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ABSTRACT

Stable isotopes are an important tool for physiological and
behavioral ecologists, although their usefulness depends on a
thorough understanding of the dynamics of isotope incorpo-
ration into tissue(s) over time. In contrast to hair, claws, and
feathers, most animal tissues continuously incorporate carbon
(and other elements), and so carbon isotope values may change
over time, depending on resource use and tissue-specific met-
abolic rates. Here we report the carbon turnover rate for 12
tissues from a passerine bird, the zebra finch (Taeniopygia gut-
tata). We measured average carbon retention time (t) for 8 d
for small intestine; 10–13 d for gizzard, kidney, liver, pancreas,
and proventriculus; 17–21 d for heart, brain, blood, and flight
muscle; and 26–28 d for leg muscle and skin. We used these
data, along with the few other published estimates, to confirm
that the fractional rate of isotopic turnover for red blood cells,
whole blood, liver, and leg muscle scales with body mass to
approximately the �1/4 power. Our data also support several
key assumptions of the “isotopic-clock” model, which uses dif-
ferences in isotope value between tissues, along with estimates
of turnover rate of these tissues, to predict time elapsed since
a diet shift. Finally, we show that between-tissues differences
in turnover rate largely, but not entirely, explain the extent of
phenotypic flexibility in organs of garden warblers during their
long-distance flight across the Sahara Desert during spring.
More studies that measure tissue-specific protein synthesis,
metabolic rate, and elemental turnover in many tissues from
a variety of animals are needed.

Introduction

Stable isotopes of carbon and other common elements can be
used to study resource use, movement patterns, and the stoi-
chiometry of natural biological processes because the landscape
varies in isotopic composition and all organisms assimilate sta-
ble isotopes and incorporate them into their tissues (DeNiro
and Epstein 1978; Hobson 1999; Martı́nez del Rio and Wolf
2005; West et al. 2006). Tissues such as hair and feathers in-
corporate elements during growth, and their isotopic values are
relatively fixed in the part of the hair or feather that has com-
pleted growth (Hobson 1999; Ayliffe et al. 2004). Quantification
of stable isotopes in such tissues can be used to address ques-
tions about the temporal and spatial distribution of animals or
about food choices at scales ranging from weeks to months
and from microhabitat to landscape. This is because the stable-
isotope values reflect resources used in a limited time and at
a certain place (for reviews, see Hobson 1999; Inger and Bear-
hop 2008).

Most animal tissues continuously incorporate carbon (and
other elements), so their carbon isotope values may change
over time, depending on resource use and tissue-specific met-
abolic rates (Podlesak et al. 2005; Phillips and Eldridge 2006).
For example, about half the carbon atoms in the liver of the
gerbil (Meriones unguiculatus) turn over within 6 d, whereas
those in muscle turn over within 28 d (Tieszen et al. 1983).
The carbon half-life (Ct1/2) of tissues in growing Japanese quail
(Coturnix japonica) was 3 d for liver, 11 d for whole blood,
and 173 d for bone collagen (Hobson and Clark 1992). Carleton
and Martı́nez del Rio (2005) hypothesized that the fractional
rate of isotopic turnover for a given tissue scales with body
mass to approximately the �1/4 power, but their analysis was
restricted to blood, which provided the best available data.
Current estimates of turnover rates of metabolically active tis-
sues in animals are restricted to a few tissues (e.g, blood, muscle,
liver, collagen; but see Carleton and Martı́nez del Rio 2008)
from relatively few species. We measured the carbon turnover
rate for 12 different tissues from a small passerine bird, the
zebra finch (Taeniopygia guttata). We then used the data to (1)
define the time window during which a given tissue indicates
resource use, (2) evaluate the hypothesis that carbon turnover
rate scales with body mass to approximately the �1/4 power,
(3) evaluate several key assumptions and criteria of the “iso-
topic-clock” model of Phillips and Eldridge (2006), which uses
differences in isotope value between tissues, along with esti-
mates of turnover rate of these tissues, to predict time elapsed
since a diet shift, and (4) evaluate the hypothesis that tissue-
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specific turnover rate determines the pace of phenotypic flex-
ibility in certain organs and hence its extent in time-constrained
animals, such as birds during spring migration.

Material and Methods

Thirty adult zebra finches were kept in single-sex groups of
four to six individuals per cage ( )45 cm # 90 cm # 45 cm
under a 12L : 12D regime at an air temperature of 31�C
(�2�C). Birds were initially fed a diet of mixed seeds of C4

plants (Blattner no. 1140103; [SD])13d C p �16.3‰ � 0.33‰
for at least 3 mo before being switched (hereafter “day 0”) to
a diet of C3 seeds (Blattner no. 160505; 13d C p �26.3‰ �

[SD]). Both the C4 and C3 diets were enriched with0.50‰
minerals (2 g/kg seeds, Günter Enderie, Nektron-MSA lot
363850) and vitamins (Günter Enderie, Nektron-S lot 364636).
Birds were offered food and water ad lib.

Sampling

Two to eight birds were killed for tissue sampling on the morn-
ings of days 0, 1, 2, 4, 8, 16, 32, 56, 128, and 256. Sampling
on day 0 was done immediately before the diet shift; thus, these
tissues are from birds fed only the C4 diet for at least 3 mo.
Birds were weighed to �0.1 g and decapitated, and then blood
was collected from the carotid artery. Whole blood was cen-
trifuged for 8 min (MIKRO-Centrifuge, LabTech) to separate
blood cells from plasma. Pectoral and leg muscle, kidney, pro-
ventriculus, gizzard, small intestine, pancreas, liver, heart, brain,
and 1-cm2 sections of skin from over the pectoral muscle were
excised within 10 min. All tissue samples were dried at 60�C
to constant mass and then homogenized with a mortar and
pestle. Fat was extracted from the homogenate of all tissues
except blood cells for 24 h with a Soxhlet apparatus (Merck,
petroleum benzene, boiling range 40�–60�C). Fat-free tissues
and blood cells were analyzed for stable-isotope ratios with a
Carlo-Erba NA 1500 Series II Elemental Analyzer attached to
a continuous-flow isotope ratio micromass optima spectrom-
eter (Podlesak and McWilliams 2006).

Carbon Turnover

The carbon value measured for each organ over time was fitted
to a one- and a two-compartment nonlinear model so that we
could evaluate which model was better supported (Cerling et
al. 2007; Carleton et al. 2008; Martı́nez del Rio and Anderson-
Sprecher 2008; Martı́nez del Rio et al. 2009; Wolf et al. 2009).
The one-compartment model was a standard first-order kinetic
function: , where yt is the measured d13C of tissue�t/ty p y � aet �

in parts per thousand at time t; y� is the estimated final d13C
of tissue in parts per thousand after the switch from a C3 to a
C4 diet; a is the estimated range in d13C in parts per thousand
between diets; t is the estimated average carbon retention time
in days; and t is time in days since the diet switch (Martı́nez
del Rio and Wolf 2005). The two-compartment model was
similar to that recommended by Martı́nez del Rio and Ander-

son-Sprecher (2008) and used by Carleton et al. (2008): y pt

, where p is the fractional size of�t/t �t/ty � a(p )e � a(1 � p )e� 1 1 2 2

each “pool” (Cerling et al. 2007) or “phase” (Martı́nez del Rio
and Anderson-Sprecher 2008). In our application of two-com-
partment models, p1 and p2 are used to describe the fractional
size of pools 1 and 2, respectively, and t1 and t2 give the re-
spective associated average carbon retention times. We esti-
mated the average retention time for one-compartment mod-
els as tone-comp and that for two-compartment models as

(Carleton et al. 2008). The nonlineart p pt � (1 � p)ttwo-comp 1 2

regression algorithms always found locally optimal one- and
two-compartment models for all tissues. However, brain and
skin carbon had not reached an asymptote after 256 d, and
this resulted in unreasonable estimates of final d13C of these
tissues (y�) that were more negative than that of diet
( [SD]). Thus, for these two tissues,13d C p �26.3‰ � 0.50‰
we report parameter estimates from two-compartment models
with these constraints: and (assumingy 1 �24.5‰ a 1 11.5‰�

ca. 1.5‰ discrimination from diet).
We compared the Akaike Information Criterion for small

sample sizes (AICc) for one- and two-compartment models for
each tissue. Burnham and Anderson (2002) use DAIC pc

as an estimate of the information loss of a modelAIC � AICi min

i (AICi) compared with that of the estimated best model
(AICmin). The farther DAICc deviates from 0, the less supported
is the respective model. In the range 0–2, both models have
substantial support; in the range 4–7, model i has considerably
less support; and models with values above 10 are not sup-
ported (Burnham and Anderson 2002). Accordingly, if

, we chose the simpler model (one-compartmentDAIC ≤ 2c

model), following the principle of parsimony. In all other cases
( ), we chose the model with the higher level of sup-DAIC 1 2c

port. We regressed average retention time estimates from one-
and two-compartment models to compare turnover rate esti-
mates between models.

We derived SEs for t from the two-compartment models ac-
cording to Martı́nez del Rio and Anderson-Sprecher (2008) and
estimated the 95% confidence interval of the estimates as the
critical value of the t distribution with multiplied bya p 0.05
the SE of the estimate (Sokal and Rohlf 2000). We used t-tests
with Bonferroni correction to determine whether the t was sig-
nificantly different between each pair of tissues. Carbon half-life
for each tissue, as commonly used in previous studies, was es-
timated as . All statistical analyses were per-C p ln (2)# tt1/2

formed using SIGMAPLOT (ver. 10.0) and SYSTAT (ver. 12.0).

Results

The rate of carbon isotope incorporation into tissues with faster
turnover rates (small intestine, gizzard, kidney, liver, pancreas,
and proventriculus) was best described by two-compartment
models (i.e., DAICc values 1 2), whereas that of tissues with
slower turnover rates (red blood cells, heart, brain, flight mus-
cle, and leg muscle) was best described by one-compartment
models (i.e., DAICc values ≤ 2; Table 1; Fig. A1). The av-
erage carbon retention time (t) estimates for one- and
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Table 1: Incorporation of 13C into 12 tissues described by one-compartment and two-compartment models that were
fitted for tissue-specific d13C values collected over 256 d after a diet shift

One-Compartment Modela

( )�t/ty p y � aet � one-comp

Two-Compartment Modelb

( )�t/t �t/ty p y � a(p)e � a(1 � p)et � 1 2

Tissue Y� a tone-comp AICc1 Y� a p t1 t2 ttwo-comp AICc2 D1 � 2

Small intestine �23.36 8.85 3.75 96.8 �23.86 9.60 .30 21.56 2.22 8.01 91.8 5.0
Gizzard �22.53 9.20 7.59 98.9 �22.88 10.26 .62 15.13 1.65 10.04 88.3 10.6
Kidney �23.53 9.35 9.19 89.8 �23.89 10.47 .68 16.32 1.56 11.57 74.8 15.0
Liver �23.16 9.68 5.83 107.0 �23.93 11.10 .45 23.93 2.07 11.93 83.2 23.9
Pancreas �23.21 9.48 8.00 107.7 �23.73 10.46 .49 21.10 3.19 11.98 102.8 4.9
Proventriculus �22.90 9.74 7.37 100.5 �23.66 11.23 .50 2.28 24.58 13.35 71.7 28.8
Heart �23.75 9.99 17.24 77.5 �23.83 10.60 .91 18.69 .23 17.04 76.9 .6
Brain �22.66 9.48 18.48 117.2 �24.42 11.50 .34 172.70 11.51 65.53 116.7 .6
Red blood cells �24.20 11.09 19.31 108.4 �24.48 11.42 .00 19.46 19.46 19.46 113.6 �5.2
Flight muscle �23.63 9.43 20.88 92.9 �23.74 10.14 .86 24.09 1.28 20.96 92.6 .3
Leg muscle �23.32 9.99 26.04 108.6 �23.47 11.02 .84 30.61 1.00 25.92 108.4 .3
Skin �21.67 8.38 28.09 117.4 �23.74 11.50 .45 181.93 11.25 88.45 116.8 .6

Note. For each tissue, D1�2 (i.e., AICc1 � AICc2) was used to determine the model with the highest level of support (Burham and Anderson 2002) and

the associated average retention time (tone-comp or ttwo-comp) used for subsequent analyses (boldface). Here, yt is the measured d13C value of the tissue at time

t; t is the time in days; y� is the estimated final d13C value; a is the estimated range in tissue d13C between diets; p1 and p2 are the respective fractional size

of pools 1 and 2 for the two-compartment model; tone-comp is the estimated average carbon retention time for the one-compartment model; t1 and t2 are the

respective estimated average carbon retention times for p1 and p2 of the two-compartment model; ttwo-comp is the average carbon retention time of the two-

compartment model: (Carleton et al. 2008).t p pt � (1 � p)ttwo-comp 1 2

a Average retention time from the one-compartment model was used because .D ! 21�2

b Average retention time from the two-compartment model was used because .D 1 21�2

two-compartment models were linearly related (ttwo-comp p
; ; Fig. A2).26.02[�0.84] � 0.72[�0.06] # t ) r p 0.95one-comp

Two-compartment models produced relatively higher estimates
of t for tissues with faster turnover rates than did one-com-
partment models, whereas estimates of t for the one- and two-
compartment models were similar for tissues with slower turn-
over rates.

Estimated average carbon retentions time for the 12 different
tissues ranged from 8 d for small intestine to 10–13 d for
gizzard, kidney, liver, pancreas, and proventriculus; 17–21 d for
heart, brain, blood, and flight muscle; and 26–28 d for leg
muscle and skin (Fig. 1). The carbon half-life (Ct1/2), or median
residence time, ranged between 6 and 20 d for these same tissues
(Table A1). Estimated d13C of tissues after the switch to the C3

diet (y�) was, on average, (SD; range�23.4‰ � 0.71‰
21.7‰–24.2‰), which was, on average, 2.9‰ more positive
than the isotope value for the C3 diet ( 13d C p �26.3‰ �

[SD]). The estimated range in tissue d13C between diets0.50‰
(a) was, on average, (SD), which was similar10.1‰ � 0.8‰
to the measured difference in d13C between diets of 10.0‰.

We used these estimates to describe the duration of time
during which each tissue would reliably indicate resource use.
In effect, 90% of the carbon ( ) from the initial diet in2.3 # t

small intestine and gizzard would be replaced within 19 and
23 d, respectively, whereas that in kidney, liver, and pancreas
would be replaced within 27–28 d; that of proventriculus within
31 d; that in heart, brain, blood cells, and flight muscle within
40–48 d; and that in leg muscle and skin within 60–65 d. These
differences between tissues in rate of carbon incorporation de-

fine the time window during which each tissue indicates re-
source use, and they result in predictable intertissue variation
in d13C that can be used to estimate timing of diet shifts in
free-living animals.

Discussion

Body Mass Dependence of Tissue Turnover Rate and the Time
Window for Determining Resource Use

Using estimates of turnover rate to define the time window
during which a given tissue reflects resource use has implica-
tions for understanding the ecology of migratory birds. Con-
sider a hypothetical bird the size of a zebra finch (∼15 g) with
a migratory period of 24 d. Assume that during migration the
bird spends, on average, one-eighth of its time in flight and
seven-eighths of its time stopping over and refueling (He-
denström and Alerstam 1997), so its 24 d migration includes
an initial 7-d premigratory fattening period and 3 d of flying
(days 8, 16, and 24) interrupted by two 7-d stopovers to rest
and refuel. A bird of this size flying for 72 h can cover 2,600–
3,900 km at a ground speed of 10–15 m s�1 (Alerstam et al.
2007). Our data and predictive models indicate that when the
bird arrives at the breeding area, about 50% of the carbon in
the small intestine and gizzard originates from the final stopover
site, more than 75% of the carbon in these tissues originates
from the stopover sites, and about 50% of the carbon in flight
muscle and blood originates from the two stopover sites used
during migration, with the remaining carbon originating from
the wintering site. This is why interpretation of resource use
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Figure 1. Average carbon retention time (t) in days for 12 different
organs in zebra finches. Identical letters indicate that organs were not
significantly different (t-tests with Bonferroni correction). Box plots
show 25% and 75% confidence intervals (CIs), error bars refer to 5%
and 95% CIs.

over time in migrating birds is complicated when isotope values
of different tissues are used (e.g., flight muscle, blood) sampled
on breeding and wintering areas (e.g., Marra et al. 1998). In
such cases, about half the carbon in flight muscle from mi-
gratory birds that recently arrived on breeding sites after a ca.
15–20 d migration (Norris et al. 2005) would have been ac-
quired during migration, so knowledge of the isotope values
of resources consumed during migration would be important.

We can use our estimates of turnover rate, along with other
recently published estimates, to evaluate the hypothesis that the
fractional rate of isotopic turnover (k) scales with body mass
to approximately the �1/4 power (Carleton and Martı́nez del
Rio 2005). If isotopic turnover rate of tissue(s) is predictable
at a given body mass, then such allometric models would greatly
broaden the sphere of applications. Carleton and Martı́nez del
Rio (2005) determined that carbon turnover rate in blood
(whole blood and red blood cells combined) of birds scaled
with body mass to the �1/4 power. However, their allometric
equation predicts alog (k) p �0.69 � 0.27 log (body mass)
fractional turnover rate in blood of 0.097 and a carbon half-
life of 7.1 d for zebra finches, which is much faster that our
measured value of 13.5 d. We derived separate allometric equa-

tions for whole blood and red blood cells, using the same data
as Carleton and Martı́nez del Rio (2005) but additionally in-
cluding more recent estimates of fractional turnover rates, in-
cluding our own (Fig. 2a; Table A1). These two allometric
equations, one for whole blood and the other for red blood
cells, confirm that the fractional rate of isotopic turnover (k)
scales with body mass to approximately the �1/4 power, and
the separate allometric equations explain substantially more of
the variance (190%) than when whole blood and red blood
cell data are combined ( ; Carleton and Martı́nez del2r p 0.59
Rio 2005). The limited data for leg muscle provide further
support for the �1/4-power scaling of tissue turnover rate, as
does that for liver, although only when data for Japanese quail
are excluded (Fig. 2b; Table A1). The two regressions for leg
muscle and liver include all available data on turnover rate
in these two tissues for birds and mammals, and the resulting
�1/4-power scaling is heavily influenced by the inclusion of
the very large alpaca in the data set.

If elemental turnover rate for most or all tissues scales with
body mass to approximately the �1/4 power—as we have
shown for whole blood, red blood cells, liver, and leg muscle—
then calculating standardized turnover rates (e.g., turnover rate
of tissue[s] relative to that of liver, a tissue with a fast turnover
rate) provides a useful way to compare turnover rates across
species. Sponheimer et al. (2006) measured Ct1/2 for muscle and
liver of alpacas and compared their results with those for other
species by calculating a ratio of Ct1/2 in muscle to that in liver
to control for interspecific differences in tissue turnover rate.
We used more recently published data on mice (Arneson et al.
2006; MacAvoy et al. 2006; Carleton et al. 2008), as well as our
own data, to extend this comparison (Table A1). In general,
muscle turnover rate was consistently one-fourth to one-fifth
that of liver for a variety of species, which suggests broad in-
terspecific similarities in relative turnover rate of certain tissues.
We caution that the use of such ratios in physiology rests on
many untested assumptions (Packard and Boardman 1999). We
have provided some support for one of the most important of
these assumptions: tissue-specific turnover rates (i.e., whole
blood, red blood cells) scaled consistently with body mass to
approximately the �1/4 power (Fig. 2). Clearly, more studies
such as ours are needed on species of different body sizes to
provide further confirmation that these allometric scalings hold
across many other tissues.

Metabolic Rate, Protein Synthesis, and Carbon Turnover Rate

Several mechanistic explanations have been proposed to explain
the allometry of carbon turnover across species. One popular
hypothesis states that larger animals have higher metabolic rates
(scaling is approximately 3/4 power; Kleiber 1932, 1961; Brown
et al. 2004) and that therefore tissues from larger animals have
higher metabolic and carbon turnover rates (reviewed by Carle-
ton and Martı́nez del Rio 2005; MacAvoy et al. 2006). However,
several lines of evidence suggest that whole-animal and tissue-
specific metabolic rates do not directly relate to carbon turnover
rates: (1) the relationship between the whole-animal metabolic
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Figure 2. Fractional rates of carbon incorporation (k) into (a) whole blood (open diamonds) and red blood cells (RBC; filled diamonds) in birds
and (b) liver (filled circles) and leg muscle (open circles) in birds and mammals plotted against body mass. All data are log transformed. Linear
regressions (�SE) for whole blood: ; RBC: ; liver: y py p �0.29(�0.05) # x � 0.55(�0.12) y p �0.27(�0.06) # x � 0.88(�0.10)

; leg muscle: . r 2 values are given in each panel for each linear�0.50(�0.05) # x � 0.54(�0.13) y p �0.28(�0.01) # x � 1.08(�0.01)
regression.

rate and the turnover rate of a given tissue is often weak (Carle-
ton and Martı́nez del Rio 2005; but see MacAvoy et al. 2006);
(2) many animals with relatively high metabolic rates (e.g., bats)
or relatively low metabolic rates (e.g., marsupials) do not have
relatively high or low turnover rates, respectively (Voigt et al.
2003; but see Hobson and Clark 1992; Klaassen et al. 2004;
Mirón et al. 2006); and (3) the allometric scaling of tissue-
specific metabolic rates is often different from that of the whole-
animal metabolic rate (Wang et al. 2001). This has led to al-
ternative hypotheses that propose that carbon turnover rates
are more closely associated with protein turnover.

Tieszen et al. (1983) proposed that the carbon turnover rates
of tissues were more directly related to their metabolic activity,
which is determined by some combination of protein turnover
and metabolic rate, depending on the state of the animal. For
example, most of the energy consumed by vertebrates during
growth has been associated with protein synthesis (Bayne and
Hawkins 1997), whereas protein synthesis accounted for !25%
of energy consumed by nongrowing endothermic animals in a
steady state (Welle and Nair 1990; Lobley 2003). Carleton and
Martı́nez del Rio (2005) argued that because carbon turnover
is typically measured in high-protein tissues (e.g., muscle,
blood, cartilage) that have had their lipids removed, tissue-
specific carbon turnover rates were more likely directly related
to rates of protein turnover and may be only roughly related
to metabolic rate. In support of this hypothesis, Houlihan et
al. (1995) showed that whole-body protein turnover in verte-
brates scaled with body mass to approximately the �1/4 power
(range: �0.15 to �0.35). Protein synthesis in liver and leg
muscle accounted for 23.3% and 4.8%, respectively, of total
protein synthesis in pigs, whereas liver accounted for 67.5%
and leg muscle for 13.0% of total protein synthesis in rats
(Garlick et al. 1975). Thus, 4.9 and 5.2 times as much protein
was synthesized in the liver than in the muscles in pigs and
rats, respectively, similar to the estimates of relative differences

in carbon turnover in these same tissues from other mammals
(Sponheimer et al. 2006).

The crucial point is that protein and energy turnover rates
are not necessarily tightly coupled (Lobley 2003), so rates of
isotope turnover may not simply increase with whole-animal
metabolic rate and are more likely directly related to rates of
protein synthesis (Carleton and Martı́nez del Rio 2005). Two
recent studies predicted that increased metabolic rate, associ-
ated with cold acclimation (Carleton and Martı́nez del Rio
2005) and exercise (Hobson and Yohannes 2007), would in-
crease isotope turnover rate, but they found little or no support
for this hypothesis. Testing these hypotheses requires measure-
ments of tissue-specific protein synthesis, metabolic rate, and
elemental turnover in a variety of animals.

Intertissue Differences in Turnover Rate Estimate Timing of
Shifts in Resource Use

Phillips and Eldridge (2006) presented a quantitative model
that used differences in isotope value between tissues, along
with estimates of turnover rate in these tissues, to predict time
elapsed since a diet shift. They concluded that accurate esti-
mates of the timing of diet shifts requires that the turnover
rates of selected tissues be known and be sufficiently different
and that the tissue sampling must occur while carbon (or other
elements) from the initial diet is still readily apparent in selected
tissues. Our results provide the most complete analysis to date
that defines both the necessary time window for sampling a
given tissue and an evaluation of which tissues have turnover
rates sufficiently different to be used for predicting timing of
diet shifts. Our results also support a key assumption of these
models, namely, that the change in isotope value after the diet
switch is similar for all tissues (i.e., tissues were on average
2.9‰ more positive than the isotope value for the final diet).

We found substantial differences in average carbon retention



792 U. Bauchinger and S. McWilliams

Figure 3. Percentage of organ mass change (�1 SE) during flight across
the Sahara Desert for garden warblers. Nine warblers were sampled in
Ethiopia before their flight, and 10 warblers were sampled in Egypt
immediately after completion of their flight (from Bauchinger et al.
2005). Identical letters indicate that organs were not significantly dif-
ferent in post hoc Scheffé tests (one-way ANOVA: ,F p 13.8 P !

).0.001

time among 12 different metabolically active tissues of zebra
finches (vs. tissues, such as feathers, that incorporate no new
carbon once growth is complete; Fig. 1). Carbon turnover rates
also differed between metabolically active tissues in yellow-
rumped warblers (Dendroica coronata; Podlesak et al. 2005),
American crows (Corvus brachyrhynchos; Hobson and Clark
1993), mice (Mus musculus; MacAvoy et al. 2005; Arneson et
al. 2006), alpacas (Lama pacos; Sponheimer et al. 2006), gerbils
(Meriones unguiculatus; Tieszen et al. 1983), and quails (Co-
turnix japonica; Hobson and Clark 1992). Our results, along
with these others, suggest that only a few different tissues must
be sampled from an individual to estimate timing of diet shifts
within a specified time period. In general, the time window
during which diet shifts can be accurately detected is deter-
mined by the sampled tissue with the slowest turnover rate.
Diet shifts must have occurred relatively recently, ideally within
five half-lives of the slowest-turnover tissue, but at least as long
ago as 0.1–0.3 half-lives of the slowest-turnover tissue (Phillips
and Eldridge 2006). These criteria are required so that the
slowest-turnover tissue has had enough time to incorporate
carbon from the new diet but not so much time that both
sampled tissues have replaced all carbon from the old diet with
carbon from the new diet and thus have the same carbon value.
For example, in birds the size of zebra finches, sampling tissues
with very rapid turnover rates (e.g., small intestine or plasma)
and tissues with moderately slow turnover rates (e.g., red blood
cells or flight muscle) would allow estimating diet shifts of
finches that occurred 2–65 d ago. If we also sampled tissues
with very slow turnover rates (e.g., leg muscle or skin) and
very rapid turnover rates (e.g., breath; Podlesak et al. 2005;
Voigt et al. 2008), then we could estimate diet shifts of finches
that occurred 1–100 d ago.

Ct1/2 and Phenotypic Flexibility in Organ Size of
Migrating Birds

If the protein turnover rate of tissues largely determines their
carbon turnover rates, as hypothesized, then this has important
implications for our understanding of phenotypic flexibility in
the organs of migratory birds. Studies on migrating birds have
revealed reversible dynamic changes in organ sizes, with a de-
crease during flights and an increase during subsequent stop-
overs or premigratory preparation (Piersma and Lindström
1997; Piersma and Drent 2003; Bauchinger et al. 2005;
McWilliams and Karasov 2005). This phenotypic flexibility may
be an adaptive means to conserve energy and nutrients during
migration (Piersma and Drent 2003). In general, digestive or-
gans, including the liver, change substantially more than skeletal
muscle (Piersma 1998; Piersma and Gill 1998; Piersma et al.
1999; Starck 1999a, 1999b; van Gils et al. 2005), especially
during long flights (Åkesson et al. 1992; Biebach 1998; Battley
et al. 2000; Schwilch et al. 2002; Bauchinger et al. 2005) or
during experimental food deprivation (Hume and Biebach
1996; Biebach 1998; Karasov and Pinshow 1998; Battley et al.
2001; Karasov et al. 2004).

Several researchers have hypothesized that between-tissues

variation in phenotypic flexibility is related to the functional
significance of the specific organs (e.g., McWilliams and Kara-
sov 2001; Piersma and Drent 2003). For example, during long-
distance flight, birds may significantly reduce their digestive
organs because they do not eat during flight, and the loss of
these high–metabolic rate tissues reduces energy expenditure
during flight.

We propose an alternative, nonfunctional hypothesis to ex-
plain phenotypic flexibility in the organs of such animals:
tissue-specific turnover rate determines the pace of phenotypic
flexibility in certain organs and hence its extent in fasting an-
imals, such as birds during long-distance migratory flights.
Rates of tissue synthesis and degradation determine tissue turn-
over rates, so that when animals do not eat, the rate of tissue
synthesis declines while the rate of tissue degradation remains
rather unaffected (Swick and Benevenga 1976). We can use our
data on the relative differences in turnover rates between tissues,
along with selected data on phenotypic flexibility of organs in
migratory birds, to evaluate this alternative hypothesis.

If our estimates of tissue-specific turnover rates are generally
applicable to migratory birds, then the hypothesis predicts that
the extent of phenotypic flexibility in the organs of free-living
birds during migration relates to tissue-specific turnover rates.
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We used data on phenotypic flexibility of organs in garden
warblers (Sylvia borin) during their long-distance flight across
the Sahara Desert during spring (Bauchinger et al. 2005) be-
cause most of the same organs were studied as in our study
and because these are the best available data on changes in a
variety of organs for a free-living songbird during spring mi-
gration, when time constraints are likely. In general, those tis-
sues with the fastest turnover rates (e.g., small intestine, kidney,
and liver) changed the most in garden warblers during migra-
tion, whereas those tissues with the slowest turnover rates (e.g.,
leg and flight muscle) were among the organs that changed the
least (Fig. 3). However, some tissues with relatively rapid turn-
over rates, such as gizzard and pancreas, changed relatively less
in garden warblers. Thus, between-tissues differences in turn-
over rate largely, but not completely, explained the extent of
phenotypic flexibility in organs of garden warblers. The same
pattern of significantly greater reductions in the mass of organs
with typically rapid turnover rates (small intestine, kidney, and
liver), compared with those with slow turnover rates (flight and
leg muscles) holds true for several migratory bird species during
in-flight starvation (Battley et al. 2000, 2001) or food depri-
vation (Hume and Biebach 1996; Karasov and Pinshow 1998;
Battley et al. 2001). If tissue-specific turnover rate determines
the magnitude of phenotypic flexibility in certain organs, then
we suggest that it provides a useful null model for testing al-

ternative hypotheses about the extent of observed phenotypic
flexibility in organs of wild vertebrates. In short, functional
explanations for observed phenotypic flexibility need not be
invoked unless organs change unusually more or less than pre-
dicted from their turnover rates. This mechanism may also
apply to other situations in which phenotypic flexibility in or-
gan mass is observed, including when animals hibernate, fast,
or thermoregulate in extreme environments.
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Appendix

Supplementary Figures and Table

Figure A1. Incorporation of 13C into small intestine, gizzard, kidney, liver, pancreas, proventriculus, heart, brain, red blood cells, flight muscle,
leg muscle, and skin sampled over 256 d after a diet shift. Order of the tissues corresponds to increasing mean residence time (t). For all
tissues, curves were fitted and plotted for both a one-compartment model (solid line) and a two-compartment model (dashed line; see Table
1 for parameter estimates and model algorithms). Data for tissues presented as black circles are best described by a two-compartment model,
data presented as white circles are best described by a one-compartment model, and data presented as gray circles are substantially supported
by both one- and two-compartment models.

Figure A2. Average 13C retention time (t) for 10 tissues as estimated from one- and two-compartment models. Dashed line indicates y p x
line. The solid line is the best-fit regression line ( ; , ). Brain and skin were excluded from2y p 6.02[�0.84] � 0.72[�0.06] # x r p 0.95 n p 10
this analysis because average residence time estimated from the two-compartment model was unusually high compared with that from the
one-compartment model (Table 1). Regression equation for all 12 tissues, as estimated from one- and two-compartment models: y p

; .2�4.64(�11.24) � 2.09(�0.69) # x r p 0.48
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Table A1: Carbon half-life ( ) of certain tissues for zebra finches and other vertebratesC p ln (2)/kt1/2

Birdsa Mammalsb

Tissue Type

Zebra
Finch
(.016 kg)

House
Sparrow
(.022 kg)

Yellow-Rumped
Warbler
(.012 kg)

Japanese
Quail
(.115 kg)

Mouse,
28 d
(.019 kg)

Mouse,
172 d
(.019 kg)

Gerbil
(.065 kg)

Alpaca
(60 kg)

Small intestine 5.6 10.3 … … … … … …
Gizzard 7.0 14.1 … … … … … …
Kidney 8.0 … … … 4.6 … … …
Liver 8.3 9.8 … 2.6 5.0 7.7 6.4 37.3
Pancreas 8.3 … … … … … … …
Proventriculus 9.3 … … … … … … …
Heart 12.0 15.2 … … 13.9 … … …
Brain 12.8 … … … 17.8 … 28.2 …
Blood cellsc 13.4 19.3 10.9 11.4 20.4 19.8 … …
Flight muscle 14.5 23.5 … 12.4 … … … …
Leg muscle 18.1 … … … 23.1 18.2 27.6 178.7
Skin 19.5 … … … … … … …
Plasma … 6.7 1.0 … … … … …
Bone collagen … 20.4 … 173.3 … … … …

Note. All studies that estimated Ct1/2 for more than one tissue were considered. Body mass (kg; body mass for all species except alpaca

according to MacAvoy et al. 2005); body mass of alpaca from http://animaldiversity.ummz.umich.edu) for each species is given in parentheses.
a Turnover rates (Ct1/2) of the birds were measured over 256 d for zebra finch (Taeniopygia guttata; this study), 128 d for house

sparrow (Passer domesticus; Carleton et al. 2008), 15 d for yellow-rumped warblers (Dendroica coronata; Podlesak et al. 2005), and
212 d for quail (Coturnix japonica; Hobson and Clark 1992).

b Turnover rates (Ct1/2) of the mammals were measured over 28 d (left column) and 172 d (right column) for mouse (Mus
musculus; Arneson et al. 2006), 155 d for gerbil (Meriones unguiculatus; Tieszen et al. 1983), and 35 d for alpaca (Lama pacos;
Sponheimer et al. 2006).

c Red blood cells for zebra finch, house sparrow, and yellow-rumped warbler; whole blood (red blood cells and plasma) for all
other species.
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In “Carbon Turnover in Tissues of a Passerine Bird: Allometry,
Isotopic Clocks, and Phenotypic Flexibility in Organ Size”
(Physiological and Biochemical Zoology 82:787–797), Figure 2
reported allometric equations for four tissues (whole blood, red
blood cells [RBC], liver, and leg muscle) that allowed prediction

of fractional rates of carbon incorporation ( ) given mea-log k
sured body mass ( ). Unfortunately, the slope for the liverlog mb

tissue in the published figure legend was erroneous because of
a missing number and exclusion of one species from the orig-
inal data set. In addition, the constant for RBC presented in
the original article refers to an older calculation based on birds
and mammals combined, but in the final paper only bird data
were used for RBC. Table 1 summarizes the corrected parameter
estimates (in bold) to four significant digits from the regression
analyses for the liver and RBC along with the other correct
parameter estimates for the other tissues.
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Table 1: Corrected parameter estimates

Tissue Slope (�SE) Intercept (�SE) Allometric Equation

Whole blood �.2945 (�.0519) �.5490 (�.1166) y p �.2945 # x � .5490
RBC �.2744 (�.0595) �.9226 (�.1004) y p �.2744 # x � .9226
Liver �.2758 (�.0676) �.4224 (�.1684) y p �.2758 # x � .4223
Leg muscle �.2793 (�.0055) �1.0788 (�.0149) y p �.2793 # x � 1.0788


