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Abstract. Because eggs are composed of nutrients that are ultimately derived from the 
diet of adult females, the relative abundance of naturally-occurring stable isotopes of carbon 
and nitrogen in eggs should be related to those in their diet and this may form the basis of 
a method for tracing diets. Before such dietary reconstructions can be established, however, 
it is necessary to know how isotopic signatures change (or fractionate) from the diet during 
the synthesis of various egg components. In this study, stable-carbon and nitrogen isotopic 
fractionation factors between diet and whole yolk, lipid-removed yolk, albumen, and shell 
membranes of eggs of captively-raised Mallards (Anas platyrhynchos), Japanese Quail (Co- 
turnix iavonica). Prairie Falcons (Falco mexicanus). Peregrine Falcons (Falco peregrinus), 
and G$falcons’(Falco rusticolis) were established. In addition, carbon isotope fractionation 
patterns between diet and eggshell carbonate and yolk lipid were determined for quail, 
Mallards and falcons. On average, yolk, albumen and membranes were enriched in lSN 
relative to diet for all birds by 3.4%, a value typical of processes associated with protein 
synthesis. For quail and Mallards, albumen, membranes, and shell carbonate were enriched 
in 13C relative to diet by 1.5, 3.6, and 14.9%, respectively, and whole yolk was depleted in 
13C by 2.67~ due to the presence of yolk lipids. Falcons showed lower carbon diet-tissue 
fractionation for all tissues (albumen: +0.9, whole yolk: - 1.9, membranes: +2.7, carbonate: 
+ 11.2%) and this may be due to a greater reliance on dietary lipids vs. carbohydrates for 
the synthesis of egg components or on fractionation differences associated with fermentation 
of carbohydrates. Patterns of isotopic fractionation between diet and Mallard eggs were not 
influenced by clutch order. A diet-switch experiment using quail indicated that albumen, 
shell membrane and shell carbonate values reflect diet integrated over 3-5 days and yolk 
over eight days prior to laying. Because birds were fed ad libitum, these data provide baseline 
data on fractionation patterns for birds optimally mobilizing nutrients from diet to egg 
components. These values may differ for those wild birds that rely more heavily on endog- 
enous reserves. 

Key words: Stable isotopes; isotopic fractionation; eggs, diet; carbon-13; nitrogen-15; 
Cotumix japonica; Anas platyrhynchos, Falco peregrinus, Falco mexicanus, Falco rusticolis. 

INTRODUCTION 

Stable-carbon and nitrogen isotopic analyses of 
avian tissues can provide valuable information 
on the diets ofindividuals and populations (Hob- 
son 1987, 1990; Mizutani et al. 1990; Hobson 
and Sealy 1991; Hobson et al. 1994). This ap- 
proach is based on the fact that stable-isotope 
ratios of these elements in a consumer’s tissues 
are related ultimately to those in its diet (DeNiro 
and Epstein 1978, 1981). Advantages of using 
stable isotope analysis to augment more conven- 
tional dietary approaches include the evaluation 
of assimilated vs. ingested dietary contributions 
and the potential for time-integrated dietary es- 
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timates (Tieszen et al. 1983, Hobson 1993). Re- 
cent investigations have also indicated that a great 
deal of dietary information can be obtained from 
the isotopic analysis of feathers or blood frac- 
tions thereby reducing the need to sacrifice birds 
in cases where they may be captured alive (Mi- 
zutani et al. 1990, Hobson and Clark 1993). 

Bird eggs are another potential source of ma- 
terial for isotopic investigation of avian diets be- 
cause they are formed from nutrients that are 
derived ultimately from the diet of the laying 
female. Eggs are also usually readily available, 
either from the wild or through archived collec- 
tions, and so are a convenient source of material 
for isotopic analysis. Previous studies have shown 
that stable-carbon and oxygen isotope analysis 
of the organic matrix (C) or carbonate (C and 0) 
component of eggshells can reveal dietary infor- 
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mation from both archaeological and contem- every two weeks for four months prior to egg 
porary specimens (von Schimding et al. 1982, collections. 
Schaffner and Swat? 199 1). However, to date, no The quail colony was also used to provide an 
isotopic studies have used other components of exclusive diet for a captive breeding population 
eggs such as the yolk and albumen fractions and of Peregrine Falcons (Falco peregrinus), Prairie 
virtually no information exists on how isotopic Falcons (Falco mexicanus), and Gyrfalcons (Fal- 
signatures change or fractionate between diet and co rusticolis) at the University of Saskatchewan. 
the various components of the avian egg (but see Single infertile eggs from six Peregrine Falcons, 
von Schimding et al. 1982, Schaffner and Swart four Gyrfalcons and two Prairie Falcons were 
199 1). In order to understand more precisely the used. I reasoned that since fertilization is inde- 
diets of females during egg formation it is useful pendent of the mechanisms of egg formation, my 
to establish these isotopic fractionation factors choice of infertile eggs would not influence the 
for each component of interest, a process in- establishment of fractionation patterns for eggs 
volving the captive rearing of individuals on di- in general. Falcons consumed primarily pectoral 
ets of known and constant isotopic composition muscle tissue of the quail and so I considered 
(e.g., Hobson and Clark 1992a). It would also be this material to be largely representative of their 
useful to know how quickly nutrients from the diet. Three samples of quail muscle tissue used 
diet are incorporated into various egg compo- 
nents and the extent to which endogenous re- 
serves are used in egg formation (Krapu 198 1, 
Austin and Fredrickson 1987, Afton and Ankney 
199 1). This information would allow insight into 
the period over which isotopic information gained 
from egg components reflected the diet of the 
laying bird. I investigated isotopic fractionation 
between diet and various components of eggs 
from several species of birds raised in captivity 

by falcons were obtained every two weeks for 
four months prior to egg laying by falcons. 

The third sample consisted of infertile eggs 
obtained from captive wild-strain Mallards. 
These second-year birds had been raised in cap- 
tivity from eggs salvaged from the wild under 
permit granted by the Canadian Wildlife Service. 
Mallards were fed a constant diet consisting of 
wheat and a commercial feed in the ratio of 1: 1.4 
by weight together with vitamin, grit and shell 

on controlled diets. I chose Japanese Quail (Co- supplements. Single batches of feed were used 
turnix japonica) and wild-strain Mallards (Anus for the entire rearing period prior to egg collec- 
platyrhynchos) raised on grain-based diets and tions. Seven subsamples of food components were 
three species of falcon raised on quail to deter- obtained for isotope analysis. Single eggs were 
mine possible influences of diet on isotopic frac- taken from first clutches of eight females and an 
tionation factors. In addition, I conducted a di- additional eight eggs from second clutches of an- 
etary-switch experiment using quail in order to other eight individuals. 
determine how quickly new dietary information 
is incorporated into yolk, albumen, shell mem- TURNOVER IN QUAIL EGGS 

brane and shell carbonate. Four female quail raised on the homogeneous 
wheat-based diet described above were chosen 

METHODS randomly, housed in separate pens, and switched 
to a new corn-based diet. The new diet was for- 

ISOTOPIC FRACTIONATION mulated to have similar whole fat, carbohydrate 
Eggs from nine laying Japanese Quail were ob- and protein levels as the previous diet but was 
tained randomly from a colony at the University isotopically more enriched in “C due to the pres- 
of Saskatchewan where all birds had been raised ence of corn which has a C-4 photosynthetic 
for several generations on a homogenized com- pathway. This technique was used previously to 
mercial grain-based diet. Birds had been raised determine isotopic turnover rates in other quail 
from hatch to egg laying on a single batch of this tissues (Hobson and Clark 1992a). The experi- 
food together with vitamin and mineral supple- mental quail were chosen from a group of birds 
ments. Quail were obtained from the same col- that were laying eggs daily. Eggs were collected 
ony as that used previously to assess patterns of from these birds for two days prior to the diet 
isotopic fractionation and turnover in various switch (09:OO CDT on Day 0) and then each day 
quail tissues (Hobson and Clark 1992a. 1992b). thereafter for 10 days. As controls, on Day 10 
Food samples of quail used here were obtained eggs were obtained from three birds randomly 
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TABLE 1. Mean (*SD) stable-carbon and nitrogen isotope values for diets used in this study. Values for duck 
food were derived from measurements of wheat and pellet constituents. Other values represent samples taken 
from single homogenized batches prior to and during egg laying. 

Species Diet n 6°C PPN 

Mallard Wheat/pellet mix 7 -24.4 f 0.5 3.6 f 0.3 
Quail Turkey starter (control) 10 -24.0 f 0.2 2.8 + 0.2 

Turkey starter (experimental) 9 -16.7 f 0.9 2.4 + 0.3 
Falcons Quail muscle 12 -23.4 + 0.5 4.2 + 0.3 

selected from the colony that had remained on 
the wheat-based diet. 

ISOTOPE ANALYSIS 

Prior to isotope analysis, eggs were stored for up 
to a week in a refrigerator at +5”C. Eggshell, 
albumen and yolk samples were separated by 
hand and subsamples of yolk and albumen taken 
using a syrine. Eggshells were rinsed thoroughly 
in distilled water and allowed to dry at room 
temperature after shell membranes were re- 
moved. They were then powdered using a mortar 
and pestle. Yolk and albumen were similarly 
powdered after freeze drying. Membranes were 
dried after washing in distilled water and then 
cut into fine fragments using stainless steel scis- 
sors. Lipids were removed from a subsample of 
yolks using the method of Bligh and Dyer (1959). 
Other than membranes, all food samples were 
powdered using an analytical mill. 

For 615N analysis, powdered samples were 
loaded into Vycor tubes with CuO, wire-form 
Cu, Ag foil, and powdered CaO, evacuated and 
flame sealed. These samples were then com- 
busted at 850°C for 6 hr and allowed to cool 
slowly overnight. The resultant N, gas was then 
introduced directly into a VG OPTIMA isotope 
ratio mass spectrometer for lsN/14N analysis. 
Powdered organic samples for 613C analysis were 
loaded into Pyrex tubes with wire-form CuO, 
flame sealed under vacuum, and cornbusted at 
550°C for 6 hr. Resultant CO, gas was cryogen- 
ically separated and then introduced into a VG 
602E isotope ratio mass spectrometer for 13C/LZC 
analysis. Shell carbonates were reacted with 
phosphoric acid under vacuum to evolve CO, 
for direct isotopic analysis using the VG OP- 
TIMA mass spectrometer. 

Stable isotope concentrations were expressed 
in 6 notation according to the following: 

6X = [(RsamJRtandard) - 11 x 1000 

where X is “C or 15N and R is the corresponding 
ratio ‘3C/12C or lsN/14N. R,,,, for 13C and 15N 
are the PDB standard and atmospheric nitrogen 
(AIR), respectively. Using laboratory internal 
standards for organic material, we estimate mea- 
surement error to be +O. l?& and -tO.2ym for car- 
bon and nitrogen, respectively. 

RESULTS 

ISOTOPIC FRACTIONATION FACTORS 

Stable-carbon isotope values of the foods of lay- 
ing Mallards, quail and falcons were similar and 
reflected a C-3 plant base (Table 1; see Peterson 
and Fry 1987). Stable nitrogen isotope values for 
these foods were more varied and were highest 
for quail muscle which was in turn enriched over 
quail food by an average of 1.4?& Mean stable 
isotope values for dietary samples were subtract- 
ed from mean values for egg components in order 
to estimate mean diet-tissue fractionation factors 
(Table 2). 

Relative to diet, 6°C and 615N values of egg 
albumen and shell membrane were enriched for 
all species (Table 2). For lsN, this pattern of en- 
richment was also maintained for whole and lip- 
id-free yolk and 615N fractionation values for all 
tissues were similar (mean enrichment: +3.4?@ 
range: 2.4 - 4.4%). Stable-carbon isotope frac- 
tionation values were more variable. The nega- 
tive fractionation factor for 13C in whole yolk 
was due largely to the presence of lipids that were 
substantially depleted in 13C relative to diet (Ta- 
ble 2; mean depletion: -2.6%). Little fraction- 
ation of 13C occurred between diet and the pro- 
tein component of the yolk. Highest 13C diet- 
tissue fractionation values were found for shell 
carbonate followed by shell membranes. With 
the exception of shell carbonate, Mallards and 
quail did not differ in isotopic fractionation fac- 
tors for both carbon and nitrogen. However, 
compared to Mallards and quail, falcons typi- 
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FIGURE 1. Response of quail whole yolk, albumen and shell membrane to a “C isotopic dietary switch on 
Day 0. Data are means ? SD and sample sizes are n = 4 eggs from different individuals for each point. 

tally showed less enrichment in “C relative to 
diet for all tissues (Table 2). For all egg com- 
ponents, Mallards showed no significant differ- 
ence in isotopic fractionation values between first 
and second clutches (Table 2). 

ISOTOPIC TURNOVER IN 
QUAIL EGGS 

Quail that were switched to a W-enriched diet 
showed a rapid positive response in their yolk, 
albumen, shell membrane, and shell carbonate 
6°C values (Figs. 1,2). Following the diet switch, 
albumen, shell membrane and shell carbonate 
reached a new equilibrium value in 3-5 days 
whereas whole yolk took approximately eight 
days. The experimental food was enriched in 13C 
over the control food by +7.3% (Table 1) but 
only egg yolk and shell carbonate showed a sim- 
ilar change in 613C values at equilibrium follow- 
ing the dietary switch (i.e., mean 6°C enrichment 
of 6.7 and 7.0%, respectively). Albumen and shell 
membrane reached a new equilibrium with a 
mean 613C enrichment over that of the control 
diet of only +3.80/w. Egg albumen and yolk sam- 
ples for three control birds that were not switched 

to the new diet, did not differ in their 6l3C and 
WN values at Day 10 compared with experi- 
mental birds at Day 2 (t = 1.3, p>O.3) indicating 
that the isotopic change observed in the exper- 
imental eggs was due entirely to the new diet 
switch. 

DISCUSSION 

ISOTOPIC FRACTIONATION IN 
EGG COMPONENTS 

This isotopic study of bird eggs indicates fairly 
uniform patterns of isotopic fractionation be- 
tween diet and yolk, albumen, yolk lipid, shell 
membranes and shell carbonate. This is consis- 
tent with previous captive-rearing studies that 
have confirmed the general predictability of de- 
partures of tissue isotope values from that of diet, 
particularly for some mammalian tissues (DeNiro 
and Epstein 1978, Tieszen et al. 1983, see also 
Hobson and Clark 1992b). However, the mag- 
nitude of fractionation differed substantially be- 
tween egg components, a reflection of differences 
in the biochemical and metabolic processes in- 
volved in tissue synthesis (Tieszen and Boutton 
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FIGURE 2. Response of quail egg carbonate to a 13C isotopic dietary switch on Day 0. Data are means + SD 
and sample sizes are II = 4 eggs from different individuals for each point. 

1988, Nakamura et al. 1982, Krueger and Sul- 
livan 1984). 

The magnitude of nitrogen isotope fraction- 
ation between diet and albumen, yolk and shell 
membrane were similar, being close to +3.4’?& 
This value is in agreement with the 3-57~ rSN 
trophic enrichment factor seen in terrestrial and 
marine food webs (Schoeninger and DeNiro 1984, 
Fry 1988, Hobson et al. 1994). Nitrogen in yolk, 
albumen and membranes occurs primarily as 
protein and r5N fractionation between diet and 
protein generally occurs during processes of ami- 
no acid amination and transamination (Macko 
et al. 1982). As such, protein synthesis and its 
corresponding isotopic fractionation for egg 
components is similar to the synthesis of other 
proteins in the adult bird. 

A comparison of 613C values of whole yolk, 
yolk with lipids extracted, and yolk lipid dem- 
onstrates how lipid content in egg yolk dramat- 
ically influences stable carbon isotope values. 
Lipids tend to be much less enriched in “C than 
other tissues (McConnaughey and McRoy 1979, 
Tieszen and Boutton 1988). Also, lipid content 

in many tissues including yolk can vary between 
species and individuals. For this reason, it is ad- 
visable to remove lipids from yolk when making 
broad comparisons. 

Shell carbonate was highly enriched in r3C 
compared to diet for all species. Von Schimding 
et al. (1982) similarly found a large positive en- 
richment in r3C relative to diet in the eggshell 
carbonates of the Ostrich (Struthio camelus) and 
Schaffner and Swart (1991) recorded the same 
trend in three species of seabirds. Animal shell 
carbonates are typically enriched over substrates 
(Fritz and Poplawski 1974, Fry and Wainright 
199 1) and, in the case of birds, it is possible that 
major carbon isotope fractionation occurs during 
the formation of carbonate ions by carbonic an- 
hydrase of oviduct fluids (Simkiss and Tyler 1958, 
von Schimding et al. 1982). The diet-carbonate 
isotopic enrichment factor of + 16.27~ estimated 
by von Schimding et al. (1982) is in close agree- 
ment with our average value of + 14.3 to + 15.6% 
for Mallards and quail, respectively. However, 
falcons showed a consistently lower carbonate 
enrichment factor of about + 11.2%. In their iso- 
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topic study of seabird eggshells, Schaflher and 
Swart (199 1) also reported smaller differences 
between eggshell carbonate and diet than those 
reported by von Schirnding et al. (1982) and sug- 
gested that such differences may be linked to the 
fact that seabirds are mostly protein feeders 
whereas Ostriches are mostly carbohydrate feed- 
ers. Interestingly, similar differences in carbon 
isotopic fractionation have been recorded be- 
tween herbivore and carnivore bone apatite and 
collagen. The inorganic fraction of bone is pri- 
marily calcium phosphate crystallized as hy- 
droxyapatite. Inorganic carbon in bone occurs as 
carbonate ions that substitute for phosphate 
groups. These carbonate ions are presumably in- 
corporated into the apatite structure from dis- 
solved bicarbonate in body fluids during crystal 
growth (Krueger and Sullivan 1984) and, in this 
sense, carbonates in bone apatite are analogous 
to carbonates in the eggshell matrix. Similarly, 
bone collagen, the organic component of bone, 
is analogous to the protein component of egg- 
shell. 

Krueger and Sullivan (1984) proposed an ex- 
planation for the greater diet-tissue isotopic en- 
richment in PC for bone apatite observed for 
herbivores vs. carnivores that may be appropri- 
ate also for the pattern observed in eggshell in 
this study. In general, herbivore diets consist of 
relatively more carbohydrates and fewer proteins 
and lipids than carnivore diets. Carbohydrates 
in herbivore diets are allocated primarily to en- 
ergy metabolism whereas protein is allocated 
mainly to growth and maintenance of tissues such 
as collagen. Bone apatite (and shell carbonate) is 
derived from blood bicarbonate which is in turn 
generated from the metabolism of energy sub- 
strates (DeNiro and Epstein 1978). Carnivores 
depend relatively more on lipids than on car- 
bohydrates for their energy metabolism and since 
lipids are depleted in 13C relative to proteins and 
carbohydrates, the carbon available for bone and 
shell formation in carnivores should be, on av- 
erage, more depleted relative to diet than for 
herbivores. More recently, Ambrose and Norr 
(1993) and Tieszen and Fagre (1993) investigated 
the relationships of the carbon isotope ratios of 
whole diet and dietary protein to those of bone 
collagen and carbonate by manipulating the iso- 
tope composition of macronutrients in the diets 
of laboratory rats and mice. Both studies dem- 
onstrated that carbonates in bone apatite are de- 

rived from whole diet whereas bone ccllagen is 
derived primarily from dietary protein (see also 
Ambrose 1993). Dietary protein not used in tis- 
sue maintenance and growth is apparently used 
in energy metabolism. Considering these results 
and the findings of Krueger and Sullivan (1984), 
a model of possible nutrient flow and isotopic 
fractionation during egg formation in herbivorous 
and carnivorous birds is presented in Figure 3. 

In the herbivore model (Fig. 3a), only bulk diet 
has been depicted since the precise roles of var- 
ious macronutrients are poorly understood. 
However, carbohydrates make up the bulk of the 
diet and will contribute to the formation of shell 
carbonate and possibly to yolk lipid and the pro- 
teinaceous components of eggs. Undoubtedly, 
dietary lipids and proteins will also contribute 
to egg lipid and protein components, respective- 
ly. In carnivores (Fig. 3b), the hypothetical mod- 
el emphasizes the potential contribution of both 
carbon derived from dietary lipids as well as pro- 
teins to the formation of egg components, es- 
pecially yolk lipids and shell carbonate. Lipids 
in quail muscle are depleted by 3.2o/oo relative to 
lipid-free muscle (Hobson, unpub. data), a value 
almost identical to the mean depletion of yolk 
lipid relative to lipid-free quail muscle. This sug- 
gests that yolk lipids are derived without frac- 
tionation either from the diet or from lipid stores. 
Although somewhat speculative, the models pre- 
sented here could be tested and refined by switch- 
ing laying birds between diets of known lipid, 
protein, and carbohydrate isotopic composition 
(Ambrose and Norr 1993, Tieszen and Fagre 
1993). 

Schaffner and Swart (199 1) provided an alter- 
nate explanation for the fractionation differences 
observed between high protein vs. carbohydrate 
feeders. These authors noted that digestive gas- 
ification or fermentation associated with the di- 
gestion of carbohydrates might contribute to the 
more positive carbon fractionation values as- 
sociated with herbivore vs. carnivore eggshell 
formation. Digestive gasification might result in 
the export of lighter (i.e., “C depleted) carbon 
and the overall enrichment of the carbon reser- 
voir available within the bird for carbonate pre- 
cipitation. It is, of course, possible that carbo- 
hydrate gasification in herbivores and the greater 
reliance of carnivores on dietary lipids for energy 
metabolism both contribute to carbon isotope 
fractionation differences between diet and egg 
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FIGURE 3. Hypothetical model for carbon isotope fractionation between diet and egg components of (a) 
herbivores consuming a diet consisting primarily of carbohydrates and (b) carnivores consuming diets consisting 
primarily of lipids and proteins in meat. 

components for these two groups of consumers. 
Both explanations are consistent with the reduc- 
tions in carbon isotopic fractionation factors ob- 
served in falcons vs. quail and Mallards. 

This study has provided the first estimates of 
isotopic fractionation between whole diet and 
several components of eggs. However, it is im- 
portant to also consider fractionation patterns 
associated with dietary macromolecules such as 
carbohydrates, lipids, proteins and even individ- 
ual amino acids (Tieszen and Boutton 1988, 
Macko et al. 1982). The diet-switch experiment 
underscores this point, since diet-tissue isotopic 
fractionation factors for carbon remained the 
same under the experimental and control diets 
for yolk and carbonate but changed for albumen 
and shell membranes. This suggests that the shell 
carbonate and egg yolk were derived from whole 

diet whereas membranes and albumen were de- 
rived from subcomponents ofthe whole diet (i.e., 
proteins) that may have changed in relative com- 
position between the two diets. Again, further 
investigations are required to elucidate the met- 
abolic and biochemical processes that result in 
isotopic fractionation and how these are influ- 
enced by dietary substrates such as protein, lipids 
and carbohydrates (Galimov 1985, Tieszen and 
Boutton 1988). Current research into patterns of 
fractionation associated with the formation of 
bone collagen and apatite will also undoubtedly 
contribute to our understanding of similar pro- 
cesses associated with the formation of the or- 
ganic and inorganic components of eggs in birds 
and vice versa (von Schimding et al. 1982, 
SchaIlher and Swart 1991, Ambrose 1993, Am- 
brose and Norr 1993, Tieszen and Fagre 1993). 



760 KEITH A. HOBSON 

ISOTOPIC TURNOVER DURING 
EGG FORMATION 

The results of the diet-switch experiment are gen- 
erally consistent with our current understanding 
of the processes of egg formation. The laying of 
each egg is preceded by rapidfolliclegrowth (RFG) 
during which yolk accumulates in each ovarian 
follicle (reviewed by Alisauskas and Ankney 
1992). If yolk is formed rapidly from dietary 
sources then the contribution of the new diet to 
the isotopic signal in the yolk should be propor- 
tional to the additional mass of yolk formed us- 
ing the new diet. In this sense, the diet uptake 
curve for yolk shown in Figure 1 should resemble 
the growth curve for the mass of developing fol- 
licles in quail. The shape of the isotopic response 
curve for yolk agrees with Ring’s (1973) as- 
sumption that follicle growth curves in birds are 
sigmoidal (but see Gilbert 1971, Grau 1984). 
These results also suggest a period of RFG to be 
about eight days (i.e., the time for egg yolks to 
reach a new isotopic equilibrium following the 
diet switch), a value consistent with that esti- 
mated for chickens (Gilbert 197 1) and medium- 
sized ducks (see review by Bluhm 1992). 

Albumen proteins are synthesized in the mag- 
num from amino acids removed directly from 
the blood (Taylor 1970). Albumen is also de- 
posited rapidly around the yolky ovum at this 
stage (about 2.5 hr) as are eggshell membranes 
and these factors account for the rapid response 
of both albumen and membranes to the new iso- 
topic diet. The isotopic response of shell car- 
bonate following the diet switch was also rapid. 
Unlike calcium that may be mobilized from 
medullary bone during the process of shell for- 
mation, carbon for the calcium carbonate frac- 
tion of shell is derived directly from plasma 
through the metabolism of recently assimilated 
food (Simkiss and Tyler 1958). Carbonates in 
food do not contribute to carbonates in eggshell 
since they react with digestive acids to produce 
carbon dioxide gas which is lost (Simkiss 196 1, 
Mongin 1968, Schaffner and Swart 1991). For 
this reason, the carbonate component of the diet 
of captive birds (e.g., shell supplements) were not 
expected to influence derived isotopic fraction- 
ation factors. 

APPLICATION TO AVIAN 
DIETARY STUDIES 

The isotopic diet-tissue fractionation values de- 
termined here for yolk, albumen, yolk lipid, 

membrane and eggshell carbonate using captive 
birds provide a first approximation of those val- 
ues for wild birds. For the moment, the values 
obtained for quail and ducks approximate those 
for wild herbivorous birds consuming C-3 plant- 
based diets and values for falcons approximate 
those for piscivorous and carnivorous species. 
Fractionation values derived here for shell mem- 
branes should be interpreted with some caution 
since the membrane material used were from 
freshly laid or infertile eggs. Membranes change 
in composition throughout incubation by be- 
coming thicker and more collagenous and so 
membranes obtained from hatched eggs may dif- 
fer in isotopic composition compared to the same 
material obtained earlier in incubation (Schaff- 
ner and Swart 199 1). Early membranes may thus 
be better diet indicators of the laying female than 
later (i.e., incubated) membranes. The protein 
fraction of eggshells is another material that may 
be used for isotopic analysis (see von Schimding 
et al. 1982) and it would be useful to conduct 
similar studies on this component. Here, eggshell 
protein is analogous to bone collagen and refers 
to the proteinaceous matrix within the eggshell 
and not the shell membranes. As with shell car- 
bonates and membranes, an advantage to using 
this material is that it is often readily available 
from nest sites as shell fragments and does not 
involve destructive sampling. 

Fractionation values derived in this study were 
based on birds that had ad libitum access to food 
and they may not be applicable in those situa- 
tions where birds mobilize significant amounts 
of stored nutrient reserves. Nutrient storage prior 
to reproduction is particularly well known in wa- 
terfowl (reviewed by Alisauskas and Ankney 
1992) and it is possible that isotopic fraction- 
ation would be different if lipids and proteins are 
mobilized from somatic reserves vs. those pro- 
duced directly from the conversion of dietary 
carbohydrate or protein. On the other hand, the 
process of mobilization of stored lipids may in- 
volve very little fractionation if lipids are mo- 
bilized whole without further biochemical break- 
down. Nonetheless, isotopic studies using egg 
yolks should remove lipids and analyze them 
separately. 

Systematic declines in somatic protein in re- 
sponse to protein demands during egg produc- 
tion have also been demonstrated in wild wa- 
terfowl (reviewed by Alisauskas and Ankney 
1992). In these cases, it is possible that the amino 
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acid pool may become enriched in iSN due to 
processes of catabolism or nutrient mobilization 
(Hobson et al. 1993). This in turn may result in 
further i5N enrichment of the protein compo- 
nents of eggs relative to diet. Should somatic 
reserves make up a significant portion of the pro- 
tein used for egg formation, then an increase in 
the 6i5N value of egg proteins would be expected. 
Moreover, the magnitude of the enrichment ef- 
fect would be expected to change with egg order 
within and between clutches, with those eggs re- 
quiring a greater proportion of somatic reserves 
showing higher 6i5N enrichment. While I was 
unable to demonstrate any changes in 6i5N en- 
richment between first and second clutches in 
captive Mallards, researchers using eggs for iso- 
topic investigations should be aware of the po- 
tential for such influences on patterns of isotopic 
fractionation in eggs. 
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