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SYNOPSIS

Analysis of natural stable isotope ratios has created a methodological upheaval in
animal ecology. Because the distribution of stable isotopes in organisms follows
reliable patterns, their analyses have become established useful methods for animal
ecologists. However, because animal ecologists have adopted a phenomenological
approach to the use of stable isotopes, the mechanisms that create isotope variation
patterns remain unexplored. The mass-balance models that can provide a
mechanistic, and hence predictive foundation for animal isotopic ecology are
presented here. We review and elaborate the current mixing models used to
reconstruct animal diets and develop new mathematical models to explain one of the
most widely used patterns in animal isotopic ecology: enrichment in >N observed
across trophic levels. Construction of element and isotope budgets is central to
testing the mass-balance models described herein. Because the concept of a budget
is central to all animal physiological ecology, development of a mechanistic and
predictive framework for isotopic animal ecology falls naturally on physiological
ecologists. We argue that progress in isotopic animal ecology hinges on laboratory
experiments that explore mechanism, documentation of pattern in the field, and
theoretical integration of mechanism and pattern.

INTRODUCTION

Democritus was right: living organisms are collections of interacting
atoms. We now believe that atoms are made of electrons clouding around a
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nucleus made up of protons and neutrons. The numbers of charged particles
(electrons and protons) within the atom are equal, so the whole atom is
electrically neutral. The neutrons stop the nucleus from tearing itself apart.
They work as a glue that bonds with the protons and provides cohesion
within the nucleus. Elements with the same number of protons but a differ-
ent number of neutrons are called isotopes and vary in mass. Most of these
isotopes are stable (do not undergo radioactive decay) and can be distin-
guished by their mass. Many physicochemical processes are sensitive to
differences in the dissociation energies of molecules, which often depend on
the mass of the elements of which these molecules are made [Ball (2002)
provides a particularly good introduction to atoms, elements, and isotopes].
The enzymatic pathways that organisms use to manufacture and trans-
form organic molecules for example, can be isotopically discriminating. In
general, itis easier to form, or break, bonds that contain lighter isotopes. The
result is that molecules that contain the lighter isotope are preferentially
incorporated into the products of incomplete reactions. As a result, the
unreacted residues become enriched in the heavier isotope (Hoeffs, 1997).
These isotopic effects are useful. The isotopic composition of many materi-
als, including the tissues of organisms, often contains a label of the process
that created it. Ecologists and physiologists can use these labels or isotopic
signatures to detect the imprint of processes at a variety of scales. Plant
physiologists, atmospheric scientists, and geochemists have relied on the
measurement of natural stable isotope signatures for decades (Lajtha and
Michener, 1994). Animal physiologists and ecologists, on the other hand,
have been tardy in joining the isotopic research enterprise. Only one chapter
in a recent review on the use of stable isotopes to integrate biological, ecologi-
cal, and geochemical processes deals with animals (Griffith, 1998). Interest-
ingly, the animals that this chapter deals with are extinct (Cerling et al., 1998
in Griffith, 1998). Indeed, paleontologists and archaeologists have been un-
usual among zoologists in their reliance on stable isotopes as tools in the
reconstruction of the diets and habits of extinct animals and ancient hu-
mans (Koch et al., 1994 and references therein). Although zoologists have
been latecomers, we have recently been active. The number of publicationsin
animal ecology and physiological ecology that use stable isotopes has
doubled every 3 years over the last 10 years (Fig. 6.1). This is a phenomenal
rate of increase for the incorporation of any scientific methodology. As the
following, almost certainly incomplete list attests, a large variety of phenom-
ena in animal ecology can be informed by an isotopic approach. Stable iso-
topes have been used to reconstruct animal diets (Hobson et al., 1994), deter-
mine patterns of resource allocation to reproduction (O'Brien et al., 2002),
track animal migration (Hobson, 1999), assess the flux of materials from the
sea into terrestrial food webs (Ben David et al., 1998), assign trophic levels
(Post, 2002), and to determine the structure of food webs (France, 1995).
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Fig. 6.1. Number of publications on animal ecology and physiological ecology that rely on
stable isotopes has increased exponentially (r? = 0.81) in the last 10 years with a propor-
tional rate of increase of 23%. Number of publications in this data set obtained by
searching Biological Abstracts using “stable isotopes” and at least one of the following
terms as key words: “animal”, “diet”, “food web”, and “migration”.

In geochemistry, plant physiology, physiological ecology, progress in the
use of stable isotopes relies on vigorous interaction between theory, labora-
tory research, and field study [the chapters in Griffiths (1998) volume are
superb examples]. With few exceptions (some of which are reviewed below),
animal ecologists have adopted a different pathway. The vast majority of our
field isotopic studies are phenomenological and a well-developed theoreti-
cal edifice does not inform our laboratory experiments. The objective of this
chapter is to outline what we believe are some of the elements of a mechanis-
tic theoretical framework for the isotopic ecology of animals. Like work in
plant physiology and geochemistry, we too rely on mass-balance models to
disentangle the relative importance of the factors that determine animal tis-
sue stable isotopic composition. The two broad themes considered are (1)
what is the timescale of incorporation of an isotopic signal into an animal's
tissues and (2) why does the isotopic composition of animal tissues often
differ from that of the resources they use. We review and elaborate on the
current mixing models used to reconstruct animal diets and develop new
models to explain one of the most widely used patterns in animal isotopic
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ecology: enrichment in ®N observed across trophic levels. Although we
focus on the isotopes of carbon and nitrogen for clarity, mass-balance mod-
els described here can be easily applied to other elements.

Geochemists developed an arcane, but precise isotopic jargon. Before deal-
ing with mass-balance models, we must introduce the terminology that iso-
topic ecology shares with the atmospheric and geological sciences.

STABLE ISOTOPES: TERMINOLOGY PRIMER

The isotopic composition of a sample is measured as the ratio of one isotope
to another: In most cases the abundance of one isotope (generally the light-
est) exceeds that of the other by a large margin. For example, *C makes up
only 1.1% of the total carbon on earth and **N constitutes only 0.37% of the
nitrogen (Richardson and McSween, 1989). Consequently this ratio can be a
very small number. To make measurements of the relative abundance of two
isotopes graspable, geochemists express the isotopic composition of most
materials as the normalized ratio of the sample to a standard in parts per
thousand (per mil, %o):

5}( _ [RsamEle - Rstandard ]XIOOO (1)
standard
where Xis an element,and R andR are the ratios of the heavy to
ple standard

the light isotopes for the sample and standard, respectively. In some cases, it
is useful to transform from fractions or percentages to ratios and & values
with the transformation

f
——H_ @)
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H

where f | is the fraction of the heavy isotope. For values of f, <0.1, Rample €8N
be approximated very closely by f,, (RSarnple £).

Although some of the standards chosen by geochemists seem capricious
to biologists, at this point we have no say in the matter. Amarine belemnite
for the Pee Dee Formation (VPDB) and ocean water (standard mean ocean
water = SMOW) are used as standards for nitrogen and carbon respectively.
Thus, isotope ratios are commonly expressed as %o SMOW or %o VPDB. The
words “depleted” and “enriched” refer to the heavy, and often less abun-
dant isotope of a pair: Depleted means a more negative & value whereas
enriched means a more positive 6 value.

Fractionation

As mentioned in the introduction, the natural variation in the relative abun-
dance of stable isotopes in any substance is the consequence of tiny mass
differences that cause the isotopes to behave differently in both physical
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processes and chemical reactions. In general, the lighter isotope (*2C, or “N)
tends to form weaker bonds and to react faster than the heavier isotope (**C,
or 5N). As a consequence, the abundance of stable isotopes of an element
will vary among the reactants and products of a chemical reaction. The
change in isotopic abundance between chemical species (i.e. reactants or
products) resulting from physical and chemical processes is called fraction-
ation. Fractionation (a , ) between the chemical species A and B is described
in terms of the ratio in delta (8) values between the species:

R, (1000 +4,)

Sa o
R, (1000 + 4,

Values of a are usually very close to 1, so the difference between two delta
values is often reported and denoted by the discrimination factor
Ups (GA»B = 6A - 68)'

Two types of fractionation have relevance for biologists. Equilibrium frac-
tionation occurs among chemical molecules linked by equilibria as a result
of bond strength differences between the isotopic species. For
example, carbonate in bone is probably derived from blood bicarbonate. Car-
bon and oxygen isotopes are rapidly exchanged among blood bicarbonate,
dissolved blood carbon dioxide, and body water by the following equilibria:

Qyp = ©)

CO,(aq) + H,O « - H,CO, — - H* + HCO,

The isotope equilibrium of bone carbonate is controlled by the composition
of dissolved CO,, which is produced by respiration, and fractionation asso-
ciated with equilibrium exchanges of carbon. Suppose that one is
attempting to estimate the isotopic composition of the diet of an extinct mam-
mal from the carbon in the apatite of its teeth. At mammalian body tempera-
tures, the fractionation (¢) from CO, to HCO, is about 8%o (Mook, 1986).
Assuming that € between dissolved bicarbonate and carbonate in apatite is
1%o00r 2%o (the € value for calcium carbonate), then apatite carbonate should
have a 8"*C value approximately 9%o to 10%o greater than that of respired CO,
which presumably reflects that of diet.

Kinetic fractionation effects occur because of differences in the rate of
transport or rate of reaction of isotope species. For reactions catalyzed by
enzymes, the magnitude of fractionation can be used to approximate the
relative affinity of an enzyme for a compound with one isotope or another.
An example of a kinetic fractionation is the reaction catalyzed by the enzyme
glutamic oxaloacetic transaminase. This enzyme catalyzes the symmetrical
reaction that transfers an amino group from glutamic acid to oxalacetic acid
to yield a-ketoglutaric acid and aspartic acid (Macko et al., 1986). Glutamic
oxaloacetic transaminase transfers *NH, from glutamic acid to aspartic acid
1.0083 times faster than **NH,. In the reverse reaction **NH, is incorporated
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into a-ketoglutarate 1.0017 times faster than **NH. Transaminases catabo-
lize nitrogen transfers for 12 other amino acids. Their kinetic discrimination
against N may explain the observed *N enrichment between diet and
nonessential amino acids, as well as the progressive enrichment in **N across
trophic levels (Gaebler et al., 1966; Post 2002; and this chapter).

Terminology : Caveat

Many processes can lead to differences in composition between an organism's
tissues and its diet. For example, the enzymatic fractionation resulting from
the action of transaminases described above, produces tissue proteins that
most likely tend to be enriched in *N relative to diet. Some of the differences
between the isotopic composition of diet and a consumer's tissues are the
result of fractionating processes. Others are the result of stoichiometric ef-
fects and what has been called isotopic routing (see subsequent sections).
Because several processes can lead to differences in the isotopic composition
of diet and animal tissues, it is inappropriate to call these differences “frac-
tionation”. Cerling and Harris (1999) proposed the term discrimination fac-
tor (A i, = O,ees ™ Ogiep) fOT the difference between the isotopic composition of
diet and that of consumer tissues. Using the term “fractionation” to describe
differences between the isotopic composition of a resource and the tissues of
a consumer is inappropriate for two reasons: (1) it confuses pattern with
process (fractionation is only one of the processes that produce discrimina-
tion) and (2) it is inconsistent with usage in other fields.

MIXING MODELS: GUIDE FOR THE PERPLEXED

Stable isotopes are widely used to reconstruct animal diets. The basic idea
has been summarized in the phrase “animals are what they eat”. The isoto-
pic composition of an animal tissue reflects the contribution of dietary com-
ponents with different isotopic compositions (DeNiro and Epstein, 1978,
1981). Two types of approaches have been used to reconstruct animal diets
from isotopic data: Euclidean distance methods and mixing mass-balance
models (reviewed by Phillips, 2001). Phillips (2001) demonstrated that Eu-
clidean distance methods do not estimate diet proportions correctly. Thus,
we do not deal with these models here. Rather, we review in some detail
mass-balance mixing models and their assumptions. Our description of mix-
ing models relies heavily on the papers by Phillips (2001) and Phillips and
Koch (2001).

Linear Mixing Models

The simplest of the mass-balance mixing models assumes that the isotopic
composition of their tissues equals the weighed average of the isotopic
composition of the diet constituents. For two diet constituents:
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&(tissues =P &(A + (l_p) 5}<B (4)

where p equals the fraction of diet A and 86X, and 8X, are the isotopic compo-
sition of diet components A and B.

Provided that the isotopic composition of two elements is used, eqn (4)
can be extended to estimate the fraction (p,) of the diet comprised by three
types of items (Phillips, 2001, Ben David and Schell, 2001). For carbon (C)
and nitrogen (N) this requires solving the following system of linear equa-
tions in which A, B, and C are three different food types, and p, + p, + p_are
the contributions of each food type to the animal diet:

512Ctissues = pAJITSC:A + pBaljsch + pcdliscc
0 Nysues = Pa0 Ny + pd Ny + pcd N ()

1 =ps+ P+ Pc
In general, one can use n-1 isotopes to discriminate the contribution of n food
sources. Because eqns (4) and (5) depend linearly on p, the mixing relations
they depict can be labeled “linear mixing models”.

Although egns (4) and (5) look reasonable, they contain a variety of unre-
alistic assumptions. First, they assume that food types are stoichiometrically
identical, i.e. that food type A and B contain exactly the same relative carbon
and nitrogen contents. Second, they assume that all dietary items are assimi-
lated with equal efficiency. Lastly, eqns (4) and (5) assume that isotopes are
completely homogenized in the consumer's body prior to tissue synthesis.
Phillips and Koch (2001) refined mixing models to incorporate differences in
food stoichiometry and assimilation efficiency. We deal with the homogene-
ity assumption in a later section.

Concentration-dependent Mixing Models

Phillips and Koch's (2001) concentration-dependent mixing models assume
that the contribution of a given dietary item to an animal's carbon (or nitro-
gen) pool depends on how much carbon (or nitrogen) that item contains. The
difference in the results of using linear mixing models and concentration-
dependent mixing models is best illustrated with one isotope and two diet
types. Let us call B the total assimilated biomass, p the fraction of total as-
similation contributed by diet 1, (1-p) the fraction of total assimilation con-
tributed by diet 2, and [C,] and [C,] the concentrations of element X in diets
1and 2, respectively. The relative contribution of diet 1 to the pool of element
Xin the consumers tissues will be

P = Bp[C|] _ plC|]
" B(IGI+(1-pIC,D) pIC1+(1-p)IC,]
and the isotopic composition of the pool of element X will be

1
X = X p[C, 1+ 3X, (1-p)[C
(p[C1]+(1—p)[C2])( lp[ l] 2( pl 2]) )

(©)
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Figure. 6.2 illustrates the potentially large errors that can be committed by
assuming a linear mixing model when the two diets differ significantly in
elemental composition. The concentration-dependent mixing model can be
easily modified for more than one isotope and more than one diet. Again,
n-1 isotopes can be use to differentiate among n diets. For more than one
isotope, pi is the fraction of total assimilated biomass (B) contributed by item
iand P, represents the fraction of assimilated element X

Bpx, P.X;
pxa = n = Ta ’
BY X, D PX, ®)
j=l j=1

For three food sources, and two elements for example, carbon and nitrogen
with concentrations [C] and [N,] (i = 1, 2, and 3) and isotopic compositions
BC,and ®N,, we have that:

_ 1 13 13 13
wwes = 010 + paIC] + PGl (P[C10°C, +p,IC,10°C, + p,[C;16°C;)

= ! (p,IN,16°N, + p,[N,]6"N, + p,[N,15"°N,) ©)
tissues (PI[NI] + Pz[Nz] + P3[N3]) 1 1 1 2 2 2 3 3 3

1=p +p,+p;
Of course, eqn (9) reduces to eqn (5) if all the diet components have the same
elemental composition (i.e. [C ] =[C,] =[C,],and [N,]=[N,]=[N.]). The error
caused by neglecting concentration dependence increases as the differences
in elemental composition among dietary components increase. With a bit of
algebra, eqn (9) can be written in matrix form as a system of 3 linear equa-
tions in 3 unknowns:

o’ cC

O°N

AP=B (10)
where

(613Cl - 6I3Clissue)[cl] (6I3C2 - 613Clissue)[c2] (613C3 - 6I3Clissue)[c3]

A: (615Nl - dlSNlissue)[Nl] (615N2 - dlSNlissue)[NZ] (615N3 _dlleissue)[NEX]
1 1 1

and

P, 0

P=p, ,and B=0.

P; 1
Phillips and Koch (2001) provide an algorithm to solve for vector P in
eqn (10).

The concentration-dependent mixing model proposed by Phillips and
Koch (2001) assumes that all elements in a diet are assimilated with the same
efficiency, which is not necessarily the case. Fortunately, element-dependent
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variation in assimilation efficiency can be incorporated into the model. Let
us call B' the total biomass ingested and e the efficiency with which
element X is assimilated in diet i. Then egn (8) must be modified as

1
B'ey PiX; S PX

pxi = n ~ n ’
1
B') expX; D exPX,
P j=I

Equation (9) has to be modified accordingly and the value of e, must be
estimated experimentally. Although physiological ecologists estimate the
assimilation efficiency for food types and even specific nutrients routinely,
there are few accounts of the efficiency with which different elements are
assimilated. We emphasize that the term e_in eqn (11) represents “true”
assimilation efficiency rather than the apparent assimilation efficiency so
often reported. True assimilation efficiency is the fraction of the ingested
elementabsorbed (i.e. e, =amount of element x not assimilated/amount of
element x ingested), whereas apparent assimilation efficiency includes en-
dogenous fecal losses (apparent assimilation efficiency = [amount of ele-
ment x not assimilated + endogenous fecal losses]/amount of element x
ingested). Readers can find a lucid explanation of the difference between
true and apparent assimilation in Karasov (1990).

Incorporating food stoichiometry in mixing models requires more em-
pirical work. It requires analyzing (or at least estimating) the food's elemen-
tal composition and may require determining the efficiency with which
differentelements in each diet are assimilated. Field researchers may under-
standably complain that concentration-dependent models require more
additional data and assumptions than simple linear mixing models (Robbins
et al. 2002). However, simple models that make seriously wrong assump-
tions can yield seriously erroneous results. The “collect-combust-and infer”
approach that has characterized animal isotopic ecology so far has been
fruitful. Although it will probably remain the approach of choice for some
problems that can be solved by qualitative approaches, it has serious limita-
tions. The simple linear mixing models that dominate the literature are
misleading if the elemental composition of diet components differs substan-
tially (Fig. 6.2). Considering the potential effect of food's elemental composi-
tion and differential assimilation on isotopic incorporation adds realism to
mixing models. In some cases, however, even the detail provided by concen-
tration-dependent models may not suffice and additional assumptions may
need to be incorporated.

(1)

Isotopic Routing

Mass-balance mixing models make a crucial assumption which is almost
certainly wrong in many animals. They assume that the isotopes of the ele-
ments contained in all dietary sources are completely homogenized (“mixed*)
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Fig. 6.2. Isotopic composition of a homogeneous mixture of two materials depends on
two factors: 1) the fraction of each material in the mixture and 2) the elemental composi-
tion of the two materials. In the example depicted by the family of curves, p equals the
fraction of material 1 in the mixture and 1-p is the fraction of material 2. The isotopic
composition of materials 1 and 2 is 3"°N,=13.2 and 3N, = -0.9 respectively. To construct
the curves we maintained C, constant (C, = 0.12) and varied C, from 0.01 (punctate curve)
to 0.12 (thick line). The values for C, in the remaining curves, from top to bottom are 0.02,
0.04, and 0.08. A linear mixing model [see egn (4)] assumes that C, = C, and hence always
predicts a straight line. Mixing models that account for the elemental composition of the
mixture yield curves rather than straight lines if C, # C,. The isotopic and elemental
compositions of this artificial example correspond to the values of salmon (material 1)
and plants (material 2) ingested by brown bears (Ursus arctos, after Phillips and Koch,
2001).

in the animal body before tissues are synthesized. The animals that best fit
this assumption are foregut fermenters in which nutrients are homogenized
to the common denominator of volatile fatty acids and bacterial protein be-
fore being absorbed. However, even in ruminants many nutrients escape the
fermentative chamber and are absorbed intact in the lower gut (Van Soest,
1994). Once absorbed, nutrients enter a variety of metabolic pathways and
the elements in them can undergo varying degrees of mixing (Fig. 6.3). The
mixing assumption is problematic whenever diet components differ in ma-
cronutrient content. Synthesis of one macronutrient from another can be
difficult (e.g. glucose and glucogenic amino acids cannot be synthesized
from fatty acids) and is always energetically expensive (Fig. 6.3). Thus,
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Fig. 6.3. Carbon and nitrogen in organisms are found as components of macronutrients.
This scheme outlines the potential interconversions among the primary macronutrients in
an animal body. Although there is potential for considerable mixing of elements among
the different macronutrient pools, mixing may be energetically expensive. Recall that in
general catabolism generates ATP. Synthesis, however, requires both ATP and reducing
equivalent (such as NADHP). For example, lipids can be synthesized from both carbohy-
drates and proteins but lipid synthesis entails a high cost (the synthesis of a single
palmitate molecule from 8 Acetyl-CoA requires 7 ATPs and 14 NADPH). In a similar
fashion, although dispensable amino acids can be synthesized from the carbon skeletons
resulting from both carbohydrate and lipid metabolism, this process is ATP dependent.
Furthermore, the addition of amino acids to a peptide chain requires ATP (Mathews et al.
2000). A corollary of this observation is that organisms should route dietary macronutri-
ents.

A

animals should route macronutrients and the isotopes in them from diet into
the same macronutrient types in their tissues. This phenomenon has been
called isotopic or nutrient routing.

Paleontologists have recognized the problems posed by isotopic routing
for quite some time. For example, anthropologists and paleontologists have
traditionally used bone collagen, largely composed of protein, to analyze
isotopic composition for dietary reconstruction. Collagen has two problems;
(1) it contains 33% glycine, which is a relatively *C "enriched amino acid, so
collagen tends to be *C enriched relative to other tissues; and (2) collagen is
largely composed of protein and the composition of body protein in omni-
vores often reflects the isotopic composition of dietary protein (Ambrose and



