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Abstract.  Studies of birds that use stable isotopes as dietary tracers require estimates of
how quickly stable isotopes in tissues are replaced by isotopes derived from the diet. How-
ever, isotopic turnover rates in animals in general, and birds in particular, are poorly un-
derstood. We established the turnover rates of '*C in tissues of grown Japanese Quail
(Coturnix japonica) by switching the diet of an experimental group from a wheat-based (C,)
diet to a corn-based (C,) diet and sampled tissues periodically for 212 days. An exponential
model described patterns of isotopic turnover in all tissues. Turnover rates for quail tissues
were ranked liver > blood > muscle > bone collagen with the half life of carbon ranging
from 2.6 days in liver to 173.3 days in bone collagen. A similar diet-switch experiment was
conducted on captive American Crows (Corvus brachyrhynchos) and feather samples were
assayed isotopically. Stable isotope values of crow feathers reflected diet during periods of
growth. We suggest that stable isotope analysis could be used to determine relative contri-
butions of endogenous and exogenous nutrient sources for feather growth and egg production

in captive and wild birds.
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INTRODUCTION

Stable-carbon and nitrogen isotope analysis is
being used increasingly as a tool to delineate
dietary patterns in terrestrial and marine eco-
systems (reviewed by Peterson and Fry 1987,
Rundel et al. 1989) because stable-isotopic com-
positions of consumer tissues can often be related
predictably to stable-isotopic compositions of diet
(DeNiro and Epstein 1978, 1981). In dietary
studies of birds, stable-carbon isotope analysis
has been used to determine relative contribu-
tions of marine and terrestrial foods to the diets
of various species since foods within these bi-
omes often differ isotopically (Hobson 1986,
1990, Mizutani et al. 1990, Hobson and Sealy
1991). More recently, Hobson (1990a, 1990b)
determined that stable-nitrogen isotope analysis
can be used to establish trophic relationships
among seabirds (see also Hobson and Montevec-
chi 1991; Schaffner and Swart 1991). C; and C,
plants have characteristic carbon-isotope signa-
tures due to their different photosynthetic path-
ways, and so other potential applications of the
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stable-carbon isotope technique include the de-
termination of relative contributions of C, and
C, plant-based proteins to avian diets in areas
where these two plant types coexist (see Schirn-
ding et al. 1982, reviewed by Tieszen and Bout-
ton 1989). Naturally occurring stable isotopes
have also been used to establish sources of or-
ganic matter in the diets of organisms using es-
tuaries or coastal marshes (reviewed by Fry and
Sherr 1989) and so might be appropriate for di-
etary studies of migratory or other wetland spe-
cies.

The stable-isotope technique is useful in sit-
uations where two isotopically distinct dietary
sources are available to consumers. In such cases,
isotopic analysis of tissues provides quantitative
information on the relative contributions of each
source to the diet. The isotope approach typically
cannot replace conventional techniques where
detailed (i.e., taxonomic) dietary information is
needed, particularly when several dietary options
are available. However, important advantages to
using naturally occurring stable isotopes as di-
etary indicators over conventional techniques in-
clude 1)} isotopic dietary estimates are based on
assimilated and not just ingested foods and ii)
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comparatively long-term dietary information can
be obtained.

The period over which tissue isotopic concen-
trations will reflect the isotopic signature of a
particular diet will depend, in part, on the iso-
topic turnover rate in that tissue. Tissues with
rapid isotopic turnover will reflect recent diet
whereas those with slow turnover will reflect lon-
ger-term dietary averages. The choice of tissue
type for isotopic analysis will depend, then, on
the ecological question of interest. Tieszen et al.
(1983) suggested that, by analyzing combinations
of tissues, greater information concerning an an-
imal’s diet might be obtained. By measuring the
isotopic composition of both pectoral muscle tis-
sue and bone collagen from Northern Saw-whet
Owls (degolius acadicus) on the Queen Charlotte
Islands, British Columbia, Hobson and Sealy
(1991), for example, established the seasonal im-
portance of marine amphipods in this species’
diet.

Currently, there are two major limitations to
the application of stable-isotope analysis in avian
dietary studies. First, it is not well understood
how stable isotopes fractionate or change once
they are incorporated into tissues (but see Mi-
zutani et al. 1991). Knowledge of diet-tissue frac-
tionation factors is critical to studies concerned
with predicting isotopic compositions of diets
from isotopic compositions of consumer tissues.
A second limitation is that precise turnover rates
of isotopes in tissues of wild birds are poorly
known. To date, only Tieszen et al. (1983) have
investigated stable-isotopic turnover rates in
mammals by switching isotopic compositions of
diets of laboratory animals under controlled con-
ditions. Their study was conducted on gerbils
(Meriones unguienlatus) and it is not known to
what extent their findings are applicable to stud-
ies of birds.

As a first step in establishing isotopic turnover
rates in various tissues of birds, we conducted
controlled laboratory tests using captive Japa-
nese Quail (Coturnix japonica) and American
Crows (Corvus brachyrhynchos). By switching the
diets of an experimental group of grown quail to
one consisting of a different stable-carbon iso-
topic signature, we established isotopic replace-
ment curves for blood, liver, muscle and bone
collagen. A similar procedure was followed for
crows but here we evaluated non-destructive
sampling assays using feathers only. To our
knowledge this is the first attempt to establish
turnover rates of carbon in avian tissues by
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switching the stable-carbon isotope composition
of diets.

METHODS
TURNOVER IN QUAIL

Our experimental approach followed that of
Tieszen et al. (1983), who switched gerbils be-
tween corn (C,)- and wheat (C;)-based diets. Corn
is substantially more enriched in *C compared
to wheat and so can be used as a convenient
tracer in experiments involving diet switching.
In previous studies, we established that nutri-
tional stress can cause changes in the stable-iso-
tope values of tissues (Hobson and Clark 1992).
Rather than switching quail between pure corn
and pure wheat diets, a procedure which would
ensure a major isotopic signal change but might
result in complications due to nutritional stress,
we decided to ensure that experimental and con-
trol diets were very similar nutritionally. A spe-
cial batch of homogenized commercial grower
was formulated in which corn replaced wheat
in a proportion ensuring no change in crude
protein (23%), fat (5%) and fiber (5%). For this
reason, the stable-carbon isotopic composition
of control and experimental feeds differed by only
4%o, considerably less than was the case in the
study of Tieszen et al. (1983) but of sufficient
magnitude to trace isotopic turnover in tissues.
Several isotopic measurements of experimental
and control feeds were made throughout the
study.

Quail were obtained from a colony in which
birds were fed the commercial wheat-based
grower (i.e., control diet) for several generations.
After hatching, thirty-six birds were raised on
the wheat-based diet for eight weeks until com-
pletion of growth (Blem 1978) and then split ran-
domly into a control group (n = 6) and an ex-
perimental group (n = 30). We used quail that
had achieved adult size in order to ensure that
changes in tissue isotope values reflected true
carbon turnover and not a combination of growth
and turnover. Control birds were maintained on
the original wheat-based diet and three of these
birds were sacrificed for isotopic analysis at the
start of the experiment (day 0) and three at the
end (day 212). Experimental birds were switched
to a corn-based diet on day O and three birds
were randomly chosen and sacrificed (using
Halothane overdose) for isotopic analysis on days
2, 4, 6, 10, 17, 35, 84, 121, and 212. Before
sacrificing birds, approximately 1 ml of blood



was obtained from the brachial vein. Pectoral
muscle, liver and humerus were removed from
carcasses and stored frozen. Collagen was re-
moved from bones as a gelatin according to the
method described in Chisholm et al. (1983).
Muscle and liver were thawed, rinsed in distilled
water and, together with collagen samples, were
freeze dried, powdered, and lipids removed using
a Soxhlet apparatus with chloroform as the sol-
vent. Because carcasses were not drained of blood,
it is possible that some blood remained in muscle
and liver samples. However, we expect that this
residue would be extremely small compared to
the bulk of the tissue being measured isotopi-
cally.

CROW FEATHERS AS DIETARY
INDICATORS

Nine yearling American Crows, raised in captiv-
ity from nestlings, were held in a large outdoor
aviary, provided with shelter and natural perch-
es, and given access to a mixture of dog food,
barley and duck grower, as well as water, ad /i-
bitum. When they had replaced their second pri-
mary, we changed their diet to the corn-based
mixture, measured the length of new, growing
feathers, and weighed the crows (nearest 5 g) us-
ing a Pesola scale. With two crows we used tail
feathers since their primaries had been too dam-
aged by abrasion.

After two weeks we measured the length of
feathers that had been measured previously and
recorded body mass. At that time, we changed
their diet to one composed primarily of wheat,
and held them on this diet for three weeks. We
then measured feather lengths and body mass
and clipped portions of feathers that had been
grown on either the corn- or wheat-based diets.
We are confident that the crows ate the pre-
scribed diets. First, we noted that the food pro-
vided was eaten, rather than scattered through-
out the pen. Second, the change in body mass of
crows was either negligible or positive when fed
both corn (x = SD = 14 + 10 g, range = 0-33
g, n = 9) and wheat (18 + 16 g, range = —4 to
36 g) based diets. Third, we found no evidence
of irregular feather growth in these crows. The
daily growth of primary feathers averaged 7.8 +
1.8 mm (range = 611, n = 7).

ISOTOPIC ANALYSIS

Samples for isotopic measurement were loaded
into pyrex tubes with 1 g of wire-form CuO,
evacuated, flame sealed and then combusted to
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CO, at 550°C for 6 hr. We established previously
that, for 6'3C analysis, this technique gives com-
parable results to that using combustion in Vycor
tubes at 850°C and our cryogenic distillation
technique resulted in no analytical problems with
high sulfur samples (Swerhone et al. 1991). Sta-
ble-carbon isotope concentrations were made on
cryogenically distilled CO, using a VG-SIRA 12
mass spectrometer and values expressed in é no-
tation as parts per thousand (%o) relative to the
Peedee Belemnite (PDB) standard as follows:

613(: = [(Rsample/Rstandard - 1)] X 15000

where R = 3C/12C. Based on several hundred
replications, the standard deviation for a graph-
ite internal standard was 0.1%eo.

RESULTS
QUAIL

Details of the isotopic compositions of quail and
crow diets are given in Table 1. Stable-carbon
isotope values of tissues from the experimental
group of quail shifted toward more positive val-
ues over the course of our experiment (Table 2).
This shift was consistent with the incorporation
in tissues of isotopically enriched carbon from
the corn-based diet. For all tissues, the stable-
carbon isotope values for the quail control group
did not appear to change over the course of the
experiment (Table 2). Relative to other tissues,
the enriched bone collagen §'3C values observed
before the diet switch were not apparent at the
end of the experiment (Kruskal-Wallace test,
= 10.6, P = 0.3). This was a consequence of the
much longer haif-life of carbon in bone collagen
relative to other tissues.

Patterns of carbon turnover in quail tissues
resembled exponential models (Fig. 1) and so,
for each tissue, we fitted our data to equations
of the form y = a + be* using PROC NLIN of
the Statistical Analysis System (SAS Institute
1985). Here, y represents the §'3C value of the
tissue in question, a and b are parameters deter-
mined by initial and asymptotic conditions, ¢ is
the turnover rate of carbon in the tissue, and t
is time (d) since the diet switch. This exponential
equation provided a good fit for all of our data
(Fig. 1). The 6*C values for liver, blood and mus-
cle, but not for bone collagen, reached asymp-
totic values during our experiment. We calcu-
lated half-lives of tissue carbon by solving the
equation half-life = In(0.5)/c. The null hypoth-
esis that there is a single population underlying
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TABLE 1. Stable-carbon isotope values (§'3Cpp5, mean + SD %o) of diets used in quail and crow captive-rearing
experiments.
Mean
Study Wheat-based (n Corn-based n difference
Quail —-24.1 = 0.6 3 —-19.5 = 0.6 3 4.6
Crow -23.7+ 0.4 3 —-20.1 = 0.5 4 3.6

all tissue exponential equations was rejected (F, 5,
=16.8, P < 0.0001) using the method described
by Zar (1984:347) for multiple regression equa-
tions. In addition, blood and muscle tissues that
gave similar isotopic turnover rates were none-
theless significantly different (F,; = 4.5, P <
0.01).

CROWS

Portions of crow feathers grown during the pe-
riod when birds were fed a wheat-based diet (¥
+ SD = —19.3 + 0.7%0, n = 9) were depleted
in ¥C relative to those portions of feathers grown
on a corn-based diet (—16.6 = 0.7%c, n = §;
Student’s ¢ test, t = 4.00, P < 0.01). The mean
isotopic difference between feather 6'°C values
and those of the diet during which that portion
of the feather was grown were +3.5 and +4.4%o
for corn and wheat diets, respectively.

DISCUSSION
ISOTOPIC TURNOVER IN AVIAN TISSUES

The isotopic measurement of whole tissues yields
an integration of the isotopic signatures of var-
ious components making up those tissues. Each
of these components (e.g., proteins) typically have
characteristic turnover rates within each tissue
resulting in the presence of “pools” of carbon
with differing turnover rates. Thus, the turnover
rates we have established experimentally for
grown quail represent integrations of the values
for the various components of those tissues.

Turnover values we have established for whole
blood may not, for example, be applicable to
those of separate blood fractions such as plasma
or haemoglobin (Waterlow et al. 1978).

The turnover rates of dietary carbon varied
widely amongst the quail tissues examined. This
confirms that dietary information based on dif-
ferent periods of assimilation may be obtained
by measuring stable-isotope concentrations in
various tissues (Tieszen et al. 1983). Haif-lives
of carbon ranged from 2.6 days in liver to 173.3
days in bone collagen. Although they did not
measure bone collagen, Tieszen et al. (1983) sim-
ilarly found that half-lives of dietary carbon in
gerbils ranged from 6.4 days for liver to 47.5
days for hair, and demonstrated that carbon
turnover rate was correlated linearly with the
metabolic rate of tissues.

The high metabolic rate of liver (Schoenhei-
mer 1949, Waterlow et al. 1978) results in the
rapid turnover of dietary carbon in that tissue
and our results suggest that, for birds, isotopic
analyses of this tissue can provide very short-
term dietary information. In contrast, turnover
rates of carbon in bone collagen of adult birds
are extremely slow (see also Stenhouse and Bax-
ter 1979) and isotopic measurements of collagen
may yield dietary information based on a life-
time integration. However, collagen values of
young birds are expected to reflect primarily diets
during the growth phase of the bone and so, in
cases where the age of the bird is unknown, care
must be taken in the interpretation of bone iso-

TABLE 2. Stable-carbon isotope values (6'*°Cppg, mean = SD %o, n = 3 in all cases) for various tissues of grown
quail raised on control (wheat-based) and experimental (corn-based) diets. Time is measured from the start of

the diet switch.

Time
{days) Blood Liver Muscle Collagen
Control
0 —-234 + 0.1 —-23.7+ 04 —-232+04 —-21.2+0.2
212 —23.6 + 0.2 -232=+03 —-235=+04 -21.1+0.3
Experimental
212 —-20.4 + 0.3 -20.5 + 0.2 —-195+04 —-19.8 + 0.3
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FIGURE 1. Stable-carbon isotope exponential models for quail tissues. Data are means (closed circles) + SD
(vertical lines) and sample sizes are n = 3 for each point.

topic data (see Hobson and Montevecchi 1991).
In the present study, after 173 days on the new
diet, half of the quail collagen still reflected diet
during the growth phase of the first 56 days of
life.

Japanese quail have high energy requirements.
Blem (1978) pointed out that estimates of resting
metabolism and adult existence energy levels in
this species are higher than values predicted from
standard metabolism equations for non-passer-
ines (e.g., Freeman 1967, Lasiewski and Dawson
1967, Aschoff and Pohl 1970, Kendeigh 1970).
It is possible, then, that the turnover rates cal-
culated for various quail tissues may be faster
than for other birds with lower basal metabolism.
On the other hand, our laboratory birds were

confined to pens and were not exercised exten-
sively. In wild birds, field metabolic rates are
often considerably higher than basal metabolic
rates (Nagy 1987) and so it is possible that faster
turnover rates occur in wild birds than those cal-
culated for captive quail. Thus, our study pro-
vides a useful first approximation to stable iso-
topic turnover rates in avian tissues but further
studies are required to determine how variations
in metabolic rate (e.g., due to body size, devel-
opmental stage or activity) influence isotopic
turnover in tissues. We also note that it would
be useful, in future studies of this nature, to in-
crease sample sizes of birds analyzed at each stage
of diet switch experiments. Larger sample sizes
would help to more accurately delineate patterns
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of turnover, as well as increase statistical power
when testing differences among tissues.

The isotopic half-life of 12.4 days found for
pectoral muscle is considerably lower than the
value of 27.6 days found by Tieszen et al. (1983)
for gerbil muscle and strengthens Hobson and
Sealy’s (1991) suggestion that carbon-isotopic
turnover in avian muscle tissue is likely faster
than that found for gerbils. We found similar
turnover rates of carbon in quail blood and pec-
toral muscle. This suggests that when birds can
be captured alive, stable-isotopic studies of avian
diet need not necessarily involve the killing of
birds. Analyses of separate fractions of blood such
as serum might allow short-term dietary reso-
lution approaching that of liver. Another advan-
tage of using blood is that it would allow multiple
sampling of the same individual and so creates
the possibility of monitoring dietary changes of
known individuals through time.

When dietary carbon is incorporated into a
particular tissue, a characteristic fractionation or
change in the isotope value relative to diet is
expected. In crows, we found that the mean frac-
tionation factor between diet and feathers ranged
from +3.5%0 for the corn diet to +4.4%o for the
wheat diet. Both values are close to the diet-
feather fractionation factor of +4.0%o found by
Mizutani et al. (1990) for a captive cormorant
fed fish. We determined also that, for captive
crows, the isotopic compositions of feathers track
isotopic changes in diet while they are being grown
(after growth, feathers are essentially inert struc-
tures with no further isotopic exchange with body
constituents). This is based on our observation
that the difference (2.7%o) between mean isotopic
values for feathers grown on control (wheat) and
experimental (corn) diets was in the same direc-
tion and of similar magnitude to the mean iso-
topic differences between these diets (3.6%).

IMPLICATIONS FOR STUDIES OF
NUTRIENT RESERVE DYNAMICS FOR
MOLT AND REPRODUCTION

In birds, molt and reproduction are processes
often requiring major energy demands (e.g., King
1974) and it is not clear to what extent these
demands are met by relative contributions from
endogenous reserves and diet (Hanson 1962,
Krapu 1981, Austin and Fredrickson 1987, Af-
ton and Ankney 1991). To date, studies con-
cerned with nutrient dynamics during molt or
reproduction have necessarily relied on associ-
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ations between the dynamics of tissue mass loss
and stage of molt or reproduction, or on evidence
for general catabolism or mobilization of nutri-
ents during these processes. A more desirable
approach would be to establish directly the rel-
ative contributions of nutrients from endogenous
and dietary sources to the composition of feathers
and eggs. If dietary carbon, either in the form of
proteins or lipids, differed isotopically from an
endogenous source (e.g., pectoral muscle or ad-
ipose tissue), and if turnover rates of isotopes in
endogenous sources were slow relative to periods
of feather or egg production, then it should be
possible to determine the relative contributions
from either of these sources. For captive birds,
such an isotopic difference between endogenous
and dietary carbon could be obtained by switch-
ing diets at the time of feather or egg synthesis.
If eggs or feathers showed a strong isotopic shift
in the direction of the isotopic value of the new
diet, then this would indicate a strong dietary
component to feather or egg synthesis. A similar
experimental approach was used successfully by
Wilson et al. (1988) to determine the amount of
dietary and endogenous reserves used by cows
in milk synthesis (see also Metges et al. 1990).

Wild birds that undergo a molt migration or
change diet during molt could potentially switch
to anew isotopic diet during feather growth. Sim-
ilarly, birds arriving on the breeding grounds with
endogenous reserves for egg laying should lay
eggs with isotopic signatures representing diet
obtained elsewhere. Birds that winter in marine
environments, or in agricultural areas where corn
is an important component in the diet, and breed
in terrestrial C, ecosystems would, for example,
encounter foods that differ substantially in their
613 values (e.g., Hobson and Sealy 1991; Schaffner
and Swart 1991; see also Mizutani et al. 1990;
Alisauskas et al. 1988; Alisauskas and Hobson,
unpubl. data).
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