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Abstract Stable isotope analysis has become an impor-
tant tool in studies of trophic food webs and animal
feeding patterns. When animals undergo rapid dietary
shifts due to migration, metamorphosis, or other rea-
sons, the isotopic composition of their tissues begins
changing to reflect that of their diet. This can occur both
as a result of growth and metabolic turnover of existing
tissue. Tissues vary in their rate of isotopic change, with
high turnover tissues such as liver changing rapidly,
while relatively low turnover tissues such as bone change
more slowly. A model is outlined that uses the varying
isotopic changes in multiple tissues as a chemical clock
to estimate the time elapsed since a diet shift, and the
magnitude of the isotopic shift in the tissues at the new
equilibrium. This model was tested using published re-
sults from controlled feeding experiments on a bird and
a mammal. For the model to be effective, the tissues
utilized must be sufficiently different in their turnover
rates. The model did a reasonable job of estimating
elapsed time and equilibrial isotopic changes, except
when the time since the diet shift was less than a small
fraction of the half-life of the slowest turnover tissue or
greater than 5-10 half-lives of the slowest turnover tis-
sue. Sensitivity analyses independently corroborated
that model estimates became unstable at extremely short
and long sample times due to the effect of random
measurement error. Subject to some limitations, the
model may be useful for studying the movement and
behavior of animals changing isotopic environments,
such as anadromous fish, migratory birds, animals
undergoing metamorphosis, or animals changing diets
because of shifts in food abundance or competitive
interactions.
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Introduction

Stable isotope analysis has been widely used to study
animal feeding patterns in a variety of environments.
Isotopic ratios in the various foods consumed are re-
flected in the animal’s tissues, proportionate to the
amount assimilated for each food source, after
accounting for discrimination against heavier isotopes in
the digestion and assimilation process (DeNiro and
Epstein 1978, 1981). Thus, stable isotopes are often used
to quantify contributions of different food sources to an
animal’s diet (Phillips and Gregg 2001), but they can
also be used to indicate significant dietary changes. At
some point in their life cycle, many animals experience a
rapid change in the isotopic signatures of the foods they
eat, either because of a change in diet and/or because of
movement to a new environment with a different isoto-
pic background. For example, anadromous Pacific sal-
mon begin their life cycle in freshwater streams, then
undergos moltification and migrate downstream to
estuaries and eventually to the open ocean (Groot and
Margolis 1991). Other fish, such as flounder and drum,
undergo dramatic dietary changes as they settle and
metamorphose from larval to adult forms (Bosley et al.
2002; Herzka et al. 2001); the same can be true for
holometabolous insects (O’Brien et al. 2004). Migratory
birds may cover large distances and have diets at their
destination which are isotopically quite distinct from
their point of origin (Hobson 1999).

Following a step change in the isotopic composition
of their diets, animal tissues eventually come to isotopic
equilibrium with their new diet as a result of both
growth of new tissue and metabolic turnover of existing
tissue (Fry and Arnold 1982). Isotopic composition
turnover rates vary among tissues, with high rates in
tissues such as blood plasma and liver, somewhat lower
rates in muscle, and low rates in long-lived tissue such as
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bone (Tieszen et al. 1983). Increases in the mass of tis-
sues through growth have an additional dilution effect
which results in faster equilibration to the new diet than
would occur by metabolic turnover alone. Since different
tissues equilibrate to dietary isotopic changes at different
rates, it should be possible to use isotopic signatures
from multiple tissues to estimate the time at which a
dietary step change occurred, given the tissue signatures
sometime before the diet change and when sampled at an
unknown length of time after the change. Hesslein et al.
(1993) proposed using multiple tissue isotopic changes as
a “clock”, but were prevented from doing so because the
tissues they examined did not differ sufficiently in their
turnover rates, and they did not elaborate on how this
calculation would be done. The purpose of this paper is
to formulate a model to estimate this time component,
to validate it with experimental data from the literature,
and to explore the limits of model reliability.

Methods
Model

A number of studies have demonstrated that tissue iso-
topic composition changes after a diet shift follow an
exponential model (Ayliffe et al. 2004; Bosley et al. 2002;
Hobson and Clark 1992; MacAvoy et al. 2001; Tieszen
et al. 1983), in which half of the element of interest
(usually C or N) is turned over during each constant
half-life (HL) period. This can be attributed to both
growth and metabolic turnover (Fry and Arnold 1982;
Hesslein et al. 1993). As a starting point, Hesslein et al.’s
(1993) formulation was chosen for an exponential model
of isotopic change following a diet shift in broad
whitefish:

C=C,+(C, — Cn)e*(k+m)z (1)

where C is the observed fish isotopic signature at some
time ¢ after the diet switch; C, and C, are the fish sig-
natures in equilibrium with the old diet and new diet,
respectively; and k and m are the instantaneous rate
constants for growth and metabolic turnover, respec-
tively. [Other exponential model formulations lump
growth and metabolic turnover into a single rate con-
stant (Hobson and Clark 1992; Tieszen et al. 1983), but
this model allows separation of these two processes if
data are available.] If k and m (or k + m) have been
experimentally determined and the fish isotopic signa-
ture under the old diet is known, this equation has two
unknowns, C, and ¢. Estimation of these unknowns re-
quires an additional constraint to allow a solution. If
isotopic signatures have been measured in two different
tissues with different turnover rates, this same equation
can be written for each tissue:

Ci = Co1 + (Cop — Gy )ebrtmt

(2)
C=Cua+ (Cop — Cn,z)ef(kﬁmz)t

where the subscripts 1 and 2 refer to the two tissues. As
an additional constraint to make the model solvable, it is
assumed that the new equilibrium isotopic signatures
(C,,.1 and C,,») will differ from those associated with the
old diet (C,; and C,,) by the same amount AC for each
tissue. Thus:

AC = le - Co,l = Cn,2 - C0,2 (3)
Substituting this in Eq. 2 yields:
Ci = Cyy = AC(ertmi 1)

(4)

C=Cps— Ac(e—<k2+mz)f - 1)

This system of two non-linear equations in two un-
knowns can be solved numerically for AC (the change in
equilibrium tissue isotopic signatures) and ¢ (the time
since the diet shift). Figure 1 illustrates the isotopic
changes in two tissues following a step change in diet,
and how AC and ¢ relate to these changes.

Validation

To validate the model, data from two published studies
on isotopic turnover rates in multiple tissues of a bird
(Hobson and Clark 1992) and a mammal (Tieszen et al.
1983) were used. From each study pairwise data from
three tissues representing fast, intermediate, and slow
turnover rates were used. Hobson and Clark (1992)
switched adult quail (Coturnix japonica) from a Cj
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Fig. 1 Hypothetical isotopic changes in two tissues with faster and
slower turnover after a diet shift at time 0. C,; and C,, are the
isotopic composition (8'>C) under the old diet for tissues 1 and 2,
C,.1 and C, , are the equilibrial isotopic composition under the new
diet for tissues 1 and 2, and AC represents the isotopic shift in both
tissues (C,-C,). The two tissues do not necessarily have the same
8"3C at time 0, but for illustrative purposes the left and right
vertical scales have been adjusted to graph them with a common
starting point. The vertical dotted line represents sampling at an
unknown time ¢ after the diet shift; the model is used to estimate
both ¢ and AC. The gray shaded regions represent very short and
very long times after the diet shift (see discussion in text)



wheat-based diet to a C4; corn-based diet, and then
tracked changes in tissue 6'>C at up to nine sample times
over 212 days. In a similar experiment, Tieszen et al.
(1983) raised gerbils (Meriones unguienlatus) on a Cy
corn-based diet and then switched them to a C; wheat-
based diet and tracked changes at six times over
155 days. Both studies modeled the time-varying 8'°C
values in each tissue with an exponential equation
equivalent to Eq. 1 above. Because adult quail and
gerbils were used, the rate constant was attributed
(k + m) all to metabolic turnover (m), assuming that
growth (k) was zero. For fast, intermediate, and slow
turnover tissues, we used data for liver (HL=2.6 days),
blood (HL=11.4days), and bone collagen
(HL=173.3 days) from Hobson and Clark (1992), and
liver (HL =6.4 days), muscle (HL =27.6 days), and hair
(HL =47.5 days) from Tieszen et al. (1983), respectively,
where HL = /n2/(k + m). For each sample date and
pair of tissues, we used the “fsolve” routine in Matlab®
to solve the system of equations for our model (Eq. 4) to
estimate the time since the diet switch (¢) and the equi-
librial tissue changes in 6'*C (AC), given the initial and
current 8'°C values for each of two tissues and the tissue
rate constants. The model estimates (7. and AC.) were
then compared to the actual values to assess the model’s
performance.

Sensitivity analyses

Random variation in tissue isotopic signatures due to
measurement and/or sampling error is to be expected
and will affect the accuracy and precision of the model
estimates. The effect of this stochastic variation is likely
to depend on other details of the experimental situation.
To determine the sensitivity of model estimates to
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measurement and/or sampling error in different situa-
tions, a sensitivity analysis was conducted, using simu-
lated data across realistic ranges of values of dietary
isotopic shifts, ratios of slow HL/fast HL, and sample
times. For four levels of dietary isotopic shift (AC: 2, 4,
8, and 16%,), four levels of the ratio between slow tissue
and fast tissue HL (2, 4, 8, and 16), and six sample times
after diet switching (z: 0.25, 0.5, 1, 2, 4, and 8 slow tissue
HL), 6'3C values for two tissues were simulated at time 0
(time of diet switch) and time ¢. In order to introduce
differences in the expected values of the faster and slower
tissues relative to each other to reflect measurement er-
ror, the simulated isotopic signature of the faster tissue
was then perturbed at time ¢ by +0.29, and —0.29,,
which is a typical reported precision for ¢'°C measure-
ments. For each of these 96 combinations of AC, slow
HL/fast HL, and sample times, the deviations between
the estimated elapsed time (f.5) and the actual elapsed
time (Z,cua1) Were examined as a measure of model sen-
sitivity to measurement error across the gamut of real-
istic parameter values.

Results
Validation

From the Hobson and Clark (1992) feeding experiment
on quail, after the diet switch paired 6'*C measurements
were available at eight sample dates for liver/blood, four
sample dates for liver/bone collagen, and five sample
dates for blood/bone collagen. Model estimates of 7.
and AC,, were made for each of the data points, except
for the liver/blood pair 121 days after diet switching
(Table 1) which had no valid solution (Eq. 4) because
the observed slower tissue (blood) shift was slightly

Table 1 Model estimates (in bold) of time since diet shift (7.s) and equilibrial 8'3C change (AC.s) for pairs of tissues in quail [data from

Hobson and Clark (1992)]

Tissue; Tissue, k; + my ky + my C Coy C, Con tactual tost equil. AC;  equil. AC,  ACq
(day™") (day™") (%60) (%60) (%60) (%60) (day)  (day) (%) (%60) (%0)
Liver Blood 0.272 0.062 —22.17 -—-23.68 —22.89 2338 2 3.8 2.90 2.85 2.36
Liver Blood 0.272 0.062 —-21.68 —23.68 —22.48 2338 4 8.3 2.90 2.85 2.23
Liver Blood 0.272 0.062 —21.28 —23.68 —22.19 2338 6 10.0 2.90 2.85 2.57
Liver Blood 0.272 0.062 —21.17 -23.68 —21.88 —23.38 10 14.2 2.90 2.85 2.56
Liver Blood 0.272 0.062 -20.78 —23.68 —21.59 —23.38 17 15.1 2.90 2.85 2.95
Liver Blood 0.272 0.062 —-20.58 —23.68 —20.78 —23.38 35 29.4 2.90 2.85 3.10
Liver Blood 0.272 0.062 -20.74 —-23.68 —20.38 —23.38 121 - 2.90 2.85 -
Liver Blood 0.272 0.062 -20.50 —23.68 —20.39 —23.38 212 45.1 2.90 2.85 3.2
Liver Bone 0.272 0.004 -20.78 —-23.68 —20.98 -21.18 17 17.7 2.90 2.94 2.92
Liver Bone 0.272 0.004 -20.58 —23.68 —20.79 —-21.18 35 33.6 2.90 2.94 3.10
Liver Bone 0.272 0.004 -20.74 —-23.68 —20.00 -—21.18 121 1283 2.90 2.94 2.94
Liver Bone 0.272 0.004 -20.50 —23.68 —19.80 —21.18 212 142.3 290 2.94 3.18
Blood Bone 0.062 0.004 -21.59 —-23.38 -20.98 -21.18 17 21.4 2.85 2.94 2.5
Blood Bone 0.062 0.004 -20.78 —23.38 —-20.79 -21.18 35 35.9 2.85 2.94 2.9
Blood Bone 0.062 0.004 —-20.38 —23.38 —-20.38 -21.18 84 76.8 2.85 2.94 3.0
Blood Bone 0.062 0.004 —-20.38 —23.38 —-20.00 -21.18 121 1249 2.85 2.94 3.0
Blood Bone 0.062 0.004 -20.39 -23.38 —19.80 —-21.18 212 1547 2.85 2.94 3.0

Sample times (7,0a1) 0t shown did not have 8'3C for one of the two tissues. If the model was unable to calculate values for e, or ACeq,

this is indicated by —
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Fig. 2 Model results for quail (Coturnix japonica) data from
Hobson and Clark (1992) for different tissue pairs [liver/blood
(filled circle), liver/bone (open circle), blood/bone (filled triangle)]. a
Model estimates of time since diet switch (7.) versus actual time
(tactua) for the three tissue pairs. The line of eqluality is shown for
reference. b Model estimates of equilibrial A'*C change (AC.s)
versus actual time (f,cuq1) for the three tissue pairs. The observed
equilibrial ACs for blood (2.85%,), liver (2.90%,), and bone collagen
(2.949,) from the feeding experiment are shown for reference
(horizontal dashed lines). Both t.s and AC,s are shown as zero when
the model was unable to estimate values for them

greater than the faster tissue (liver) shift. Other than this
single data point, the estimated time since diet switching
closely approximated the actual time through 121 days
for all three pairs of tissues (Table 1, Fig. 2a). At
212 days, the model substantially underestimated the
elapsed time for all three tissue pairs (Table 1, Fig. 2a).
The estimates that Hobson and Clark (1992) made for
equilibrial change in 6'C after diet switching were very
similar for liver, blood, and bone collagen, ranging from
2.85 to 2.94%, (Table 1). For the first few sample dates,
model estimates of AC.; were lower than this (~2.2 to
2.6%,; Table 1, Fig. 2b), but then more closely corre-
sponded to the expected range. At 212 days, AC values
were slightly higher, ~3.2%, for liver/blood and liver/
bone collagen tissue pairs.

The Tieszen et al. (1983) gerbil data set provided
paired 6'*C measurements at six sample dates after diet
switching for liver/muscle, liver/hair, and muscle/hair
tissue pairs. No solutions could be found for Eq. 4 for the
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Fig. 3 Model results for gerbil (Meriones unguienlatus) data from
Tieszen et al. (1983) for different tissue pairs [liver/muscle (filled
circle), liver/hair (open circle), muscle/hair (filled triangle)]. a Model
estimates of time since diet switch (z.s) versus actual time (Z,ciual)
for the three tissue pairs. The line of equality is shown for reference.
b Model estimates of equilibrial 8'>C change (|AC.y|) versus actual
time (Z,cua1) for the three tissue pairs. The observed equilibrial ACs
for muscle (8.34%,), liver (8.519%,), and hair (9.46%,) from the
feeding experiment are shown for reference (horizontal dashed
lines). Both .y and AC. are shown as zero when the model was
unable to estimate values for them

first two sample dates for liver/hair or the first three
sample dates for muscle/hair, so there were no model
estimates of 7.q or AC, (Table 2). Model estimates for
tost Toughly tracked 7,.ua1, but overestimated time since
diet switching at the shortest times and underestimated it
at the longest time (Table 2, Fig. 3a). Compared to the
Hobson and Clark (1992) data set, there was more scatter
around the line of equality of 7. and f,ca (Fig. 3a).
Tieszen et al.’s (1983) estimated equilibrial changes in
tissue 6'°C after diet switching also varied more than in
the quail data set, ranging from 8.349, for muscle to
9.46%, for hair (Table 2). For the earliest sample dates,
model estimates of AC.; were substantially lower than
this, but then rose to comparable values.

Sensitivity analyses

The effect of simulated 0.29,, measurement errors on the
precision of model estimates of 7., varied depending on



199

Table 2 Model estimates (in bold) of time since diet shift (o) and equilibrial '*C change (AC.y) for pairs of tissues in gerbils (data from

Tieszen et al. 1983)

Tissuel Tissuez kl + m K 2+ ny Cl (%o) Co,l (%o) C2 (%o) C0,2 (%o) lactual Test eq11i1~ AC'l eCIUiL AC‘2 Acest
(day™)  (day") (day)  (day) (%) (%0) (o0

Liver Muscle 0.109 0.0251 —14.7 —12.9 —13.4 —12.4 2 30.6 —8.51 —8.34 —1.87
Liver Muscle 0.109 0.0251 —-16.9 -12.9 —14.0 —-124 5 159 -85l —8.34 —4.86
Liver Muscle 0.109 0.0251 —-19.7 -12.9 —16.3 —-12.4 15 324 851 —8.34 —7.00
Liver Muscle 0.109 0.0251 —20.6 —12.9 —-17.7 —12.4 40 458 —8.51 —8.34 =7.75
Liver Muscle  0.109 0.0251 -21.7 -12.9 —-19.8 —-12.4 75 732 -8.51 —8.34 —8.80
Liver Muscle 0.109 0.0251 -223 —-12.9 -21.3 —-124 155 1169 —8.51 —8.34 -9.40
Liver Hair 0.109 0.0146 —14.7 -12.9 —11.0 —11.1 2 — —8.51 —9.46 —
Liver Hair 0.109 0.0146 -16.9 -12.9 —-11.3 —11.1 5 - —8.51 —9.46 -
Liver Hair 0.109 0.0146 —19.7 —-12.9 —12.7 —11.1 15 139 -85l —9.46 —8.72
Liver Hair 0.109 0.0146 —20.6 -12.9 —14.9 —11.1 40 46.2 -8.51 —9.46 —7.75
Liver Hair 0.109 0.0146 -21.7 -12.9 -17.3 —11.1 75 835 -8.51 —9.46 —8.80
Liver Hair 0.109 0.0146 223 —-12.9 —-19.2 —11.1 155 135.5 -8.51 —9.46 -9.40
Muscle Hair 0.0251 0.0146 —14.7 -12.9 -11.0 —11.1 2 - —8.34 —9.46 -
Muscle Hair 0.0251 0.0146 —16.9 -12.9 -11.3 —11.1 5 — —8.34 —9.46 —
Muscle Hair 0.0251 0.0146 —-19.7 -12.9 —12.7 —11.1 15 — —8.34 —9.46 —
Muscle Hair 0.0251 0.0146 —20.6 -12.9 -14.9 —11.1 40 47.0 -8.34 —9.46 —7.65
Muscle Hair 0.0251 0.0146 -21.7 —12.9 —-17.3 —11.1 75 101.2 -8.34 —9.46 -8.03
Muscle Hair 0.0251 0.0146 -223 -12.9 —19.2 —11.1 155 1509 -8.34 —9.46 -9.11

If the model was unable to calculate values for 7. or AC, this is indicated by —

the parameter values for isotopic diet shift (AC), ratio of
slow HL/fast HL, and sample times (Fig. 4). Model
imprecision in the face of measurement error, as indi-
cated by the vertical separation between the paired
curves for a given set of parameter values, was mini-
mized at medium sampling times (1-2 slow tissue HLs)
and increased at both lower and higher sampling times
(Fig. 4). Imprecision increased as slow tissue HL and
fast tissue HL became more similar; the upper and lower
t.st bounds were narrowly focused around the 1:1 line
for slow HL/fast HL. = 16 but got progressively wider as
this ratio decreased down to two. The model was unable
to reach a solution for measurement errors in one
direction (curves above the 1:1 line) after eight slow
tissue HLs had elapsed since the diet shift. When the diet
shift was only 29, this limit was reached after four slow
tissue HLs. The model imprecision also generally in-
creased as the isotopic diet shifts became progressively
smaller from 169, down to 29, (Fig. 4).

Discussion
Validation

These results indicate that, given initial and current §'>C
values and rate constants for two tissues, the model was
able to reasonably estimate the time since the diet shift
and the subsequent equilibrial 8'°C change for both
tissues, except at very short or very long times after the
diet shift. These thresholds depended on the HL of the
tissues utilized. In the quail data set, the two most
problematic data points were the one for which no
solution was found (121 days, liver/blood) and the ex-
treme low outlier for 7. (212 days, liver/blood). The
commonalities are that the two tissues used had the

fastest turnover times (HL of 2.6 days and 11.4 days for
liver and blood, respectively), and the sampling time was
at least 10 HL (for both tissues) after the diet shift. After
this much elapsed time, both tissues have effectively
come very close to a new isotopic equilibrium (Fig. 1;
see also Fig. 1 in Hobson and Clark (1992)). The model
depends on differential rates of isotopic change between
multiple tissues after a diet shift, but there is little dif-
ferentiation if the changes have already approached the
new equilibrium for both tissues. After such extended
periods of time, the expected differences between isoto-
pic changes for faster and slower turnover tissues would
be very slight and may be overwhelmed by random
measurement error, making model estimates more
unstable. In the gerbil data set, the data point for the
two fastest turnover tissues (liver, muscle) at the longest
time (155 days) gave a . estimate of 117 days, about
25% too low. While model accuracy may be beginning
to deteriorate after this length of time, about five HL for
muscle tissue, a new isotopic equilibrium was not yet
approached to the same extent as in the quail data set for
data points at >10 HL elapsed time. Thus, from the
validation data it appears that elapsed time approxi-
mately between five and ten HLs of the slower turnover
tissue may represent an upper threshold for useful esti-
mates of ¢ and AC from the model.

Conversely, tissues with longer turnover times may
not have yet exhibited much isotopic change when
sampled a very short time after a diet shift (Fig. 1).
Random measurement errors may be of a similar mag-
nitude to the expected changes in slow turnover tissues
over short time periods, making model estimates
unstable under such conditions. This is demonstrated by
the inability of the model to find solutions for three data
points for gerbil muscle/hair and two data points for
gerbil liver/hair for sample times less than 1/3 HL of hair
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(HL =47.5 days) after the diet shift (Table 2, Fig. 3a).
While the model was able to estimate f.; and AC. for
two liver/hair data points less than ~0.1 HL of hair after
the diet shift, it overestimated ¢ and underestimated AC
at these early sample times (Table 2, Fig. 3). These
estimation problems were not observed at short sample
times in the quail data set, probably because the slowest
turnover tissue (bone collagen) was not sampled until
17 days after the diet shift. Thus there were no data
points only a small fraction of a HL after the shift.

In the Hobson and Clark g1992) quail data set, the
observed equilibrial shifts in §'*C in the feeding experi-
ment were very similar for all three tissues, ranging from
2.85 to 2.949,, which met our assumption of equal ACs.
This assumption was mildly violated in the Tieszen et al.
(1983) gerbil data set, which had equilibrial ACs ranging
from 8.34 to 9.469, for the three tissues. This is likely to
be one reason for the poorer estimation precision of the
model for this data set compared to the quail data, as
verified by the greater scatter around the 1:1 line in
Fig. 3a and the broader range of AC,; values (Fig. 3b).
Differences in the degree of isotopic change for various

16.00

tissues following a diet shift may reflect preferential
routing of different macromolecular forms (e.g., pro-
teins, lipids) to different tissues in the consumer, rather
than complete mixing (Phillips and Koch 2002). Simi-
larly, the equilibrial shift in tissue isotopic signatures
following a diet shift does not always equal the isotopic
difference between the diets. Gerbil tissues had slightly
smaller 6'°C shifts than the 9.6%, difference in diets
(Tieszen et al. 1983), and the same was true for quail
tissues compared to a diet difference of 4.69, (Hobson
and Clark 1992). This may also be due to preferential
metabolic routing (K. Hobson, personal communica-
tion).

Few data are available in the literature on the relative
magnitudes of isotopic shifts in different tissues follow-
ing a diet shift. Ayliffe et al. (2004) modeled §'°C
changes in horse breath CO, and tail hair after a 13.0%,
diet shift from C; to C4 grasses. After 21 weeks, breath
CO; and tail hair had shifted 12.6 and 109, respectively.
However, their analysis concluded that both breath CO,
and hair incorporated several C pools with different
turnover rates and the isotopic shifts had not yet come
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Fig. 4 Results of sensitivity analyses for effects of measurement
error (£0.29,) on model estimates of time (f.5) for four ratios of
slow tissue half-life to fast tissue half-life (¢« HL ratio 2, b HL ratio
4, ¢c HL ratio 8, d HL ratio 16). For each ratio of slow tissue HL/
fast tissue HL, model estimates of time (7.) are plotted versus
actual time values (Z,cua1) for a range of AC values (curve labels,

in z9,,). The paired labeled curves show the difference in 7. values
when measurement errors of +0.2 and —0.29, are imposed. The
I:1 line where fesq = facruar 1S shown for comparison, which
represents model results in the absence of measurement error.
Missing data points on a AC curve for a given value of f,cual
indicate that the model was unable to achieve a solution



to equilibrium, which were both eventually expected to
achieve the 139, shift evident in the diet. In a diet shift
experiment examining isotopic changes in mouse blood,
muscle, and liver, MacAvoy et al. (2005) found that the
equilibrial isotopic shifts in the three tissues were within
0.6%, of each other for §'°C and 0.2%, for 5'°N, except
liver '°C, which had not yet reached equilibrium by the
end of the experiment. After fitting exponential curves to
experimental diet shift data, Hobson and Clark (1993)
for crows and Podlesak et al. (2005) for yellow-rumped
warblers found 1.7-2%, greater shifts in blood cells than
plasma. However, in the data of Podlesak et al. (2005),
this may be explained by model lack of fit as the fitted
curves did not go through the day 0 values for plasma,
and the difference between day 0 and day 75 (apparently
at equilibrium with new diet) values was close to that for
blood cells. Several other studies switched diets and
examined multiple tissues in mammals and birds, but the
results were not presented in a way that easily allows
comparison of isotopic shifts for the different tissues
after equilibration to the new diet (Hilderbrand et al.
1996; Pearson et al. 2003).

Trials with the model using unequal isotopic shifts for
the two tissues showed that AC. converged on the fast
tissue shift, and that 7. tended to be underestimated if
the slow tissue had the smaller shift, and overestimated if
the slow tissue had the larger shift. Unequal tissue shifts
of the magnitude seen in the Tieszen et al. (1983) data set
do not appear to create a serious estimation problem,
but differences of several 9, may invalidate the
assumptions of the model and hence its results.

Sensitivity analyses

The measurement error sensitivity analyses corrobo-
rated the patterns of model stability thresholds that were
noted in the experimental validation data. Measurement
errors caused divergence of model results from expected
values for both short elapsed times (0.25 slow tissue HL)
and long elapsed times (eight slow tissue HL). In the
latter case, measurement errors in one direction caused
the model to be unable to achieve a solution because the
observed slow tissue shift was larger than the fast tissue
shift, which was also seen in the experimental validations
at long elapsed times. This similarity in results lends
credence to the interpretation that model instability at
high and low sample times is due to decreased signal to
noise ratios in the differences in tissue isotopic shifts
relative to background levels of measurement error. For
0.2%, measurement errors, the upper threshold was
reached at a shorter sample time (four HL) when the
isotopic difference between diets was only 2%,. Thus a
reasonable rule of thumb might be that isotopic shifts in
diet should exceed ten times the measurement error for
adequate model performance.

From a theoretical standpoint, the resolving power of
the model should be highest when the difference in the
isotopic shifts in the two tissues (C;-C, ;1 vs C-C, ) is
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maximized (the maximum vertical separation between
the two curves shown in Fig. 1). This point can be
determined by rearranging Eq. 4 to express the differ-
ence between the two tissue changes as a function of the
other terms:

(C1 = Co) = (C2 = Coz) = —AC (e thremir — gt
()

The maximum value of this function can be found by
differentiating and setting the derivative to zero, which
occurs where:

tzln(k2+m2) —hl(k] +m1)
(kz +I112) — (k] +m1)

(6)

For example, for two tissues with slow HL/fast HL =4,
this translates to a sample time of 0.4 HL of the slower
tissue after the diet shift. However, the presence of
measurement error may alter this theoretical optimum
sampling time, as seen by the fact that model precision
was actually best at a sampling time of 1 slow tissue HL.
in the sensitivity analyses for slow HL/fast HL=4
(Fig. 4). This is likely due to the fact that measurement
errors can have a disproportionate effect on the appar-
ent slow tissue isotopic changes after such relatively
short times, during which the expected change is not yet
very large.

Limitations

Besides the parameter limits discussed above, beyond
which model results become unstable, several other
factors may affect the degree to which this model may be
fruitfully applied in field studies. First, this method re-
quires prior knowledge of, or pilot studies to determine,
estimates of rate constants for the tissues examined. It is
not necessary to split out separate metabolic turnover
(m) and growth rate (k) constants, as opposed to esti-
mating a combined rate (k + m), but this may be done
if desired. In the case of adult organisms, such as in the
quail and gerbil studies described earlier, the growth
component may be negligible. The most preferable sit-
uation is having first-hand experimental determinations
of tissue rate constants for the study organism. Failing
this, information from the literature about tissue turn-
over rates for the study organism or related species
might be used. In the absence of such information, a
rapid assessment of the turnover rates might be possible
by sampling the study organisms at two times after the
diet shift. While the time between the diet shift and the
initial sample is unknown and is to be estimated by the
model, the isotopic change over a fixed interval between
the two samples can be used to estimate the tissue
turnover rates. This procedure is apt to result in more
estimation uncertainty than an extended controlled
experiment with more measurements, but replicated
paired measurements can provide adequate HL esti-
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mates (Phillips 1989), which would allow the model to
estimate ¢t and AC.

Second, the model requires that the consumer’s tis-
sues be in equilibrium with the original diet before the
diet shift occurs. Prior to the step change in diet being
studied, it is important that both the short-term and
long-term diet have been uniform enough for both fast
and slow turnover tissues to be equilibrated to the same
dietary isotopic composition. This would primarily be a
consideration where tissue turnover time is very long or
temporal variation in diet is high. Very long turnover
tissues, such as bone, integrate the isotopic composition
of assimilated diet over extended periods. During this
time, variations in dietary isotopic composition would
be reflected in shorter turnover tissues, which could re-
sult in a slightly different tissue baseline for a diet shift.
Similarly, isotopic equilibration with diet may be a
problem in areas with high temporal variation in isoto-
pic ratios as Post (2002) and others have found in some
aquatic food webs.

A third factor that might complicate the use of the
model is utilization of endogenous reserves that are
isotopically reflective of the earlier diet. Migratory birds,
for example, utilize fat and sometimes protein stores
during long-distance flights (Battley et al. 2000), but
some birds may continue to draw on endogenous re-
serves after arrival in the new isotopic environment
(Morrison and Hobson 2004). For tissues that lose mass,
it may be possible to still use the model if the growth rate
constant k is specified as a negative number that reflects
the rate of mass loss, although we have not evaluated its
use in these situations. However, the model is predicated
on essentially a step change in diet and the subsequent
mixing of old and new dietary isotopic signatures in
multiple tissues. If there is a substantial preferential
metabolism of tissues reflecting the old diet, rather than
complete mixing, the model may not be applicable.

Summary

In summary, the model did a good job of estimating the
time since a diet shift (f) and the equilibrial isotopic shift
(AC) except when the elapsed time was a small fraction
of the longer HL or more than 5-10 HL for both tissues,
or when isotopic diet shifts were small ( < 10 times
measurement error). Model performance is best when
the assumption of equal isotopic shifts among tissues is
closely met. Subject to data availability and meeting the
assumptions of the model, it may be useful for studying
the movement and behavior of animals moving between
different isotopic environments, such as anadromous
fish (Groot and Margolis 1991), migratory birds (Hob-
son 1999), animals undergoing metamorphosis (Bosley
et al. 2002; Herzka et al. 2001), or animals changing
diets because of changes in food abundance (Ben-David
et al. 1997) or social interactions (Ben-David et al. 2004).
For the model to be effective, the tissues utilized must be
sufficiently different in their turnover rates. Separating

blood samples into cellular and plasma components,
which have markedly different turnover rates, offers the
possibility of non-destructive sampling which could be
advantageous for wildlife studies (Hobson and Clark
1993).
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