelines of Cerling
et al. (2007q) and Martinez del Rio & Anderson-Sprecher
(2008) should be an important priority in isotopic ecology.
Recognising the possibility that a data set is described by
many, rather than by only one compartment has implications
for the design of experiments. Many isotopic incorporation
experiments have sampled tissues at intervals that increase in
length following a 2" geometrical sequence rule (e.g sapling
at 1, 2, 4, 16,. . ., days, e.g. Carleton et al. 2008). Cerling et al.
(2007b) worry that this sampling schedule can prevent
analyses from detecting compartments and recommend
a sampling protocol that follows a 2"/ rule that places
strong emphasis on compartments with short residence times
(e. 1.4, 2, 28, 4, 56, ..., h). This is a sensible
recommendation that must be tempered only by the
objectives of the researcher (including the ecologically
relevant time windows that researchers might be interested
in probing) and the cost of an experiment. For the duration of
any experiment, Cerling e al.’s (20075) proposed schedule
includes twice as many sampling dates as the 2" schedule.

ITII. MIXING MODELS

(1) Mixing models

Many problems in isotopic ecology demand that we
estimate the contribution of different sources to the tissues
of an animal. Mixing models are the tool of choice for this
purpose, and isotopic ecologists have made strides in the
development of these models. Briefly, in a mixing model we
attempt to estimate the fractional contribution of an
isotopic source to a tissue from the isotopic composition
of the tissue and from the isotopic composition of the
dietary sources. The simplest mixing model 1s of the form:

or = fa0a + /0B (6)

L=/x+/s, (7)

where O is the isotopic composition of an animal’s tissue,
O and dp are the isotopic compositions of sources A and B,
and f, and fg are their relative fractional contributions
(Philips 2001). Equation 6 and 7 can be generalized to
a linear system of N equations in N unknowns that allows
estimating the contribution of N sources if one measures the
composition of N-1 isotopes in a tissue. Most studies rely on
two isotopes (3G and '°N), and thus:

613CT :‘]FA(SI%CA +‘](]*361ch +]%}51%CC (8)
OPNp = f16"°Ny + /36"°Np + /06" Ng 9)

1:ﬂ+j%+ﬁ;. (10)

Phillips & Gregg (2001, 2003) have developed methods to
(1) estimate the uncertainty in source proportions (f;) based
on the variance in the isotopic composition of the sources,
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and (2) to estimate the contribution of different sources
when the number of sources is equal or larger than the
number of isotopes measured. Three user-friendly algorithms
loosely based on Phillips and Gregg’s (2003) methods are
available online: Isosource (http://www.epa.gov/naaujydh/
pages/models/stableIsotopes/isosource/isosource.htm) and
SISUS/Stable Isotope Sourcing Using Sampling (http://
statacumen.com/sisus/), and SIAR (http://cran.r-project.
org/web/packages/siar/index.html). Equations 8, 9, and 10
describe a perfectly constrained model with a single solution.
The computer packages used to solve mixing models also
allow finding the set of feasible solutions when there are more
unknowns than equations (the system is underconstrained).
In these cases, there is an infinite number of solutions and the
algorithms estimate the set of source proportions that satisfies
the mixing model.

We emphasise that f; estimates the contribution of source 1
to the isotopic composition of a tissue. It does not estimate
the fraction of source 1 in the animal’s diet (see Martinez del
Rio & Wolf 2005). Estimating the fractional contribution of
a source in an animal diet requires additional data and
remains tricky. Using equations 8-10 to estimate contribu-
tions of different sources to diet assumes (1) that the
elemental composition (ie. the C:N ratio) of all the diets is
equal, (2) that the efficiency with which each element in each
source is assimilated is the same, 3) that there is no tissue to
diet discrimination, and (4) that there is no isotopic routing.
The variation among sources in elemental ratios and in
assimilation efficiency can be addressed relatively easily with
concentration-dependent mixing models (Phillips & Koch
2002) and by adding an assimilation efficiency term to the
models (Martinez del Rio & Wolf 2005). Although both
Isosource and SISUS can address these complications, it is
fundamentally important that users of these programs
recognize the assumptions that they are making when using
canned analyses programs. For example, an isotopic analysis
of an omnivore that relies on both plants and animals must
recognise the complications posed by all the assumptions
listed above. Conversely, isotopic analyses of strict carnivores
satisfy the four assumptions listed above much more easily. As
Gannes e al (1997) recognised, using mixing models
properly demands some knowledge of the nutritional biology
of the animals studied.

(2) Tissue to diet discrimination: a neglected
complication in the analysis of mixing models

The term “tissue to diet discrimination” (usually denoted by A)
refers to the difference in isotopic composition between
a tissue and diet (i.e. A = O gue-Odic)- If discrimination
factors are measured experimentally, we can include them
in a mixing model:

o1 =Ja(0a + Ax) + /3(05 + Ap) (11)
1=/ + /8. (12)

Unfortunately, discrimination factors vary among species,
among tissues within a single species, and among diets

Carlos Martinez del Rio and others

(e.g. McCutchan et al. 2003). Discrimination factors are not
often measured experimentally in field studies that rely on
mixing models. Thus, it is common to use discrimination
factors from the literature. Researchers use an idiosyncratic
collection of procedures to account for discrimination
factors. Sometimes researchers use the average value from
large reviews. For example, because 3.49, is the average
AN gsue-giee Value reported in several reviews (Post 2002
and references there), this number is frequently used as
a discrimination factor. Because average discrimination
factors differ somewhat among reviews, other values are
used as well. Some researchers use A values from related
(i.e. in the same animal class) species fed on similar diets,
but others use values from unrelated species fed on different
diets (reviewed by Caut, Angulo & Courchamp 20085).
This variety of approaches begs the question: how big an
error can we make in the estimation of source proportions if
we use the wrong discrimination factor? For the simplest
case exemplified by equations 11-12 , and assuming that Ay
and Ap are equal (Ay=Ap=A), the difference between the
real value (f)) and the estimated one (fA*(A%)) is given by:

CA-N
BN

A8 — A (13)
where A* is the discrimination factor derived from the
literature. Equation 13 reveals the, perhaps evident,
observation that errors in the estimation of the fractional
contribution of a source are smaller when the isotopic
difference between the sources is large. Equation 13 is the
simplest possible case. Many studies rely on two isotopes to
estimate the proportional contribution of three or more
sources (see equations 8-10). In such cases there are six
possible unknown A values for three diets, greatly increasing
the potential errors that result from using erroneous
discrimination factors.

Caut, Angulo, & Courchamp (2008¢) illustrated with an
experiment the errors that can be committed by using
discrimination factors from the literature. They designed
three diets with similar elemental composition, but with
contrasting isotopic values. They fed a group of rats on these
diets to estimate discrimination factors. They fed another
group of rats on a mixture of these diets, measured the
1sotopic composition of the rats’ tissues, and used mixing
models to estimate the fractional contribution of each diet.
Caut ¢t al. (20084) found that the models worked best when
they used discrimination factors estimated experimentally.
When they used values from the literature, the estimated
source proportions differed considerably from the real values.

What can ecologists interested in using mixing models
do? The best alternative is to do experiments and estimate
discrimination factors for each of the sources of interest
(Haramis et al. 2001). This alternative is often unrealistic
and ecologists might have to rely on values from the
literature. In this case, it is wise to rely on a range of A
values for related species fed on similar diets and measured
on the same tissues. Even in this case, a sensitivity analysis
that examines the effect of variation in A is necessary. For
the simplest mixing models with two sources and one
isotope, the value of a source proportion depends only on
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two A values and the sensitivity analysis can be performed

easily by applying the following function:
6[1'3‘3‘14@ - (63 + AB)

(64 + As) — (05 + Ap)

Ja= (14)

The values of f for the range of possible Ay and Ag
values can be represented visually in a 3D plot with f, as the
dependent variable. To our knowledge, the computational
tools to do a sensitivity analysis for the 2-isotope, 3-source
case have not been developed.

So far, we have emphasised potential errors that result
from using erroneous discrimination factors. Using A values
measured experimentally is better, but the use of these
values in mixing models is not without problems. Discrim-
ination factors are measured with some variation, and this
variation will propagate when the mixing model is solved to
obtain source proportions. To our knowledge, the current
methods to solve mixing models do not account for the
variation associated with discrimination factors measured
experimentally. Because mixing models are used very
frequently, finding out the effect of uncertainty in
discrimination factors on the estimation of source propor-
tions is an area in which theoretical progress is needed. In
the future, studies that use discrimination factors in mixing
models should be accompanied by discussion about how
variation in their value, or errors in their estimation,
contribute to uncertainty in the calculation of source
proportions.

IV. ISOTOPIC ROUTING

Mixing models in all their guises make an assumption that
should give pause to nutritional ecologists. They assume
that assimilated nutrients are disassembled into their
elemental components and that these elements are then
reassembled into the molecules that make up tissues. Van
der Merwe (1982) called this unrealistic assumption the
“scrambled egg” premise. Consider carbon: the building
blocks that animals use to manufacture tissues are not
carbon atoms, but the carbon skeletons of a myriad of
molecules. These carbon skeletons are conserved to various
degrees from assimilation to the manufacture and break-
down of macromolecules. For example, the amino acid pool
in an animal at any given moment is comprised of in-
dispensable amino acids whose carbon skeletons come from
the diet and indispensable amino acids whose carbon skel-
etons come from either the diet or that are manufactured
endogenously from bits and pieces of other macromolecules
(Bequette 2003). Anthropologists and palaeontologists have
observed that the bone collagen and bone apatite of
omnivores sometimes have contrasting isotopic signatures
(Ambrose & Norr 1993). The explanation that they give to
this difference is that collagen represents the protein
component of diet whereas apatite represents the carbohy-
drates and lipids ingested and used to fuel metabolism (the
carbon in apatite comes from COy; Gannes et al. 1998).
Schwarcz (1991) christened the differential allocation of
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1sotopically distinct dietary components to different tissues
“Isotopic routing”.

The 1sotopic routing conjecture highlights the quandary
faced by isotopic ecologists that work with omnivores that
often ingest diets in which carbohydrates (and sometimes
lipids) are derived from one dietary source and protein is
derived from another. They may find that using different
tissues for isotopic analyses to reconstruct an animal’s diet
might give different answers (Voigt ¢f al. 2008). Worse, using
a single type of tissue might give the wrong answer (Fig. 3,
Podlesak & McWilliams 2006). Good examples of animals
in which isotopic routing might be prevalent are nectar- and
fruit-eating animals, and most animals that include both
animals and plants in their diet. Although isotopic routing
has been recognised as an interesting phenomenon for
a long time (reviewed by Ambrose & Norr 1993), it has
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Fig.3. Podlesak & McWilliams (2006) fed yellow-rumped
warblers (Dendroica coronata) on diets that differed in protein
content (4% and 25%). They also varied the 3'3C of protein
and lipids and carbohydrates. (A) Results for birds fed diets
with “C3” protein and “C4” carbohydrates and lipids. (B)
birds fed with “C4” protein and “C3” carbohydrates and
lipids. The 8'*C of plasma proteins was intermediate between
that of dietary protein and that of diet (represented by the
mixing line). Consequently, a mixing model overestimates the
contribution of the protein source to the bird’s diet (the arrows
point to the estimated fractional contribution).
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received relatively scanty recent attention from both
theoreticians and experimenters.

Martinez del Rio & Wolf (2005) incorporated routing into
a mixing model for '*C. Here we present a simplified
graphical version of this model. For simplicity, we assume that
the animal ingests two dietary sources, one (source 1 with 3))
that only contains protein and another one (source 2 with o)
that contains only carbohydrates. We assume that these diets
provide other essential macronutrients (vitamins, indispens-
able fatty acids, ..., etc,), but that the amounts of these
materials contribute little to the overall isotopic composition
of the diet. The carbon isotopic composition of the tissue (3)
can be given by the sum of two terms: one that represents the
fraction of carbon (f;) contributed by indispensable amino
acids (/.0,), and one that represents the weighted sum of the
contribution of dispensable amino acids from diet (p(C) )
and the dispensable amino acids synthesised endogenously
from carbon derived from source 2 ((1-p(C)) do):

0T =feor + (1 — fe)(p(C)o1 + (1 — p(€))br).  (15)

The term p(C) in equation 11 represents the fractional
contribution of source 1 to the carbon in dispensable amino
acids. It is reasonable to assume that this fraction depends
on the fraction of the total assimilated carbon derived from
source 1 (denoted by (). We hypothesize that p grows with
C (i.e. dp/dC>0) in such a way that at low € values most of
the carbon in dispensable amino acids should come from
source 2 (p ~ 0), whereas at high C values most of the
carbon in dispensable amino acids should come from source
1 (p = 1). The steepness with which p increases with C
depends on the match between the amino acid profile of
source | and that of the tissue (Fig. 4). In Fig. 4 we also have
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Fig.4. A simple model of isotopic routing predicts that on
diets in which sources with contrasting 3'3C. are comprised
primarily of protein or carbohydrate, the 3'*C of protein in
tissues (solid curves) will be intermediate between that
predicted by a mixing model (solid line) and that of the
protein source (dashed horizontal line). The model also
predicts that the isotopic composition of lipid will be
intermediate between that of a mixing line (dashed line,
accounting for the -39/, fractionation resulting from the
synthesis of lipid from carbohydrate) and the d'3C of the
carbohydrates source minus 39,,.
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assumed that protein quality determines the shape of p(C).
This simple model predicts that & will be consistently
higher than the value expected from a mixing model. Using
a mixing model to estimate dietary contributions will
overestimate the contribution of source 1 to the animal’s
diet. The predictions of the model are consistent with the
results of Ambrose & Norr (1993) and Podlesak &
McWilliams (2006) for collagen and blood, in laboratory
mice and yellow-rumped wablers, respectively.

Equation 15 predicts the carbon isotopic composition of
a proteinaceous tissue. What might the isotopic composition
of the lipid or the COy exhaled by this animal be? If the
amino acid profile of source 1 matches that of the animal’s
tissues (i.e. if its protein efficiency ratio, or PRE, is high;
Bodwell 1989) and if C is small, we expect a very small
contribution of this source to the molecules catabolised for
energy or allocated to energy storage. However, if the
amino acid profile of source 1 differs from that of the
animal’s tissues (Le. if its PRE 1s low), then we expect those
amino acids that are not used for protein synthesis to be
used as fuel. This qualitative prediction suggests that the
1sotopic composition of the carbon of lipid, and exhaled
COy (and hence the carbon in apatite), will represent
a mixture of sources 1 and 2 except when the animal’s
intake of source 1 is low and the PRE of this source is high
(Fig. 4). In both cases, using a mixing model that does not
account for routing will underestimate the contribution of
source 1 to the animal’s diet.

The simple model depicted in Fig.4 suggests that the
notion that the d3'®C of collagen reflects that of dietary
protein, whereas that of apatite represents that of non-
protein components might be too simplistic. It is more likely
that the isotopic composition of both will represent
mixtures, and that the relative contributions of the
alternative sources will depend on the diet’s protein content
and on the quality of ingested protein. This is an area in
which we can apply the tools of nutritional physiology to
solve an important question in isotopic ecology. We need
theoretical research to determine the functional form of
p(C) in equation 15 and experiments to test the conjectures
in Fig 4.

V. TROPHIC DISCRIMINATION FACTORS

(1) Fractionation, discrimination, trophic
spacing: what are we talking about?

In the previous section we referred to the difference in the
1sotopic composition between an animal’s tissue and its diet
as the discrimination factor and used A to denote it. What
we have chosen to call discrimination factor also has been
referred to by the following alternatives: fractionation
factor, fractionation, apparent fractionation, enrichment,
and trophic enrichment (Cerling & Harris 1999). Martinez
del Rio & Wolf (2005) argued for the use of the term
discrimination factor for A = Sgue-Odier- Lhey suggested
that the term fractionation should be restricted to the equi-
librium and kinetic effects that cause differences between
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reactants and products in chemical reactions. They
contended that the differences in isotopic composition
between a tissue and the diet from which it is derived result
from a plethora of possible processes, including fraction-
ation during metabolic transformations but also isotopic
routing. Thus, using fractionation confuses a pattern with
only one of the processes that create it.

If we adopt the metaphorical perspective of ecological
stoichiometry and view organisms as collections of elements
akin to molecules (Sterner & Elser 2002), and we envision
assimilation and excretion as the chemical reactions in
which they participate, then the term “trophic fraction-
ation” does not seem inadequate. The appropriate use of
the term depends on restricting the use of trophic
fractionation to AXiophic= 0Xhole body-0Xdier, Where X is
the isotope under study. This stoichiometric interpretation is
consistent with fractionation as the effect of all physiological
processes that lead to differences between an animal and its
diet. Because isotopic routing is certainly one of the factors
that lead to differences between tissues and diet, the term
“fractionation” appears inappropriate for the difference
between diet and one tissue.

It 1s probably wise for isotopic ecologists to adopt
a uniform terminology. We suggest not using the term
enrichment. A tissue can have a more positive (enriched) or
more negative (depleted) 6 value than the diet. To avoid
ambiguity we propose adopting discrimination factor for
a tissue, and in studies that rely on whole body isotopic
composition, we propose using the term trophic fraction-
ation as defined above.

(2) On the uses of isotopic discrimination

In previous sections we have emphasised the potentially
serious problems that tissue to diet discrimination poses for
the use of mixing models in dietary reconstruction. The
observation that the isotopic composition of an animal’s
tissues differs from that of their diet has been very useful. In
an important early paper, DeNiro & Epstein (1981) noted
that animal tissues were enriched in "N relative to their
diets (i.e. AN = 3 Ngeues~ 0'°Nagier >0). This observation
led to the conjecture that the content of N in animal
tissues is biomagnified along the length of a food chain (Post
2002). This conjecture allows ecologists to use d!°N to
estimate an animal’s trophic level (71) using the following
equation devised by Vander Zanden, Cabana & Rasmussen

(1997) and modified by Post (2002):

153 _ sI5

TL=21+

where, 3'°, is the nitrogen isotopic composition of the
consumer, d'°M,,. is that of the food base, A is the trophic
level of the base (A=1 if the base is primary producers), and
A, is a robust estimate of the average increase in AN per
trophic level (Post 2002). The application of equation 16 has
been very fruitful. Among other applications, equation 16
has been used productively to discover the factors that
determine food chain length in lakes (Vander Zanden et al.
1999) and to conduct global comparisons of food chains
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(Vander Zanden & Fetzer 2007). Equation 16 has also been
remarkably successful in ecotoxicological studies that use
TL to predict the concentration of contaminants that
bioaccumulate in consumers’ tissues (reviewed by Kidd,
Jardine & Fisk 2006).

In a previous section we argued that using the wrong
estimated discrimination can lead to large errors in the
estimation of fractional source contributions. Equation 16,
also relies on an estimated value of A'N. How can we then
explain its many successful applications? There are two
possible reasons: first, it may be that variable values of AI°N
will become averaged over multiple trophic levels and
potentially over the various sources of a consumer (Vander
Zanden & Rasmussen 2001). Second, Vander Zanden &
Rasmussen (2001) suggest that A, is more variable for
herbivores (primary consumers) than for carnivores. There-
fore, using primary consumers (i.e. A = 2) as a baseline
might reduce error in the estimation of TL. Like all models,
equation 16 must be tested. Vander Zanden et al. (1997)
found a positive correlation (r> =0.78, N = 7) between the
average trophic positions of freshwater fish estimated using
3!5N values and that estimated by gut content analyses. To
our knowledge, although equation 16 is frequently used in
terrestrial systems, it has not been cross-validated yet.

(3) Why does !N bioaccumulate?

The prevalent use of 3'°N values in the study of food chains
begs the question, why does N bioaccumulate? The
answer to this question is important because answering it
holds the key to understanding why nitrogen discrimination
factors vary, and hence can help us predict their value. The
most widespread explanation for bioaccumulation of
toxicants along a food chain is that absorption is higher
than elimination (Karasov & Martinez del Rio 2007). Thus,
if the same explanation applies to '°N, AN should have
a positive value if animals retain '°N preferentially over *N
(Martinez del Rio & Wolf 2005). Available evidence
supports this observation. The materials excreted by the
animals that have been measured tend to be isotopically
lighter than tssues (reviewed by Tibbets, Wheeless &
Martinez del Rio 2007). For example, Tibbets et al. (2007)
found that the frass produced by insect larvae was strongly
depleted in N relative to both the insect’s diet and tissues.
Adults emerging from pupae were further enriched in '°N,
and their enrichment appeared to be the result of the
production of the 1sotopically light metabolic waste products
of metamorphosis (Tibbets et al. 2007).

Sponheimer et al. (2003) questioned the N preferential
excretion hypothesis. They measured 3'°N in llamas (Lama
glama) and found that although urine was significantly
depleted in '°N relative to diet, there were no significant
differences between the 3'°N of feed and the weighted
average of the 3!°N of urine and faeces (“excreta”). They
concluded that '*N is not preferentially excreted. Unfortu-
nately, Sponheimer ¢ al. (2003) did not measure the isotopic
composition of the llama’s tissues. By definition, at steady
state the isotopic composition of dietary inputs should equal
that of outputs (Martinez del Rio & Wolf 2005). Thus,
finding that excreta are more depleted in '°N than diet is
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a sufficient condition for a positive A'°N value, but it is not
a necessary one. However, a positive AN demands that
excreta are depleted in '°N relative to the animal’s body,
and in all cases measured this seems to be the case (Tsahar
et al. 2007).

In an attempt to give theoretical coherence to the
physiological factors that might influence AN, Olive et al.
(2003) and Martinez del Rio & Wolf (2005) constructed
isotopic mass balance models. These two models are
complementary, rather than alternative and differ only in
the need for more empirical data to parameterise Olive
et al’s (2003) model. Olive et al.’s (2003) model is particularly
useful to investigate discrimination in animals for which
a great deal of data are available, whereas Martinez del Rio &
Wolf’s (2005) model makes less precise, but more general,
predictions. Specifically, Martinez del Rio & Wolf’s (2005)
model predicts that: (1) AN should decrease with
increased protein quality in diet; 2) AN should increase
with diet’s protein content; (3) A'®N should decrease with
the efficiency of nitrogen deposition measured as the ratio
between protein assimilation and protein loss; and (4) AN
should increase with fasting time.

What is the evidence for or against the predictions listed
above? Prediction (1) is supported by Robbins, Felicetti &
Sponheimer (2005) report of a highly significant interspe-
cific negative correlation between AN and the diet’s
protein value. Robbins ¢t al. (2005) is a comparative study.
To our knowledge there are no experimental tests of this
prediction yet. Prediction (2) has mixed support: two studies
that varied protein intake and measured the isotopic
composition of animal tissues show patterns that are
consistent with the predictions of Martinez del Rio &
Wolf’s(2005) model. Pearson et al. (2003) found a positive
linear relationship between A15Nbody-dict in yellow-rumped
warblers (Dendroica coronata) and Focken (2001) found an
increase in AlsNbody,diel with increased protein intake in
Nile tilapia (Orechromis niloticus). By contrast, Tsahar et al.
(2007) found lower A'®N in fruit-eating birds fed on diets
with higher protein content, and Robbins et al. (2003) found
no effect of protein content in their comparative study.
These two studies suffer from the shortcoming that they did
not vary protein content independently of protein quality. In
Tsahar et al’s (2007) study, a fruit-based diet was enriched
with casein, and thus protein quality probably increased
with protein content. In Robbins et al’s (2005) study protein
content and quality covaried.

To our knowledge, prediction (3) has not been examined
experimentally. However, it can be argued that the
efficiency of nitrogen utilisation is correlated with age.
Non-growing animals are in neutral nitrogen balance, and
hence the ratio of input to output is ~ 1. In growing
animals the ratio of nitrogen input to output is lower than 1.
Thus, a corollary of prediction (3) is that AN should be
lower in growing than in non-growing animals. Several
studies have reported variation (and lack of variation) in
3N with age. Minagawa & Wada (1984) reported
invariant 3'°N with size, and hence presumably with age,
in two species of clams. However, although the clams
differed almost four fold in length, they maintained
relatively constant fractional growth of the nitrogen pool
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(Fig.3 in Minagawa & Wada 1984). Ambrose (2000)
reported no effects of age on AI‘P’J\fbody_diet in rats but he
measured the isotopic composition as a function of age only
in rats older than 100 days. At this age rats are not growing
at high rates and hence the effect of growth on A“’Nbody_diet
should be small. Several studies have compared AISMmdy_diet
between mammalian young feeding on milk and their
mothers (reviewed by Jenkins et al. 2001). Jenkins et al. (2001)
found that although mothers were significantly enriched in
N relative to their diets (average A”’Nbody,dict, =4.19,),
growing nursing offspring were only very slightly enriched
in PN relative to milk. In a widely cited study, Hobson,
Alisauskas & Clark (1993) fed Japanese quail (Coturnix
Japonica) on diets of identical nutrient and isotopic
composition but at different rations. One of the rations
allowed the quail to grow, whereas the other was sufficient
only to allow birds to maintain mass but not to increase it.
As predicted by the model, growing birds were depleted in
BN (by from 0.5 to 2%, depending on tissue) relative to the
birds that just maintained body mass. Again, in support of
Martinez del Rio & Wolf’s (2005) prediction Fantle et al.
(1999) found a strong negative relationship between
A15J\fb0dy_dict and growth rate in juvenile blue crabs
Callinectes sapidus. Gaye-Siesseger et al. (2003, 2004) and
Trueman, McGill & Guyard (2005) also documented highly
significant negative relationships between A15Nbody_diﬂt and
the rate of protein gain in three fish species (Oreochromis
niloticus, Cyprinus carpio, and Salmo salar).

Ponsard & Averuch (1999) reached a different conclusion
about the effect of growth on 3!°N than that predicted by
Martinez del Rio & Wolf (2005). They concluded
that®. . growing animals should show the same 6°°N values as
those of adults if the total nitrogen that they assimilate during their
growth s large compared to total nitrogen content in thewr adult
body...” (p. 1308). In essence, Ponsard & Averuch (1999)
argued that the AN of growing animals will be the same as
that of adults if the integrated ratio of protein retained in
tissues to protein intake, is small. But is this ratio always
small? Their argument is based on data on rodents (Ponsard &
Averuch 1999). A large body of knowledge on the correlates
of growth and allocation casts a shadow on their (1999)
extrapolation from rodents to the animal kingdom. The
conversion of food’s nitrogen into tissue nitrogen varies
by more than an order of magnitude among species
depending on a variety of factors including metabolic rate
(Steyermark 2002 and references therein), food’s stoichio-
metric composition (C:N ratios, see Chapter 5 in Sterner &
Elser 2002), and life history characteristics (Rochette et al.
2000).

Finally, Martinez del Rio & Wolf’s (2005) model predicts
that AN should increase with fasting time. This is
a reasonable hypothesis that has been posed many times
(see Gannes e/ al. 1997, 1998) but that has received mixed
support. Of 8 studies on the effect of fasting on
invertebrates, five found a significant enrichment in N
and three found no effect (Fig. 5). Because there are fewer
fasting studies in vertebrates, the patterns are less clear.
Hobson et al. (1993) found significant increases in 3!'°N in
fasting snow geese (Chen caerulescens) that lost ~ 50% of their
body mass. In fasting spawning salmon (Salmo salar), only the
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Fig.5. Five out of eight studies on the effects of fasting in
invertebrates revealed a significant >N enrichment in tissues
(3" Nagieq) relative to the values before the fast (3'°Np.q). Fast
durations are given in parentheses after species names. Data
are from Adams & Sterner (2000), Boag et al. (2006),
Gorokhova & Hansson (1999), Haubert et al. (2005), McCue
(2008), Oelbermann & Sechu (2002), Olive et al. (2003),
Schmidt et al. (1999).

liver became significantly enriched in >N in post-spawning
kelts relative to pre-spawning adults (Doucett et al. 1999).
Castillo & Hatch (2007) fasted two species of lizards (Anolis
carolinensts and Uta stansburiana) for 14 days and found that
the tail muscles were not enriched in 3'°N relative to those
of fed animals. However, they found that the 3N of
excreta increased significantly from the beginning to the
end of the fast. McCue (2007) also found a significant
increase in 3'N in excreta during a 24-week fast in
rattlesnakes (Crofalus atrox), but no significant change in
whole-body 3!°N.

What are we to make of these results? We suspect that the
failure to observe a consistent enrichment in whole-body
35N with fasting is because Martinez del Rio & Wolf’s
(2005) model 1s incomplete. This model is a “scrambled
eggs” model (sensu van der Merwe 1982) that assumes
a single well-mixed protein pool. This assumption is
mncorrect. In fasting animals not all organs lose nitrogen
to the same degree and in the same way (e.g. Doucett et al.
1999). For example, the splanchnic organs of small
migratory birds, reptiles, and hibernating mammals
account for a small fraction of total body protein, but
contribute predominantly to total protein loss during fasting
(Karasov & Pinshow 1998). Although those organs might
become enriched in 3!'°N during fasting, their contribution
to total body N enrichment might be masked by that of
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organs such as muscle whose protein mass is maintained.
Assuming that splanchnic organs represent ~ 10% of all
body protein (Karasov & Pinshow 1998), an increase in
their 3'°N of 49, will lead to an increase of only ~ 0.4%, in
body protein.

Protein is lost in a tissue during a fast by a series of
processes. First, protein is broken down by proteases into its
component amino acids, these amino acids are then de-
aminated  situ, or exported to other organs (Caloin 2004).
De- and transamination, should lead to !'SN-depleted
nitrogenated by-products (ammonia, urea, and uric acid)
and a remaining pool of enriched amino acids that can then
be incorporated into proteins (Macko et al. 1986, 1987).
Therefore, mass loss in an organ does not guarantee ’N
enrichment during a fast. Some organs such as muscle re-
duce their rate of protein synthesis during a fast (Waterlow
2006). Because these organs do not incorporate residual
enriched amino acids, we should not expect them to
become enriched. Other organs, such as liver retain high
rates of protein synthesis during a fast (Waterlow 2006).
They presumably manufacture protein from the 'SN-
enriched pool of amino acids that remains from protein
catabolism. Thus, we predict that the organs that will
become enriched during a fast are those that maintain
significant synthesis. Experimental tests of this hypothesis
require measuring the isotopic composition of tissues with
contrasting rates of synthesis and catabolism during
prolonged fasts.

Fasting animals conserve protein when they fast,
especially if they have adequate reserves (Caloin 2004).
Thus, it is likely that animals do become enriched in ’N
when they fast, but that the enrichment is difficult to detect
in their whole body protein or in organs and tissues that are
conserved during a fast and in organs that do not maintain
anabolic capacity. The increase in 3!°N of excreta observed
in fasting reptiles by Castillo & Hatch (2007) and McCue
(2007) may reflect the progressive enrichment of the organs
that lose significant amounts of protein/nitrogen during
a fast, but that also maintain protein synthesis. This
hypothesis remains to be tested.

(4) Why do tissues differ in AC?

Because a variety of tissues including claws, scales, blood,
feathers, and hair, can be sampled relatively non-invasively,
ecologists can make a surprisingly large number of
inferences about an animal without harming it. Using
these tissues to make ecological inferences requires that we
recognise a potential complication: tissue to diet discrim-
nation factors differ among tissues (McCutchan et al. 2003).
The variation among tissues is sometimes very large. For
example, Reich ¢t al. (2008) in a controlled feeding study on
loggerhead turtles (Caretla caretta), found that 3'3C varied
from 0.9 9, to 2.69%,. Reich et al’s (2008) study is not
exceptional, many studies report differences in A'3C among
tissues (McCutchan et al. 2003). What are the factors that
determine the value of A'*C? Lipid content and amino acid
composition are two important candidates. Lipid synthesis
is accompanied by depletion in '*C of the resulting fatty
acids relative to the precursor substrates (DeNiro & Epstein
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1977). Thus, some of the variation in A!3C is explained by
tissue’s lipid content (Post et al. 2007). To reduce this
variation, Post et al. (2007) recommend either analysing
extracted lipids, or using data on the samples’ %C and/or
C:N ratios to correct for the effect of lipid content on A'3C.

Lipids are not the only factor that can cause differences
in 3'3C values among tissues. The value of A'3C and AN
in tissue protein is determined by the tissue’s amino acid
composition and by the 3'3C of these amino acids. The
d!3C values of amino acids of primary producers can range
widely. O’Brien et al. (2005) reported differences of over
20%, among the 3'3C values of indispensable amino acids
in the foliage of several plant species. They found that the
d!3C values of the essential amino acids in larval food plants
were an excellent predictor of the 3'*C values of the
essential amino acids in the eggs of butterflies and moths.
By contrast, because non-essentials were synthesized from
carbon derived from adult food, their 3'3C value was much
more homogeneous and reflected the 3'3C value of adult
diet. In O’Brien e al’s (2005) studies we can predict the
d!3C value of eggs from their amino acid composition and
from the 3!'3C value of the indispensable amino acids in
food plants.

The research of O’Brien et al. (2005) represents an
extreme case of “molecular isotopic routing” in which the
indispensable amino acids in a tissue are derived exclusively
from one source, whereas the dispensable amino acids are
derived from another. If, as suggested by Fig. 4, isotopic
routing depends on the diet’s protein content, and if the
animal is feeding on mixed diets, then we should expect the
isotopic signals of indispensable amino acids to reflect
a mixture of the isotopic signature of bulk diet resulting
from de novo synthesis and of amino acids incorporated
directly from protein sources (Howland et al. 2003).
Howland et al. (2003) found that the carbon isotopic
composition of individual dispensable amino acids in pig
(Sus scrofa) collagen was better predicted by the isotopic
composition of bulk diet than by the composition of the
individual amino acids in the diet. Surprisingly, Howland
et al. (2003) only found a tight correlation between the 3'*C
value of dietary indispensable amino acids and those in
collagen for phenylalanine and leucine. The 3'3C value of
other dietary indispensable amino acids was a poor pre-
dictor of the 3'*C value of those in collagen. This is
a disturbing result with no adequate explanation. Perhaps
not surprisingly, Howland et al. (2003) were able to predict
the 1sotopic composition of collagen from a mass balance
model that includes the amino acid composition of collagen
and the 3'°C value of each individual amino acid in this
tissue. The challenge for isotopic ecologists should be more
ambitious. We must be able to predict the isotopic
composition of a tissue from its amino acid composition
and from the isotopic composition and content of amino
acids in the animal’s diet.

(5) Why do tissues differ in A’N?

Tissues can differ greatly in 3!°N values, and hence in
A Nysoue-dier. In the controlled feeding study of sea turtles
reported above, 3'°N values varied among tissues from

Carlos Martinez del Rio and others

—0.649,, to 1.659, (Reich et al. 2008). It is likely that the
difference in 3'°N values among tissues can be explained by
their amino acid content and by the isotopic composition of
individual amino acids. 3'°N values vary among the amino
acids of primary producers, and this variation seems to be
amplified by the metabolic processes of consumers (Fig. 6;
McClelland & Montoya, 2002, Popp et al. 2007). The range
in 3'°N values among amino acids appears to increase with
trophic level. The 3'°N of amino acids in animal tissues
seems to have a roughly bimodal distribution (Fig. 6). Popp
et al. (2007) called the relatively '"N-enriched amino acids
“trophic”, and the relatively 'N-depleted ones, “source”.
Some amino acids appear to retain approximately the
same nitrogen isotopic composition of food, whereas others
become enriched in '°N by the animal’s metabolism. The
reasons for why the N in some amino acids is protected
from isotopic enrichment are unknown. They are probably
complex and likely depend on (1) how freely each amino
acid exchanges nitrogen with others, and (2) on the details
of the synthesis and catabolism of each amino acid. Note
that we have not included whether the amino acids are
dispensable or indispensable as a potential criterion for >N-
enrichment. Both of these types can be found among the
I’N-enriched and !'’N-depleted amino acids (Fig 6). It
appears that the dispensable and N-promiscuous amino
acids involved in the transport and movement of nitrogen
(alanine and glutamic acid) tend to be !'°N-enriched,
whereas those that are essential and not easily trans-
aminated (phenylalanine and threonine, theronine was not
measure in the study on Tuna in Fig. 6) tend to be relatively
PN-depleted. The 3'°N value of some amino acids is
befuddling. Both proline and serine receive their nitrogen
from glutamate (a !°N-enriched amino acid) during
synthesis (Bequette 2003). However proline is a highly
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Fig.6. Amino acids can differ dramatically in 3!°N within
a single individual and tissue. The range in 3'°N values within
an organism/tissue (llustrated by vertical bars) appears to
increase with trophic level. Some amino acids (“‘source” amino
acids) appear to have consistently low 3'°N values, whereas
others appear to be consistently "N-enriched (“trophic” amino
acids). The values for the rotifer Brachionus plicatillis (analyses of
whole-body) and the alga Tetraselmis suecica (analysis of whole
body) are from organisms cultured in the laboratory by
McClelland & Montoya (2002). Popp et al. (2007) collected the
data for the muscle of wild caught yellowfin tuna (7hunnus
albacares). Amino acids in bold are indispensable.

Biological Reviews 84 (2009) 91-111 © 2008 The Authors Journal compilation © 2008 Cambridge Philosophical Society



Anmimal Isotopic ecology

®N-enriched amino acid, whereas serine is 'N-depleted
(Fig. 6, serine was not measured in the study on Tuna in
Fig. 6). Understanding the processes that led to variation in
35N values among amino acids will take time and the
devotion of biochemically minded isotopic ecologists.

The heterogeneity in 3'°N values among amino acids
within a tissue not only allows us to explain variation in
nitrogen isotopic composition among tissues, it also suggests
that we might be able to estimate an animal’s trophic
position from information contained within its tissues.
McClelland & Montoya (2002) proposed using

15 15
-Nglutamic acid — 0 Nglycinc] - 4%0)

L
TL=1+ -

, (17)

where 4%, is the difference in 3!°N values between glutamic
acid and phenylalanine in the algae at the base of the food
chain, as an “internal” index of trophic level. Recall that
glutamic acid is a trophic, whereas phenylalanine is a source
amino acid. McClelland and Montoya (2002) found that
AlsNglulamic acid-phenylalanine ~ 7%0~ ThCFCfOI‘C, POPP et al.
(2007) suggested using the following modifications of
equation 13:

15
(6 -Nglutamic acid —
7

15
07N glycinc)

TL=1+ (18)

and

15

TL = 1 + <515Mrnphic - 6 jv.mum)
7 b

(19)

=15 . 5 . .
where 6 JJ\Q,.,,/,M[ is the average 3N of the trophic amino

acids and 6 15Nmmis the average 3'°N of the source amino
acids. The denominator of the second factor in equation 18
should be modified to account for the difference in 3!°N
between glutamic acid and glycine at the base of the food
Ch%m <A15Nbasc glutamic acid—g‘lycinc) as (615N glutamic acid'515N glycinc)'
APNp e glutamic acid-glycine (B. Popp, personal communica-
tion). Popp et al. (2007) use glycine as a source amino acid
because their analytical methods give accurate d3!°N values.
Popp et al. (2007) compared the TL estimates using these
equations with those obtained using equation 16 and found
roughly comparable results. McCarthy e al. (2007) used an
equation similar to equation 19 to estimate the trophic levels
in plankton and particulate matter in the central pacific
ocean. We hasten to add that the assumption that 79,
represents avalid average increase in A! 5Ng1mamm_pheny]a]aninc
or in Alsj\/lmphif_source per trophic level in all systems remains
to be tested. We can derive a measure of confidence from

a study by Hare ef al. (1991). We estimated &' Ny —

5 IDNS,,,W from their data and found that the value was = 6 9,
which is not far from the 79, used in equations 17-19 (data
from Table 4 in Hare et al. 1991). However, in spite of this
result we believe that it is unwise to derive a parameter that
can be applied generally from just a couple of studies.

In an informative study, Schmidt e al. (2004) compared
the 3N of reproductive males and females of Antarctic
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krill (Euphausia superba). They found that females had more
negative whole-body bulk 3'°N than males. They also
found that within each sex, the 3'°N of abdominal muscle
was higher than that of the digestive gland. These
differences in 3N were the result of both differences in
amino acid composition and in differences in isotopic
composition among amino acids. Guriously, they were also
the result of inter-sexual differences in 3!°N values between
the same amino acids. The trophic amino acids in females
tended to be more depleted in !N than those in males,
especially in the digestive gland. Source amino acids
differed less in 3'°N value among tissues than trophic
amino acids and did not differ between males and females.

The results of Schmidt et al’s (2004) study hold two
cautionary lessons. (1) If we apply equation 18 to data on
the 1sotopic digestive gland, we would infer that males have
a much higher trophic level than females (Table 1). If we
apply it to data from the whole body, we would infer that
the difference in trophic level between males and females is
much lower. The inferences that we make using TL
equations can be tissue-dependent. (2) Schmidt et al.
(2004) relied on several lines of evidence to infer that male
and female krill feed on the same trophic level. Thus, they
concluded that differences in 3'°N values between the
trophic amino acids of males and females were the result of
differences in amino acid metabolism. We still need theory,
more field observations, and more experiments to find out
how much 3'°N values vary among amino acids and to
identify the factors that shape this variation. Although there
is much potential in the use of compound specific N
analyses to estimate trophic level, and although these
measurements have significant advantages over bulk
analyses, isotopic ecologists must still do a significant
amount of experimental work to use these methods
confidently.

VI. QUO VADIS EXPERIMENTAL ISOTOPIC
ECOLOGY?

(1) CGrucial role of technology

Science seems to advance as a result of the vigorous
interaction between (a) observations and experiments, (b)
theory, and (c) technological advances (National Research
Council 2007). Isotopic ecology seems to be a prime

Table 1. Estimation of trophic level (TL) in tissues of Euphasia
superba using the 3'°N of glutamate and phenylanine. TL was

estimated as 7L = 1 + (6" Ngtutamic acid — 0"> Nphenylaline)
7

Digestive Gland

d! 5-/7\'/:g'lutamic acid d! 3«/\'fph«=,nyl:|lzmine TL
Male 15.5%, 3.5%, 2.7
Female 7.7%, 3.9%, 1.5
Whole body
Male 13.29%, -1.49%, 3.1
Female 12.1%, -2.5%, 3.1
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example of progress through technology. It is unlikely that
isotopic ecology would have progressed as rapidly if con-
tinuous flow isotope ratio mass spectrometers (CF-IRMS)
had not replaced dual inlet ones for routine isotopic
measurements. For some uses (analysis of water and gas
samples) faster methods that rely on laser absorption spec-
troscopy and that do not require consumables might soon
replace conventional mass spectrometry (Lis, Wassenaar &
Hendry 2008). In previous paragraphs we have emphasised
the potential of compound specific analyses to answer
a variety of questions in isotopic ecology. Unfortunately,
relative to bulk measurements, compound specific analyses
remain time consuming and expensive.

For example, analysing the 8'3C values of amino acids in
10 samples requires about two days of off-line preparation
(including hydrolyses and derivatisation) and each sample
requires about an hour on line as the derivatised amino
acids are separated by gas chromatography and then
analyzed in a CF-IRMS (Evershed et al. 2007 & Teece &
Fogel 2004). By contrast, it takes a few minutes to weigh
a sample for bulk analyses, and less than 10 minutes to
analyse it in a CF-IRMS. On the positive side, a single
sample vyields data for 15 different compounds when
analysed with amino-acid-specific methods. Iry (2006)
daydreams of a hand-held isotope scanner for bulk analyses.
We yearn for the simple, fast, cheap, and accurate protocols
that will make compound-specific analyses accessible to
isotopic ecologists. To use bulk isotopic analyses confidently
and effectively in ecological research, we need mechanistic
understanding of the biochemical factors that underpin
isotopic signals. This understanding will come from
experimentation and the use of compound-specific analyses.

(2) Other isotopes

In this review we have emphasised carbon and nitrogen
because these two elements, have received most of the
attention of experimentalists. 3*H and 3'80 values exhibit
predictable patterns over the Earth’s surface, and they have
received enormous amounts of attention by researchers
interested in finding the site of origin of animals (reviewed
by Rubenstein & Hobson 2004 and Bowen et al. 2005).
However, most of this attention has been phenomenolog-
ical. Few experimental studies inform the inferences of the
huge data sets already generated by field observational
research. A recent study highlights the need for experimen-
tal research: Doucett e al. (2007) found large differences in
d%H values between aquatic and terrestrial plants. The
difference in 3*H values between these two types of plants
was large (~ 100%,), with aquatic plants having more *H-
depleted 1isotopic compositions than terrestrial plants.
Doucett et al. (2007) also measured the 3°H values in
aquatic insects and fish and used simple mixing models to
estimate the contribution of autochtonous (aquatic) and
allochtonous (terrestrial) sources to the diets of these
animals. To be able to use mixing models they had to
make two assumptions: (1) A?Hguesdiec = 0, and (2) the
contribution of hydrogen (H) body water to the hydrogen
bound in the organic compounds of tissues is negligible.
How confident can we be in these two assumptions?
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Not very - as Doucett et al. (2007) admit. The reason is
that the incorporation of hydrogen (H) into biomolecules is
a complex process that we are just beginning to understand.
We know little about whether there is fractionation during
the synthesis of biomolecules from precursors and body
water, and very little about the relative contribution of
hydrogen in body water and precursor dietary nutrients to
the hydrogen bound to biomolecules. Birchall ¢t al. (2005)
reported large differences in 3?H values between the
collagen of carnivores and herbivores, and assumed that
these differences were the result of a trophic/biomagnifi-
cation effect. This effect is plausible, but has so far, not been
documented in a controlled feeding study. Estimating this
putative biomagnification effect requires that diet and
preformed water have the same 3*H value.

Hydrogen in an animal’s biomolecules can come from
two potential sources: (1) the H in dietary nutrients, and (2)
the H in body water. The body-water pool, in turn, is
derived from free (“pre-formed”) water that animals ingest
with food or that they drink, and water produced during the
catabolism of carbohydrates, proteins, and lipids (“meta-
bolic water”). The relative contributions of all these sources
are likely to vary among animals (Karasov & Martinez del
Rio 2007). Furthermore, it is probably incorrect to assume
that the D and 'O composition of water inside and outside
of cells within an organism are the same. Kreuser-Martin
et al. (2003 & 2005) found that in rapidly reproducing
bacterial cells (Escherichia coli and Bacillus subtilis) metabolic
water accounts for more than 50% of total intracellular
water. By contrast, in non-growing cells medium water
accounts for over 75% of intracellular water. The 8D values
of fatty acids differed between growing and non-growing
cells and reflected that of intracellular water. Although it is
unknown if these results apply to animals, they suggest that
experimentalists cannot assume that the isotopic composi-
tion of extracellular water can be used as a surrogate for
that of water within cells -where synthesis of organic
molecules takes place. They also suggest that growth and
metabolic activity might play a role in determining the
relative contribution of pre-formed and metabolic water for
the isotopic composition of animal tissues and bio-
molecules.

Isotopic ecologists should probably abandon the hope
that we will be able to assign relative fractional contribu-
tions of these sources that can be applied to all animals in all
situations. Instead, we believe that we will be able to
develop rules of the form: “in aquatic/terrestrial animals/
tissues with such and such metabolic characteristics (e.g.
rapidly growing ectotherms), the contribution of dietary
water to H bound to protein/lipid will range from x to y%?.
Deriving these rules of thumb will require extracting
patterns from field data (Whitledge, Johnson & Martinez
2006), devising theory to explain these patterns (Kohn
1996), and then conducting experiments to test the
hypotheses generated by models. The study by Podlesak
et al. (2008) on the turnover and incorporation of '#O and
?H into the body water and tissues of woodrats (Neotoma
spp.) i1s a fine example of the combination of theory and
experiments needed to explain 3°H and 3'®O variation in
animal tissues. Hobson e al. (1999) state that interpreting
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this variation demands a “‘good understanding of the physiological
ecology of study animals” (p. 8003). We echo this comment.

(3) Coda: a renewed call for laboratory
experiments and for the development of theory

Perhaps not surprisingly, the number of observational field
studies that apply stable isotopes to ecological problems far
surpasses the number of experimental studies that aim to
clarify the mechanisms that explain the patterns that
1sotopic ecologists find. For example, in the Fifth Interna-
tional Conference on Applications of Stable Isotope
Techniques to Ecological Studies (Belfast, UK, 2006) only
approximately 10% of the presentations, and 5% of the
posters were experimental (G. Martinez del Rio unpub-
lished data). It is unclear what the optimal ratio of
observational/theoretical/experimental research is for a dis-
cipline. However, it is evident that progress in isotopic
ecology has come about from the vigorous interaction
among these three modes of inquiry. Ten years ago, Gannes
et al. (1997, 1998) identified some of the areas that could be
fruitfully explored by experimentally minded isotopic
ecologists. Although stable isotopes have become firmly
established as tools for animal ecologists, many questions
about their use still remain, and most of these questions can
only be resolved experimentally. We hope that this review
has identified how much progress has been made in 10
years, but also how much remains to be done. Hence, we
must end it with a renewed call for experimentation.
Because experiments and observations are most efficient at
answering questions when informed by theory (National
Research Council 2007), we add to our call an exhortation
for the development of theoretical models.

VII CONCLUSIONS

(1) The dynamics of isotopic incorporation into animal
tissues are measured experimentally and are most often
described by one-compartment models with first-order
kinetics. These experiments and models have revealed that
the rate of isotopic incorporation depends on tissue growth
and catabolic turnover. They also depend allometrically on
the organism’s body mass. Differences in isotopic incorpo-
ration rates among tissues seem to be explained by inter-
tissue variation in protein turnover. A recent theoretical
development in isotopic incorporation studies is the
application of multi-compartment models. The inferences
derived from these models can differ from those derived
from one-compartment models.

(2) Isotopic ecologists use a variety of mixing models of
varying degrees of complexity and realism to find out the
contribution of isotopic sources to the elements in an
organism’s tissues. Theoreticians have devised computer
programs to apply these mixing models. The use of mixing
models demands the use of accurate tissue to diet
discrimination factors. These are rarely measured experi-
mentally and error in them can lead to inaccurate
estimation of source proportions.
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(3) Mixing models assume that assimilated nutrients are
disassembled into their elemental components and that
these elements are reassembled into biomolecules. This
assumption is unrealistic: for example, carbon skeletons are
conserved to various degrees from assimilation to the
manufacture and breakdown of macromolecules and routed
differentially into tissues. There are both theoretical reasons
and empirical evidence for isotopic routing. Isotopic routing
is an area that isotopic ecologists have so far neglected in
their experimental and modeling research.

(4) Ecologists use the difference in 3!°N between an
animal’s tissues and its diet (A'N) to diagnose trophic
levels. Isotopic ecologists are just beginning to understand
why N biomagnifies along trophic chains, and to explore
the factors that determine the degree of !N biomagnifica-
tion. We examine evidence for or against the following 4
hypotheses: (1) AN should decrease with increased protein
quality in diet; (2) AN should increase with diet’s protein
content; (3) AN should decrease with the efficiency of
nitrogen deposition measured as the ratio between protein
assimilation and protein loss; and (4) AN should increase
with fasting time.

(5) The protein in the tissues within a single animal differ
in 3'3C and 3N because they differ in amino acid
composition and because amino acids vary in '3C and N
content. The range in 3'°N among amino acids appears to
increase with trophic level. Some amino acids appear to
retain approximately the same nitrogen isotopic composi-
tion of food, whereas others become enriched in !°N by the
animal’s metabolism. The inter-amino acid variation in
315N allows devising an “‘internal” index of trophic level.
The reasons why the N in some amino acids is protected
from isotopic enrichment, whereas that of others is subject
of N biomagnification are unknown.
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