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Understanding the 13C and 15N enrichments between primate diet and hair is necessary 
for reconstructing primate diets and ecology. However, dietary lipids need to be con-
trolled for in order to accurately estimate the hair 13C and 15N enrichment factors (ε*). 
We report diet-hair 13C and 15N enrichment factors for vervet monkeys (Chlorocebus 
aethiops sabaeus) based on a controlled diet study in captivity. The vervet monkeys 
were fed a standard monkey chow exclusively. The 13Cε*hair-diet and 15Nε*hair-diet values 
for male adults were 2.8‰ and 2.9‰, respectively; those for lactating females were 
2.4‰ and 2.2‰, respectively. The isotope enrichment between hair from infant (ca. 
3 months of age) and hair from its mother were 13Cε*hair(infant-mother) and 15Nε* hair(infant-mother) 
were 0.7‰ and 1.8‰, respectively.

Introduction

The stable isotope enrichment between diet and 
tissues is an essential need for understanding 
the stable isotope ecology and physiology of 
mammals. Stable isotopes have been shown to 
be useful in determining diet preferences of dif-
ferent populations of the same species (Codron 
et al. 2006), comparisons of feeding strate-
gies within mammal groups (Sponheimer et al. 
2003a), comparisons of diets within ecosystems 
(Koch et al. 1991), diet changes related to sea-
sonality (Cerling & Viehl 2004, Cerling et al. 
2009), animal migration (Hobson 1999, Cerling 

et al. 2006), and wildlife forensics such as illegal 
trade (Van der Merwe et al. 1988, Cerling et al. 
2007). Hair has proven to be particularly useful 
because sampling is relatively non‑invasive and 
in some cases it grows continually (Schwertl et 
al. 2003). Besides the applications to ecology, it 
has also been used to understand tissue turnover 
and residence times of different physiological 
pools in mammals (Tieszen 1983, Ayliffe et al. 
2004, Zazzo et al. 2007, 2008).

Stable isotope studies on primates were con-
ducted on some wild populations to understand 
aspects of diet and ecology (Schoeninger et 
al. 1997, 1998, 1999, Sponheimer et al. 2006, 
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Loudon et al. 2007, O’Regan et al. 2008, Smith 
et al. 2010, Oelze et al. 2011), and Crowley et 
al. (2010) recently compiled the isotope rela-
tionships between different tissues of primates. 
Although these studies estimated a wide range 
in 13C and 15N enrichment values attributable to 
dietary or physiological factors, controlled diet 
experiments on primates to establish the baseline 
diet-tissue enrichment are needed to understand 
fundamental diet-tissue isotope relationships. 
Such diet studies on nonhuman primates are 
necessary to understand the nutritional ecology 
of modern primates (Schoeninger et al. 1997, 
Codron et al. 2008, Crowley et al. 2010) and to 
provide insight to diets of past human and pri-
mate populations (Codron et al. 2008).

We investigated isotopic enrichment of 13C 
and 15N in body hair compared with diet in 
vervet monkeys (Chlorocebus aethiops sabaeus) 
using a controlled diet. We compared differences 
in isotope enrichments in hair as compared with 
diet for adult males and lactating females, and 
enrichments in the hair of infants as compared 
with that in their mothers. This study com-
pares whole to delipified food samples in order 
to evaluate the effects of lipids and effects of 
food sample treatments while evaluating isotopic 
enrichment of 13C and 15N in body hair.

Methods

Fifteen vervet/African green monkeys (Chlo-
rocebus aethiops sabaeus) housed at the Wake 
Forest Primate Center (Winston-Salem, NC, 
USA) were used in this study: 5 males (4.2–8.7 
years old), 5 lactating/nursing females (7.4–13.5 
years old), and 5 infants (88–140 days old) that 
were paired with their mothers. The monkeys 
were fed a commonly used chow diet for a mini-
mum of 1 year (Purina Monkey Chow #5038; 
Fairbanks et al. 2010, Jorgensen et al. 2012). 
Offspring remained in the natal groups with their 
mothers from birth to sample collection. Hairs 
were collected from individuals as described in 
Laudenslager et al. (2011).

Food pellets were ground in a Wiley Mill and 
sieved to < 500 µm, which was further ground 
in a ball mill to decrease the particle size. Both 
whole and delipified samples were analyzed for 

stable isotopes. For delipifications, splits of sam-
ples were treated for 48 hours with a 2:1 mix-
ture of chloroform:methanol. A second 48-hour 
extraction with the mixture was followed by 3X 
washing in distilled water. The delipified sam-
ples were dried at 60 °C.

Individual hair samples were washed with 
water to remove dirt; oils or grease were removed 
with a 2:1 mixture of chloroform:methanol. 
After a second treatment with a 2:1 mixture of 
chloroform:methanol, samples were repeatedly 
rinsed with distilled water and then dried at 60 °C. 
Hair samples were homogenized in a ball-mill.

Powdered food and hair samples were 
weighed (ca. 500 mg), and analyzed in replicate 
by combustion in a Costech 4010 Elemental Ana-
lyzer at 1650 °C connected to gas chromatograph 
and a Finnigan MAT 252® Isotope Ratio Mass 
Spectrometer (IRMS) in continuous flow mode at 
the SIRFER laboratory at the University of Utah.

The isotope values were calculated as:

 δx = 1000 ¥ (R
sample 

/R
standard

 – 1) (‰) (1)

where x is either 15N or 13C, while R is the ratio of 
15N/14N or 13C/12C, respectively. δx is expressed 
in per mil (‰) relative to international standards: 
V-PDB for carbon, and atmosphere (AIR) for 
nitrogen, respectively. The standard deviations 
(1 SD) of isotope measurements of δ13C and 
δ15N were ≤ 0.2‰ for standards and 0.1‰ for 
samples under replicate analyses.

The isotope enrichment between hair and diet 
was calculated as follows:

 ε*hair-5038 = (Rhair/Rdiet – 1) ¥ 1000 (2)

where the asterisk (*) indicates that these are 
not reversible equilibrium reactions (Cerling & 
Harris 1999). 13Cε*hair-5038 and 15Nε*hair-5038 are the 
isotope enrichments for 13C and 15N, respectively; 
the subscript “5038” refers to the formulated 
diet. We also consider the analogous expres-
sions for isotope enrichment between infant and 
mother: 13Cε*hair(infant-mother) and 14Nε*hair(infant-mother), 
respectively.

Non-parametric statistical tests were per-
formed using the IBM® SPSS® Statistics ver. 20. 
First, we performed a related sample Kruskal-
Wallis test to establish if the distribution and 
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medians of the whole versus delipified food sam-
ples were different for δ13C or δ15N. Second, to 
establish whether there are significant differences 
in ε*13Chair-5038 and ε*15N hair-5038 between the indi-
vidual groups, a post-hoc independent samples 
Kruskal-Wallis test was performed (i.e., infants 
vs. adult nursing females, adult nursing females 
vs. adult males, and infants vs. adult males).

Results

Diets: isotope effect of delipification

Delipified diets were slightly lower in %C than 
the whole diet [41.4 ± 0.9 (n = 10) and 42.9% 
± 1.7% (n = 6), respectively]. Mass balance 
using the lever rule gave a lipid content of 4.2% 
assuming lipids to be 77% C; this compares well 
to the crude fat content of 5% (published formu-
lation, Table 1). %N, δ13C5038, and δ15N5038 did 
not differ significantly between the whole and 
the delipified diets (Table 1).

Estimated C- and N-isotopic enrichments 
for infants, nursing females, and adult 
males

15Nε*hair-5038 for adult males and adult lactating 
females were 2.9 ± 0.2 and 2.2 ± 0.3, respec-
tively (see Table 2 and Fig. 1). For infants, 
15Nε*hair-5038 was 4.0‰ ± 0.5‰ and 15Nε*hair(infant-

mother) was 1.8‰ ± 0.7‰.
13Cε*hair-5038 for adult males and adult lactating 

females were 2.8 ± 0.4 and 2.4 ± 0.4, respec-
tively. For infants 13Cε*hair-5038 was 3.1‰ ± 0.5‰ 
and 13Cε*hair(infant-mother) was 0.7‰ ± 0.3‰.

The independent samples Kruskal-Wallis 
test established that at least one of the groups 
(infants, adult nursing females, and adult males) 
had a significantly different ε*15N hair-5038 values 
for the diets (χ2

2 = 14.08, n = 23, p < 0.01). The 
post-hoc comparisons between groups revealed 
significant differences in the distribution of 
ε*15Nhair-5038 values between adult nursing females 
and adult males (p < 0.05, df = 1), between adult 
nursing females and infants (p < 0.05, df = 1), 
and between adult males and infants (p < 0.05, 
df = 1). However, the differences in the distribu-

Table 1. Formulations, carbon and nitrogen fractions, 
and stable C- and N-isotope values for whole (%Cw, 
δ13CW and δ15NW) and delipified (%CD, %ND, δ13CD and 
δ15ND) diets used in this study. %N, δ13C and δ15N 
uncertainties (standard error of the mean) are 0.1‰, 
while those of %C are included in the table.

	 Chow 5038

Protein (%)	 15.7
Crude fat (%)	 5.0
Crude fiber (%)	 4.5
Ash (%)	 5.3
δ13CW	 –18.4
δ13CD	 –18.5
δ15NW	 2.7
δ15ND	 2.7
%CW (mean ± SE)	 41.4 ± 0.3
%CD (mean ± SE)	 42.9 ± 0.7
%Nw	 2.5
%ND	 2.7

15
N
ε*

ha
ir-

50
38

13Cε*hair-5038

5

2 3

4

3

2

B F infant

A D female (I)
AB E male

13Cε* 15Nε

Fig. 1. Carbon and nitrogen isotope enrichment 
between hair and source diet for males, lactating (l) 
females, and for infants. The diet was Purina formula-
tion LabDiet #5038 (see Table 1). The differences in 
ranges of δ13C values, A and B corresponding to infants 
and adult females respectively, are statistically signifi-
cant while the differences in ranges of δ15N values, D, 
E, and F, are statistically significant for infants, males, 
and females respectively. The difference in ranges of 
δ13C values in males AB, is not statistically significant 
from adult female and infants.

tion of ε*13Chair-5038 values were only significant 
between infants and nursing adult females (p < 
0.05, df = 1).
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Discussion

This study demonstrates the ranges of 13C and 
15N isotope enrichments in primate populations 
having identical diets. In this study, an average 
difference of 0.7‰ in δ15N in hair between adult 
males and lactating females was found; differ-
ences of this order need to be accounted for in 
wild population studies when hair or collagen is 
used to infer dietary differences or trophic status. 
The enrichment in infant hair as compared with 
that in mother’s is, in effect, a trophic enrich-
ment (Fogel et al. 1989, Stegall et al. 2008). 
Thus, the range of δ13C and δ15N values within a 
population is even greater if hair from infants are 
included in a study; this should be considered in 
studies in which hairs are collected from nests or 
from otherwise unidentified individuals (Schoe-
ninger et al. 1997, 1998, 1999).

Although the sample sizes in this study 
were small, there were notable differences in 
measured values between sexes among adults 
(adult males versus nursing females) as well 
as nursing females of varying ages. 13Cε*hair-5038 
and 15Nε*hair-5038 for adult males were ~0.4 and 
~0.6, respectively, greater than those for nursing 
females. Older females had greater 13Cε*hair-5038 
than the younger ones by ca. 0.5. The effect of 
protein (Balter et al. 2006, Florin et al. 2011, 
Poupin et al. 2011) and energy balance (energy 
intake minus its expenditure) (Tsuji et al. 2008) 
on 13Cε*hair-5038, 

15Nε*hair-5038 variations was not con-
sidered in this study. However, emerging evi-
dence suggest that omnivores such as primates 
require greater amounts of dietary protein to syn-
thesize tissues than herbivores (Sare et al. 2005), 
and that δ13C of dietary protein is the main deter-
minant of hair δ13C, rather than the composition 
of the whole diet (Tieszen & Fagre 1993). While 
carbohydrates and lipids are metabolized for 
energy, certain essential amino acids (AAs) in 
the diet maybe preferentially routed to the tis-
sues for protein synthesis. For instance, Miller 
et al. (2011) found that juveniles of a breeding 
small mammal (Peromyscus maniculatus) were 
more enriched in 13C relative to adults when 
feeding on milk, and that tissue δ13C decreased 
slightly after the animal was weaned to the labo-
ratory diet, notwithstanding the latter’s slight 
enrichment in 13C relative to milk. Consequently, 

variations in 13Cε*hair-5038 with age and sex may be 
influenced by differences in the rates of tissue 
carbon incorporation during protein synthesis 
and isotopic routing. In contrast, tissue δ15N are 
significantly affected by tissue turnover (Lee et 
al. 2012).

Generally, protein catabolism and anabolism 
are thought to be in balance at steady states 
in feeding animals but may change with pro-
tein availability (Batler et al. 2006). During 
nutritional stress, catabolism of body proteins 
(splanchnic tissues and skeletal muscles) into 
metabolic amino acids would decrease lean body 
mass and is accompanied by 15N enrichment. 
The 15N enrichment occurs because hydrolysis 
of amino acids in the Krebs–Henseleit cycle 
results in production of 15N-depleted urea that 
is excreted and causes an increase in δ15N in 
the residual metabolic amino acid pools in the 
body (Hobson et al. 1993, Balter et al. 2006, 
Lee et al. 2012). Tissue synthesis from these 
15N-enriched metabolic amino acids would result 
in an increase in tissue δ15N. The effect of energy 
and protein balance on 13Cε*hair-5038, 

15Nε*hair-5038, 
13Cε*hair(infant-mother), and 15Nε*hair(infant-mother) among 
nursing females remains a matter of further 
investigations.

There are considerable potential physiologi-
cal and dietary differences resulting from age, 
sex, and trophic factors; therefore, experiments 
designed to evaluate enrichment factors (ε*) for 
hair and other proteinaceous tissues (e.g., bone 
collagen, and muscle) in different species of the 
primate order are necessary. Dietary macromo-
lecular composition (i.e., protein, lipid, and car-
bohydrate), differences in isotopic composition 
of ingested amino acids (AAs), and differences 
in isotopic enrichments (ε*) among non-essen-
tial AAs and essential AAs, may provide insights 
into the biosynthetic pathways by which amino 
acids are incorporated into proteinaceous tissues 
under different states of protein and energy bal-
ance. Further, differences in amino acid compo-
sition among tissues are expected to influence 
diet-to-tissue ε* values. For instance, glycine 
makes up about one third of amino acid resi-
dues in collagen, a tissue that is generally more 
enriched in 13C relative to other tissues, while 
cysteine and serine comprise about one third 
of all amino acids in keratins (O’Connell et 
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al. 2001). Therefore, differences in amino acid 
composition of diets and tissues, and δ13C and 
δ15N of diets need to be considered when design-
ing experiments to study diet-to-tissue ε* values 
(Crowley et al. 2010). Such studies would also 
help reveal the isotopic effects of deamination 
and transamination of amino acids, processes 
that are poorly understood (O’Connell et al. 
2001, Sponheimer et al. 2003a, 2003b, Balter et 
al. 2006).

Evaluation of diet-to-apatite carbonate ε* 
values should be carried out in controlled con-
ditons because as omnivores, different species 
of primates differ in the amount of plant and 
animal matter consumed, and how plant and 
animal matter is digested (Crowley et al. 2010). 
During digestion, methanogenic reduction on 
CO2 within the small intestine affects diet-to-car-
bonate ε* values because generation of methane 
is accompanied by a large 13C fractionation that 
results in CO2 that, as compared with CH4, is sig-
nificantly enriched in 13C (Hedges 2003). Con-
sequently, the diet-to-apatite carbonate, which 
is assumed to form in isotopic equilibrium with 
blood bicarbonate, is likely to differ depending 
on the amount methane produced.

Acknowledgements

We thank Tara Chavanne, Hilaree Sorenson, and Jill Byrnit 
for assistance with sample collection, and Ellen Miller for 
discussions. Funding for the isotope analyses was provided 
by National Science Foundation Grant BCS0621543. The 
monkeys from which samples were obtained were supported 
in part by National Institutes of Health grant P40 RR019963/
OD010965 and all procedures used here followed Wake 
Forest IACUC guidelines (protocol A07-115).

References

Ayliffe, L. K., Cerling, T. E., Robinson, T., West, A. G., 
Sponheimer, M., Passey, B. H., Hammer, J., Roeder, B., 
Dearing, M. D. & Ehleringer, J. R. 2004: Turnover of 
carbon isotopes in tail hair and breath CO2 of horses fed 
an isotopically varied diet. — Oecologia 139: 11–22.

Balter, V., Simon, L., Fouillet, H. & Lécuyer, C. 2006: Box-
modeling of 15N/14N in mammals. — Oecologia 147: 
212–222.

Cerling, T. E. & Harris, J. M. 1999: Carbon isotope frac-
tionation between diet and bioapatite in ungulate mam-
mals and implications for ecological and paleoecological 

studies. — Oecologia 120: 347–363.
Cerling, T. E. & Viehl, K. 2004: Seasonal diet changes of the 

giant forest hog (Hylochoerus meinertzhagani Thomas) 
based on the carbon isotopic composition of hair. — 
African Journal of Ecology 42: 88–92.

Cerling, T. E., Wittemyer, G., Rasmussen, H. B., Vollrath, F., 
Cerling, C. E., Robinson, T. J. & Douglas-Hamilton, I. 
2006: Stable isotopes in elephant hair documents migra-
tion patterns and diet changes. — Proceedings of the 
National Academy of Sciences of the USA 103: 371–373.

Cerling, T. E., Omondi, P. & Macharia, A. N. 2007: Diets of 
Kenyan elephants from stable isotopes and the origin of 
conf﻿iscated ivory in Kenya. — African Journal of Ecol-
ogy 45: 614–623.

Cerling, T. E., Wittemyer, G., Ehleringer, J. R., Remien, C. 
H. & Douglas-Hamilton, I. 2009: History of animals 
using isotope records (HAIR): a 6-year dietary history 
of one family of African elephants. — Proceedings 
of the National Academy of Sciences of the USA 106: 
8093–8100.

Codron, D., Lee-Thorp, J. A., Sponheimer, M., de Ruiter, 
D. & Codron, J. 2006: Inter- and intrahabitat dietary 
variability of chacma baboons (Papio ursinus) in South 
African savannas based on fecal δ13C, δ15N, and %N. 
— American Journal of Physical Anthropology 129: 
204–214.

Codron, D., Lee-Thorp, J. A., Sponheimer, M., de Ruiter, D. 
& Codron, J. 2008: What insights can baboon feeding 
ecology provide for early hominin niche differentiation? 
— International Journal of Primatology 29: 757–772.

Crowley, B. E., Carter, M. L., Karpanty, S. M., Zihlman, A. 
L, Koch, P. L. & Dominy, N. J. 2010: Stable carbon and 
nitrogen isotope enrichment in primate tissues. — Oeco-
logia 164: 611–626.

Fairbanks, L. A., Blau, K. & Jorgensen, M. J. 2010: High-
fiber diet promotes weight loss and affects maternal 
behavior in vervet monkeys. — American Journal of 
Primatology 72: 234–241.

Florin, S. T., Felicetti, L. A. & Robbins, C. T. 2011: The bio-
logical basis for understanding and predicting dietary-
induced variation in nitrogen and sulphur isotope ratio 
discrimination. — Functional Ecology 25: 519–526.

Fogel, M. L., Tuross, N. & Owsley, D. W. 1989: Nitro-
gen isotope tracers of human lactation in modern and 
archaeological populations. — Ann. Rep. Director, 
Geophys. Lab., Carnegie Institution, Washington, D.C. 
1988–1989: 111–117.

Hedges, R. E. M. 2003: On bone collagen-apatite-carbonate 
isotopic relationships. — Int. J. Osteoarchaeol 13: 66–79.

Hobson, K. A. 1999: Tracing origins and migration of wild-
life using stable isotopes: a review. — Oecologia 120: 
314–326.

Hobson, K. A., Alisauskas, R. T. & Clark, R. G. 1993: 
Stable-nitrogen isotope enrichment in avian tissues due 
to fasting and nutritional stress: implications for isotopic 
analyses of diet. — Condor 95: 388–394.

Jorgensen, M. J., Rudel, L. L., Nudy, M., Kaplan, J. R., 
Clarkson, T. B., Pajewski, N. M. & Schnatz, P. F. 2012: 
25(OH)D3 and cardiovascular risk factors in female 
nonhuman primates. — Journal of Womens Health 



72	 Macharia et al.  •  Ann. ZOOL. Fennici  Vol. 51

(Larchmt) 21: 959–965.
Koch, P. L., Behrensmeyer, A. K. & Fogel, M. L. 1991: The 

isotopic ecology of plants and animals in Amboseli 
National Park, Kenya. — Ann. Rep. Dir., Geophys. Lab., 
Carnegie Inst. Washington 1991: 163–171.

Laudenslager, M. L., Jorgensen, M. J., Grzywa, R. & Fair-
banks, L. A. 2011: A novelty seeking phenotype is 
related to chronic hypothalamic-pituitary-adrenal activ-
ity reflected by hair cortisol. — Physiology Behavior 
104: 291–295.

Lee, T. N., Buck, C. L., Barnes, B. M. & O’Brien, D. M. 
2012: A test of alternative models for increased tissue 
nitrogen isotope ratios during fasting in hibernating 
arctic ground squirrels. — The Journal of Experimental 
Biology 215: 3354–3361.

Loudon, J. E., Sponheimer, M., Sauther, M. L. & Cuozzo, 
F. P. 2007: Intraspecific variation in hair δ13C and 
δ15N values of ring-tailed lemurs (Lemur catta) with 
known individual histories, behavior, and feeding ecol-
ogy. — American Journal of Physical Anthropology 
133: 978–985.

Miller, J. F., Millara, J. S. & Longstaffe, F. L. 2011: Stable 
nitrogen and carbon isotope discrimination between 
juveniles and adults in anincome-breeding small 
mammal (Peromyscus maniculatus). — Mammalian 
Biology 76: 563–569.

O’Connell, T. C., Hedges, R. E. M., Healey, M. A. & Simp-
son, A. H. R. W. 2001: Isotopic comparison of hair, 
nail and bone: modern analyses. — J. Archaeol Sci 28: 
1247–1255.

O’Regan, H. J., Chenery, C., Lamb, A. L., Stevens, R. E., 
Rook, L. & Elton, S. 2008: Modern macaque dietary het-
erogeneity assessed using stable isotope analysis of hair 
and bone. — Journal Human Evolution 55: 617–626.

Oelze, V. M., Fuller, B. T., Richards, M. P., Fruth, B., Sur-
beck, M., Hublina, J. J. & Hohmannd, G. 2011: Explor-
ing the contribution and significance of animal protein 
in the diet of bonobos by stable isotope ratio analysis 
of hair. — Proceedings of the National Academy of Sci-
ences of the USA 108: 9792–9797.

Poupin, N., Bos, C., Mariotti, F., Huneau, J-F., Tomé, D. 
& Fouillet, H. 2011: The nature of the dietary pro-
tein impacts the tissue-to-diet N discrimination fac-
tors in laboratory rats. — PLoS ONE 6(11): e28046. 
doi:10.1371/journal.pone.0028046.

Sare, D. T. J., Millar, J. S. & Longstaffe, F. J. 2005: Tracing 
dietary protein in red-backed voles (Clethrionomys gap-
peri) using stable isotopes of nitrogen and carbon. — 
Canadian Journal of Zoology 83: 717–725.

Schoeninger, M. J., Iwaniec, U. T. & Glander, K. 1997: 
Stable isotope ratios indicate diet and habitat use in 
New World monkeys. — American Journal of Physical 
Anthropology 103: 69–83.

Schoeninger, M. J., Iwaniec, U. T. & Nash, L. T. 1998: 
Ecological attributes recorded in stable isotope ratios 
of arboreal prosimian hair. — Oecologia 113: 222–230.

Schoeninger, M., Moore, J. & Sept, J. M. 1999: Subsistence 
strategies of two “savanna” chimpanzee populations: 

The stable isotope evidence. — American Journal of 
Physical Anthropology 49: 297–314.

Schwertl, M., Auerswald, K. & Schnyder, H. 2003: Recon-
struction of the isotopic history of animal diets by hair 
segmental analysis. — Rapid Communications in Mass 
Spectrometry 17: 1312–1318.

Smith, C. C., Morgan, M. E. & Pilbeam, D. 2010: Isotopic 
ecology and dietary profiles of Liberian chimpanzees. — 
Journal of Human Evolution 58: 43–55.

Sponheimer, M., Robinson, T. F., Roeder, B. L., Passey, 
B. H., Ayliffe, L. K., Cerling, T. E., Dearing, M. D. 
& Ehleringer, J. R. 2003a: An experimental study of 
nitrogen flux in llamas: is 14N preferentially excreted? — 
Journal of Archaeological Science 30: 1649–1655.

Sponheimer, M., Robinson, T. F., Ayliffe, L. K., Passey, B. 
H., Roeder, B. L., Shipley, L., Lopez, E., Cerling, T. E., 
Dearing, M. D. & Ehleringer, J. R. 2003b: An experi-
mental study of carbon-isotope fractionation between 
diet, hair, and feces of mammalian herbivores. — Cana-
dian Journal of Zoology 81: 871–876.

Sponheimer, M., Loudon, J. E., Codron, D., Howells, M. E., 
Pruetz, J. D., Codron, J., de Ruiter, D. J. & Lee-Thorp, 
J. A. 2006: Do “savanna” chimpanzees consume C4 
resources? — Journal of Human Evolution 51: 128–133.

Stegall, V. K., Farley, S. D., Rea, L. D., Pitcher, K. W., Rye, 
R. O., Kester, C. L., Stricker, C. A. & Bern, C. R. 2008: 
Discrimination of carbon and nitrogen isotopes from 
milk to serum and vibrissae in Alaska Steller sea lions 
(Eumetopias jubatus). — Canadian Journal of Zoology 
86: 17–23.

Tieszen, L. L. 1983: Fractionation and turnover of stable 
carbon isotopes in animal tissues: Implications for δ13C 
analysis of diet. — Oecologia (Berlin) 57: 32–37.

Tieszen, L. L. & Fagre, T. 1993: Effect of diet quality and 
composition on the isotopic composition of respiratory 
CO2, bone collagen, bioapatite, and soft tissues. — In: 
Lambert, J. B. & Grupe, G. (eds.), Prehistoric human 
bone: archaeology at the molecular level: 121–155. 
Springer-Verlag, Berlin.

Tsuji, Y., Kazahari, N., Kitahara, M. & Takatsuki, S. 2008: 
A more detailed seasonal division of the energy balance 
and the protein balance of Japanese macaques (Macaca 
fuscata) on Kinkazan Island, northern Japan. — Pri-
mates 49: 157–160.

Van der Merwe, N. J., Lee-Thorp, J. A. & Bell, R. H. V. 
1988: Carbon isotopes as indicators of elephant diets and 
African environments. — African Journal of Ecology 
26: 163–172.

Zazzo, A., Harrison, S. M., Bahar, B., Moloney, A. P., Mona-
ghan, F. J., Scrimgeour, C. M. & Schmittt, O. 2007: 
Experimental determination of dietary carbon turnover 
in bovine hair and hoof. — Canadian Journal of Zool-
ogy 85: 1239–1248.

Zazzo, A., Moloney, A. P., Monaghan, F. J., Scrimgeour, C. 
M. & Schmidt, O. 2008: Effect of age and food intake 
on dietary carbon turnover recorded in sheep wool. 
— Rapid Communications in Mass Spectrometry 22: 
2937–2945.

This article is also available at http://www.annzool.net/


