
Available online at www.sciencedirect.com
www.else vier.com/locate /gca 

Geochimic a et Cosmochim ica Acta 111 (2013) 88–104
Environmental, trophic, and ecological factors influencing
bone collagen d2H

Katarina Topalov a,⇑, Arndt Schimmelmann a, P. David Polly a, Peter E. Sauer a,
Mark Lowry b

a Departme nt of Geologic al Sciences, Indiana Univers ity, 1001 E 10th Street, Bloomington, IN 47405-1405, USA 
b Protected Resources Division, Southwes t Fisheries Science Center, National Marine Fisheries Service,

National Oceani c and Atmospher ic Administration , 3333 N. Torrey Pines Court, La Jolla, CA 92037, USA 

Availab le online 29 November 2012 
Abstract

Organic deuterium/hydrogen stable isotope ratios (i.e., 2H/1H, expressed as d2H value in &) in animal tissues are related to 
the 2H/1H in diet and ingested water. Bone collagen preserves the biochemical 2H/1H isotopic signal in the d2H value of col- 
lagen’s non-exchangeable hydrogen. Therefore, d2H preserved in bone collagen has the potential to constrain environmental 
and trophic conditions, which is of interest to researchers studying of both living and fossil vertebrates. Our data examine the 
relationship of d2H values of collagen with geographic variation in d2H of meteoric waters, with local variations in the ecology 
and trophic level of species, and with the transition from mother’s milk to adult diet. Based on 97 individuals from 22 marine 
and terrestrial vertebrates (predominately mammals), we found the relationships of collagen d2H to both geographic variation 
in meteoric water d2H (R2 = 0.55) and to d15N in bone collagen (R2 = 0.17) statistically significant but weaker than previously 
reported. The second strongest control on collagen d2H in our data is dietary, with nearly 50 percent of the variance in d2H
explained by trophic level (R2 = 0.47). Trophic level effects potentially confound the local meteoric signal if not held constant:
herbivores tend to have the lowest d2H values, omnivores have intermediate ones, and carnivores have the highest values.
Body size (most likely related to mass-specific metabolic rates) has a strong influence on collagen d2H (R2 = 0.30), by causing 
greater sensitivity in smaller animals to seasonal climate variations and/or high evapotranspiration leading to 2H-enrichment
in tissues. In marine mammals weaning produces a dramatic effect on collagen d2H with adult values being universally higher 
than pup values (R2 = 0.79). Interestingly, the shift in d15N at weaning is downward, even though normally hydrogen and 
nitrogen isotope ratios are positively correlated with one another in respect to trophic level. Our findings suggest that in car- 
nivores, which have an especially high variance in d2H, large samples are needed to separate signals from precipitation, tro- 
phic level, body size, and age. For d2H of fossil collagen to be useful as a proxy of environmental or dietary information, these 
confounding effects need to be understood, which means careful selection of a study species. Further, d2H from a single fossil 
bone collagen is likely to be uninterpretable.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION 

Bone collagen has one of the best potentials for preser- 
vation in the forensic, fossil and archeological records of 
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all proteinaceous compounds. The helical strands of colla- 
gen are encapsulated in a bioapatite mineral matrix and 
thus largely protected from microbial and chemical attack 
so long as the matrix remains unaltered (Collins et al.,
2002). Collagen can be preserved in bone for hundreds of 
thousands if not millions of years (Tuross et al., 1988;
Bocherens et al., 1999; Asara et al., 2007 ). Unlike other or- 
ganic compounds, collagen is relatively abundant in bone,
is easily extracted, and can offer a long-term record of the 
lives of humans and animals (Hedges and Law, 1989;
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Collins et al., 2002 ). Collagen has been studied in investiga- 
tions ranging from modern ecology and physiology to 
archeology and paleontology (DeNiro and Epstein, 1978,
1981; Chisholm et al., 1982; DeNiro and Weiner, 1988;
Ambrose and DeNiro, 1989; Hedges and Law, 1989; Hare 
et al., 1991; Leyden et al., 2006; Reynard and Hedges,
2008). Bone collagen is widely utilized in archeological re- 
search where it is far more frequently preserved than rela- 
tively unprotected keratin (i.e., the dominant protein in 
hair, feathers, and claws), the poly-amino-sugar chitin in 
arthropods, or even cellulose from vascular plants (Collins
et al., 2002; Lee-Thorp, 2008 ).

To properly interpret paleoenvironmental and paleoeco- 
logical information from fossilized collagen, we must first
establish a comparative baseline of variation in collagen-de- 
rived isotopic signatures and the factors that influence them 
using a variety of modern animals and their present ecology 
and environments. We can properly calibrate analytical 
proxies only in modern ecosystems where we have large 
samples and detailed knowledge of potential influencing
factors such as the isotopic characteristics of precipitation 
and diet. Living organisms build their tissues, including col- 
lagen, from metabolic synthesis and dietary intake, and 
they literally ‘become what they eat and drink’. Many bio- 
logical tissues undergo constant turnover and thus embody 
a time-integrated average of the isotopic signatures of their 
environment as sampled through their diet. The relatively 
slow biochemical turnover rate for bone collagen implies 
that it represents environmental and dietary conditions over 
an extended period before an animal’s death (Lee-Thorp,
2008; Tuross et al., 2008 ; and refs. therein). These processes 
tend to mix isotopic signals from potential influencing fac- 
tors, introducing variability that needs to be better under- 
stood in order for the isotopes to be useful as proxies for 
those factors.

The 2H/1H ratio of hydrogen’s two stable isotopes 1H
(protium) and 2H (deuterium), expressed here as d2H in 
& (Coplen, 2011 ), in bone collagen has considerable poten- 
tial as a proxy, but it remains understudied. Stable isotope 
ratios of carbon (13C/12C) and nitrogen (15N/14N) of bone 
collagen are now well-established tools for characterizing 
diets, trophic levels, and environments in the present and 
the paleontological past (Chisholm et al., 1982; Walker 
and DeNiro, 1986; Ambrose and DeNiro, 1989; Hare 
et al., 1991; Schwarcz, 2000; Walter and Leslie, 2009 ),
and hydrogen isotope ratios have similar potential. Recent 
analytical innovations make it possible to economically and 
reproducibly measure 2H/1H of polypeptides (details be- 
low). A strong H-isotopic relationship mimicking the rela- 
tionship in 18O/16O was first found between precipitation 
and plant tissues (Yapp and Epstein, 1982; Feng and Ep- 
stein, 1995 ), inspiring similar studies on animal tissues 
(e.g., Cormie et al., 1994a,b,c ). Hydrogen found in bird 
feathers proved to be an indicator of bird migration 
(Chamberlain et al., 1997; Hobson and Wassenaar, 1997 ).
Similarly, hydrogen from mammal hair was found to be a
recorder of human and mammoth migrations between re- 
gions with different H-isotopic signatures (Sharp et al.,
2003). Conflicting interpretations of 2H/1H values in colla- 
gen highlight the need for better understanding of the rela- 
tive influence of different factors on the ratio. For example,
a report by Cormie et al. (1994c) showed a correlation be- 
tween collagen 2H/1H in deer bones with the isotopic com- 
position of meteoric water, once relatively humidity was 
taken into account, but recent reports suggest that a strong 
signal is imprinted by trophic level (Hobson et al., 1999;
Reynard and Hedges, 2008; Topalov et al., 2009; Kirsanow 
and Tuross, 2011; Pietsch et al., 2011 ).

The model for how fractionation in precipitation is ex- 
pected to affect d2H is straightforward. The ultimate source 
of hydrogen in an animal’s tissues is either water ingested 
by the animal or the water taken up by the autotrophs at 
the bottom of the animal’s trophic chain. In terrestrial eco- 
systems, precipitation is the ultimate source of hydrogen for 
autotrophs, and the 2H/1H ratio in precipitation shows a
strong geographical pattern with lower d2H values observed 
in colder climates and at higher altitudes (Bowen et al.,
2005; van der Veer et al., 2009 ). The large mass difference
between the two isotopes (2H being about double the atom- 
ic mass of 1H) creates a strong fractionation effect and gen- 
erates an extremely wide natural range in d2H (Sessions
et al., 1999 ). The d2H of precipitation therefore changes 
predictably across North America and acts as a strong fac- 
tor influencing d2H values in organic hydrogen. The hydro- 
gen fixed by plants is passed to herbivores, omnivores and 
carnivores up the food chain. The biochemical pathways 
for hydrogen fractionation along the links of the food chain 
and the transfer/mixing of isotopic signals from drinking 
water and ingested food into d2H of collagen are insuffi-
ciently understood. Ehleringer et al.’s (2008) model of 
hydrogen incorporation from food and water into human 
hair keratin suggests that only 27% of the variance in ker- 
atin d2H is related to local drinking water. The authors fur- 
ther predict that the variance of d2H is related to the 
turnover rate of protein. Bone collagen’s slower synthesis 
rate relative to hair keratin corroborates a reduced isotopic 
role of drinking water for bone collagen.

Our study takes an empirical comparative approach to 
measure variability in d2H in several controlled data sets 
in which we can compare the relative strengths of meteoric 
d2H, trophic level, body mass, and ontogenetic changes in 
diet. We characterize hydrogen isotope ratios from the 
non-exhangeable portion of the collagen molecule (Sauer
et al., 2009 ), thus avoiding problems of post-mortem ex- 
change with environmental water. We applied this method 
to three data sets of North American mammals to isolate,
insofar as was possible, the potential controlling factors.
We analyzed several geographically distributed samples of 
deer (Fig. 1b and c) to examine the influence of meteoric 
values on d2H variation within a species. By focusing on 
adult deer, differences that might result from trophic level,
species-specific physiology, or ontogenetic changes in diet 
are mitigated. We also compared many different species at 
the same site to examine the influences of trophic level 
and metabolic rate (expressed through body mass) on var- 
iation in d2H. By limiting this data set to the same geo- 
graphic area, differences in meteoric d2H are controlled 
for. Finally, we looked at a sample of juvenile and adult 
California sea lions to determine the effect of the transition 
from a diet of maternal milk to an adult diet on d2H of col- 
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Fig. 1. (a) Geographic pattern of annual mean values of meteoric d2H in the United States shown in isopleths, with the arrow indicating the 
general trend in depletion of 2H. The sites where we obtained deer bone samples are shown. (b) d2H values from bone collagen of 14 adult deer 
plotted against d2H of the local mean annual precipitatio n. Expected annual range of variation in meteoric d2H at each site is shown in grey 
bars. Sample numbers are identified by species in Table 1. (c) Local d2H averages for deer collagen for the 14 deer samples plotted against d2H
of the local mean annual precipitation. Meteoric isotopi c data, includin g the expected annual ranges, from the Online Isotopes in Precipitation 
Calculator version 2.2 (www.waterisoto pes.org ).
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lagen. Because d2H values for sea water are nearly constant 
(d2H � 0&), all variations in marine mammal d2H must 
reflect effects of diet and metabolism, not variations in 
d2H values of environmental water. We used regression 
and analysis of variance to partition variation in d2H to 
measure the contribution of each factor to individual vari- 
ance using the three controlled data sets.

2. METHODS 

2.1. Sample collection 

Bone samples used in this study, all obtained from var- 
ious sources in the last five years, are listed in Table 1. One 
data set consists of deer from across the continental United 
States selected to assess the effects of geographic variation 
in d2H in meteoric water. Deer bones were obtained from 
hunters, the City of Bloomington Animal Care and Control 
in Indiana, and from the Joshua Tree National Park in Cal- 
ifornia (scientific collection permit #JOTR-2007-SCI-0015 
for study #JOTR-00097). Bones derived from fresh 
carcasses (all samples except those from California and 
Washington: #90, 91, 97 and 98) with only approximate 
information on the date of death. A second data set consists 
of a variety of vertebrate species all from southern Indiana 
in and near Bloomington designed to assess trophic differ-
ences in d2H from an area that receives the same d2H in pre- 
cipitation. The bones of wild terrestrial species were 

http://www.waterisotopes.org


Table 1
Listing of all samples and data used in this study. n.d. = not determi ned.

Samp le numbe r Trop hic gro up Speci es Loca tion Type of 
bone 

Age Hydro gen 
isotopi c
excha ngeabilit y
(%)

d2H
(&)
collage n

d2H (&)
wat er 
(meteoric 
or ocean 
wat er)

d15N
(&)
collage n

d13C
(&)
collagen 

Atomi c
C/N 
ratio 

Sp ecies or 
age group 
mas s
ave rage 
(kg)

1 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib Adult 20.8 78 0 18.9 �15.4 3.02 180 

2 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib Adult 23.0 108 0 17.9 �14.8 3.07 180 

3 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib (Sub-)adult 19.0 40 0 18.2 �14.3 2.97 180 

4 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib (Sub-)adult 19.7 41 0 16.6 �13.9 3.15 180 

5 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Tibia Juvenile 22.8 48 0 17.5 �14.1 2.97 80 

6 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Ilium Juvenile 24.2 61 0 16.7 �14.0 2.96 80 

7 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Ulna Pup 23.8 �65 0 19.7 �14.7 2.97 80 

8 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib Pup 20.2 �62 0 20.2 �14.2 3.02 80 

9 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Scapula Pup 19.6 �54 0 20.3 �14.5 3.15 80 

10 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Skull Pup 22.5 �46 0 19.5 �14.0 3.01 80 

11 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib Pup 20.2 �40 0 20.5 �15.9 3.00 80 

12 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib Pup 21.0 �34 0 21.0 �15.9 3.15 80 

13 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Radius Pup 22.2 �33 0 19.5 �14.3 3.21 80 

14 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Scapula Pup 23.2 �29 0 19.6 �15.2 2.65 80 

15 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib Pup 24.9 �70 0 20.0 �15.3 2.99 80 

16 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib Pup 21.7 �64 0 19.7 �14.5 2.96 80 

17 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Jaw Pup 23.3 �59 0 19.2 �15.1 2.93 80 

18 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Rib Pup 21.2 �57 0 18.3 �14.8 2.90 80 

19 Carn . Califor nia sea lion 
(Zaloph us califo rnian us )

San Nic olas 
Island, Calif .

Scapula Pup 19.9 �55 0 20.1 �15.1 3.41 80 

(continue d on next page )
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Table 1 (conti nued )

Sampl e
numbe r

Trophic group Species Locati on Ty pe of 
bo ne 

Age Hydroge n
isotopi c
exchang eability 
(%)

d2H
(&)
co llagen 

d2H (&)
water 
(meteoric 
or ocean 
water)

d15N
(&)
collage n

d13C
(&)
co llagen 

Atomic 
C/N 
ratio 

Spec ies or 
age gro up 
mas s
ave rage 
(kg)

20 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Rib Pup 20.2 �53 0 19.4 �15.1 3.01 80 

21 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Le g bone Pup 19.2 �39 0 19.8 �15.2 2.99 80 

22 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Sc apula Pup 22.1 �37 0 19.4 �14.9 2.98 80 

23 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Jaw Pup 18.7 �36 0 18.0 �16.5 3.01 80 

24 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Rib Pup 18.2 �36 0 20.1 �14.4 3.09 80 

25 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Sc apula Pup 20.1 �35 0 21.0 �15.9 2.95 80 

26 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Sc apula Pup 21.8 �34 0 18.8 �15.4 3.29 80 

27 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Sc apula Pup 22.6 �23 0 19.8 �15.0 2.84 80 

28 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Jaw Pup 21.8 �21 0 18.9 �14.9 3.03 80 

29 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Jaw Pup 22.9 32 0 19.2 �16.6 2.99 80 

30 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Sc apula Yearlin g 20.6 �37 0 21.3 �16.1 2.95 80 

31 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Metatars al Unkno wn 20.8 �9 0 19.9 �15.9 3.26 Unkn own 

32 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Rib Unkno wn 20.6 43 0 17.0 �14.3 2.90 Unkn own 

33 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Rib Unkno wn 20.1 57 0 16.7 �14.1 2.92 Unkn own 

34 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Uln a Unkno wn 22.9 66 0 16.4 �13.9 2.88 Unkn own 

35 Carn. Califor nia sea lion 
(Zaloph us califo rnianus )

San Nicola s
Island, Calif.

Rib Unkno wn 19.9 10 0 21.1 �8.4 2.87 Unkn own 

36 Carn. Evening bat (Nyc ticei us 

humeral is )
Bloomin gton,
Indiana 

Le g bone Unkno wn 19.0 104 �46 8.3 �21.7 2.96 0.01 

37 Carn. Evening bat (Nyc ticei us 

humeral is )
Bloomin gton,
Indiana 

Le g bone Unkno wn 19.4 103 �46 8.1 �21.6 2.96 0.01 

38 Carn. Northern short -tailed 
shrew (Blarina 

brevic auda )

Bloomin gton,
Indiana 

Le g bone Unkno wn 19.0 103 �46 8.9 �21.2 2.98 0.021 
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39 Carn . Northe rn sho rt-tailed 
shrew (Blarina 

brevic auda )

Bloo mingto n,
Indian a

Leg bone Unkno wn 22.9 �1 �46 7.7 �21.1 3.02 0.021 

40 Carn . Northe rn sho rt-tailed 
shrew (Blarina 

brevic auda )

Bloo mingto n,
Indian a

Leg bone Unkno wn 21.5 3 �46 9.3 �21.3 3.09 0.021 

41 Carn . Northe rn sho rt-tailed 
shrew (Blarina 

brevic auda )

Bloo mingto n,
Indian a

Leg bone Unkno wn 20.5 97 �46 8.4 �21.2 2.92 0.021 

42 Carn . Northe rn sho rt-tailed 
shrew (Blarina 

brevic auda )

Bloo mingto n,
Indian a

Leg bone Unkno wn 21.2 �60 �46 4.4 �21.4 3.00 0.021 

43 Carn . Northe rn sho rt-tailed 
shrew (Blarina 

brevic auda )

Bloo mingto n,
Indian a

Leg bone Unkno wn 20.2 �39 �46 4.3 �22.0 2.89 0.021 

44 Carn . Great horned owl (Bu bo 

virg inianus )
Bloo mingto n,
Indian a

Leg bone Unkno wn 20.8 �55 �46 8.6 �20.2 2.83 1.7 

45 Carn . Great horned owl (Bu bo 

virg inianus )
Bloo mingto n,
Indian a

Leg bone Unkno wn 19.3 �28 �46 9.8 �19.8 2.95 1.7 

46 Carn . Black rat sna ke 
(Pa ntheroph is obso leta )

Bloo mingto n,
Indian a

Vertebra Unkno wn 22.4 �41 �46 6.0 �16.7 n.d. 2.2 

47 Carn . Big brown bat (Eptesic us 

fuscu s)
Bloo mingto n,
Indian a

Leg bone Unkno wn 23.8 �16 �46 9.8 �19.4 2.88 0.24 

48 Carn . East ern screec h owl 
(Mega scops asio )

Bloo mingto n,
Indian a

Leg bone Unkno wn 22.0 �14 �46 9.0 �20.7 2.94 0.2 

49 Carn . East ern screec h owl 
(Mega scops asio )

Bloo mingto n,
Indian a

Leg bone Unkno wn 21.2 �8 �46 7.4 �21.4 3.04 0.2 

50 Om n. Box turtle (Te rrapene 

carolina )
Bloo mingto n,
Indian a

Leg bone Unkno wn 20.4 �61 �46 6.5 �22.6 2.84 0.7 

51 Om n. East ern chipm unk 
(Ta mias striatus )

Bloo mingto n,
Indian a

Leg bone Unkno wn 20.9 �39 �46 6.2 �21.4 n.d. 0.08 

52 Om n. East ern chipm unk 
(Ta mias striatus )

Bloo mingto n,
Indian a

Leg bone Unkno wn 21.4 �48 �46 4.5 �21.2 2.93 0.08 

53 Om n. East ern chipm unk 
(Ta mias striatus )

Bloo mingto n,
Indian a

Leg bone Unkno wn 20.3 �57 �46 4.8 �20.5 2.97 0.08 

54 Om n. East ern chipm unk 
(Ta mias striatus )

Bloo mingto n,
Indian a

Leg bone Unkno wn 21.2 �86 �46 2.9 �22.6 2.99 0.08 

55 Om n. East ern fox squirre l
(Sciuru s nige r)

Bloo mingto n,
Indian a

Leg bone Unkno wn 17.1 �76 �46 5.3 �21.7 3.02 0.57 

56 Om n. East ern fox squirre l
(Sciuru s nige r)

Bloo mingto n,
Indian a

Leg bone Unkno wn 20.8 �57 �46 5.4 �20.9 2.90 0.57 

57 Om n. East ern fox squirre l
(Sciuru s nige r)

Bloo mingto n,
Indian a

Leg bone Unkno wn 21.6 �61 �46 5.7 �21.4 2.97 0.57 

58 Om n. East ern fox squirre l
(Sciuru s nige r)

Bloo mingto n,
Indian a

Leg bone Unkno wn 22.0 �39 �46 6.1 �19.9 3.05 0.57 

59 Om n. East ern fox squirre l
(Sciuru s nige r)

Bloo mingto n,
Indian a

Leg bone Unkno wn 19.2 �74 �46 4.6 �21.3 2.91 0.57 

(continue d on next page )
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Table 1 (con tinued )

Samp le 
numbe r

Trop hic gro up Species Loca tion Type of 
bone 

Age Hydroge n
isotopi c
excha ngeabilit y
(%)

d2H
(&)
collagen 

d2H (&)
wat er 
(meteoric 
or ocean 
wat er)

d15N
(&)
collage n

d13C
(&)
collagen 

Atomic 
C/N 
ratio 

Spec ies or 
age gro up 
mas s
ave rage 
(kg)

60 Omn. East ern fox squirre l
(Sciuru s nige r)

Bloo mingto n,
Indian a

Leg bone Unkno wn 22.6 �51 �46 3.9 �20.4 2.88 0.57 

61 Omn. East ern fox squirre l
(Sciuru s nige r)

Bloo mingto n,
Indian a

Leg bone Unkno wn 20.3 �64 �46 4.5 �9.3 3.42 0.57 

62 Omn. East ern fox squirre l
(Sciuru s nige r)

Bloo mingto n,
Indian a

Leg bone Unkno wn 17.6 �62 �46 5.3 �21.5 3.27 0.57 

63 Omn. Euro pean starling 
(Stu rnus vulgaris )

Bloo mingto n,
Indian a

Leg bone Juvenile 20.6 �53 �46 6.6 �21.2 n.d. 0.077 

64 Omn. Euro pean starling 
(Stu rnus vulgaris )

Bloo mingto n,
Indian a

Leg bone Unkno wn 19.6 �84 �46 5.5 �17.0 n.d. 0.077 

65 Omn. Euro pean starling 
(Stu rnus vulgaris )

Bloo mingto n,
Indian a

Skull Unkno wn 19.9 �61 �46 5.6 �9.2 2.92 0.077 

66 Omn. Euro pean starling 
(Stu rnus vulgaris )

Bloo mingto n,
Indian a

Leg bone Unkno wn 19.6 �69 �46 5.3 �22.8 2.96 0.077 

67 Omn. Musk rat (Onda tra 

zibethic us )
Bloo mingto n,
Indian a

Leg bone adult 21.1 �93 �46 7.7 �24.9 2.89 1.7 

68 Omn. Musk rat (Onda tra 

zibethic us )
Bloo mingto n,
Indian a

Leg bone kit 21.8 �83 �46 7.6 �23.7 2.93 1.7 

69 Omn. Racco on (Pro cyon lot or ) Bloo mingto n,
Indian a

Leg bone Unkno wn 21.2 �38 �46 5.7 �19.7 2.90 7

70 Omn. Racco on (Pro cyon lot or ) Bloo mingto n,
Indian a

Leg bone Unkno wn 21.0 �31 �46 6.4 �20.1 3.06 7

71 Omn. Racco on (Pro cyon lot or ) Bloo mingto n,
Indian a

Leg bone Unkno wn 21.5 �50 �46 6.8 �18.7 2.86 7

72 Omn. Racco on (Pro cyon lot or ) Bloo mingto n,
Indian a

Leg bone Unkno wn 23.8 �92 �46 6.4 �7.9 3.15 7

73 Omn. Virgin ia opos sum 
(Dide lphis virginian a)

Bloo mingto n,
Indian a

Leg bone Unkno wn 21.1 �38 �46 6.5 �21.7 2.90 4

74 Omn. Virgin ia opos sum 
(Dide lphis virginian a)

Bloo mingto n,
Indian a

Teeth Unkno wn 25.8 �80 �46 7.3 �19.7 2.95 4

75 Omn. Virgin ia opos sum 
(Dide lphis virginian a)

Bloo mingto n,
Indian a

Leg bone Unkno wn 22.5 �48 �46 7.0 �19.4 2.83 4

76 Herb. White -footed mous e
(Perom yscu s leucopu s)

Bloo mingto n,
Indian a

Leg bone Unkno wn 20.1 4 �46 5.3 �22.7 3.15 0.02 

77 Herb. White -footed mous e
(Perom yscu s leucopu s)

Bloo mingto n,
Indian a

Leg bone Unkno wn 22.4 �60 �46 6.2 �22.2 3.10 0.02 

78 Herb. Domest ic cow (Bo s

taurus )
Rome ,
Indian a

Leg bone Unkno wn 22.8 �103 �46 5.1 �20.6 3.23 400 

79 Herb. Domest ic pig (Sus 

scrof a)
Rome ,
Indian a

Leg bone Unkno wn 22.8 �52 �46 4.5 �14.0 3.22 36 
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80 Herb. Domest ic she ep (Ovis 

aries )
Rome ,
Indian a

Le g bone Juvenile 21.4 �75 �46 5.0 �19.4 3.08 80 

81 Herb. East ern cotton tail 
(Sylvila gus floridanus )

Bloo mingto n,
Indian a

Le g bone Unkno wn 22.0 �80 �46 2.3 �24.1 2.92 1.17 

82 Herb. East ern cotton tail 
(Sylvila gus floridanus )

Bloo mingto n,
Indian a

Le g bone Unkno wn 20.7 �71 �46 2.8 �22.9 3.08 1.17 

83 Herb. East ern cotton tail 
(Sylvila gus floridanus )

Bloo mingto n,
Indian a

Le g bone Unkno wn 21.1 �64 �46 2.7 �21.8 2.96 1.17 

84 Herb. Grou ndhog (Marmota 

monax )
Bloo mingto n,
Indian a

Le g bone Unkno wn 20.9 �73 �46 6.7 �21.3 2.95 4.3 

85 Herb. White -tailed deer 
(Odocoileus virginian us)

Bloo mingto n,
Indian a

Le g bone Unkno wn 21.7 �73 �46 2.8 �24.0 2.85 75 

86 Herb. White -tailed deer 
(Odoc oileus virg inian us )

Bloo mingto n,
Indian a

Le g bone Unkno wn 22.1 �78 �46 3.2 �23.5 2.80 75 

87 Herb. White -tailed deer 
(Odoc oileus virg inian us )

Bloo mingto n,
Indian a

Rib bone Unkno wn 21.0 �71 �46 5.0 �25.0 2.86 75 

88 Herb. White -tailed deer 
(Odoc oileus virg inian us )

Bloo mingto n,
Indian a

Le g bone Unkno wn 21.0 �72 �46 4.6 �24.3 2.81 75 

89 Herb. White -tailed deer 
(Odoc oileus virg inian us )

Bloo mingto n,
Indian a

Vertebra Unkno wn 21.8 �68 �46 7.2 �21.4 2.96 75 

90 Herb. Mule deer (Odocoileus 
hemion us fuliginatu s)

Joshua Tre e
Natl. P., Calif.

Le g bone Unkno wn 20.4 �60 �70 4.3 �19.5 2.81 75 

91 Herb. Mule deer (Odocoileus 
hemion us fuliginatu s)

Joshua Tre e
Natl. P., Calif.

Vertebra Unkno wn 20.4 �44 �70 2.7 �22.7 2.87 75 

92 Herb. White -tailed deer 
(Odoc oileus virg inian us )

Gaine sville,
Florid a

Le g bone Unkno wn 20.9 �30 �25 3.5 �14.5 2.88 75 

93 Herb. White -tailed deer 
(Odoc oileus virg inian us )

Bangor,
Main e

Le g bone Unkno wn 20.8 �66 �72 2.9 �26.1 2.86 75 

94 Herb. White -tailed deer 
(Odoc oileus virg inian us )

St. Paul,
Minnes ota 

Le g bone Unkno wn 21.0 �56 �69 3.0 �10.1 2.93 75 

95 Herb. White -tailed deer 
(Odoc oileus virg inian us )

St. Paul,
Minnes ota 

Le g bone Unkno wn 21.5 �62 �69 1.5 �13.5 2.74 75 

96 Herb. White -tailed deer 
(Odoc oileus virg inian us )

Brack etville,
Texas 

Le g bone Unkno wn 21.1 �30 �34 4.8 �9.7 3.06 75 

97 Herb. Black -tail de er 
(Odoc oileus hem ionus )

San Juan Isl.,
Wash ington 

Le g bone Unkno wn 20.3 �66 �79 4.3 �24.3 2.94 75 

98 Herb. Black -tail de er 
(Odoc oileus hem ionus )

San Juan Isl.,
Wash ington 

Sk ull Unkno wn 21.1 �77 �79 5.0 �24.7 2.93 75 
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obtained from the City of Bloomington Animal Care and 
Control, from the ornithology tissue collection in the 
Department of Biology at Indiana University, and from 
road kill collected by the authors. Domesticated cow, pig 
and sheep bones came from the Fiedler Family Farms 
(Rome, Indiana, 160 km south of Bloomington), that spe- 
cializes in free-range animals. Animals at this farm are 
fed on local pastures, supplemented with locally raised 
corn, therefore ensuring that their diet is also derived from 
autotrophs grown using local meteoric water. The average 
meteoric waters around Rome and Bloomington differ by 
less than 5&. A third data set consists of marine mammal 
bones selected to assess the effects of dietary changes asso- 
ciated with weaning on d2H. Marine mammal bones were 
obtained from carcasses collected by National Marine Fish- 
eries Service personnel on San Nicolas Island off California.
For all data sets, collagen samples were prepared from the 
femur or tibia, with occasional use of pelvis, mandible, or 
ribs. The collagen from several limb bones was combined 
for the smallest species (e.g., bats, shrews, and mice). Colla- 
gen from different types of bone (e.g., mandible and femur)
were never mixed, but rather processed and analyzed and 
cataloged separately, being assigned a unique collection 
number. For example, one sample of opossum tooth den- 
tine (sample 74, Table 1) was analyzed for comparison with 
bone collagen from the same individual (sample #75,
Table 1).

2.2. Preparation of collagen from bone 

Collagen samples were prepared by adapting the meth- 
ods of DeNiro and Weiner (1988) and Tuross et al.
(1988). Our experimental protocol is shown in Fig. 2. Bone 
samples were cleaned mechanically, rinsed in an ultrasonic 
water bath, air dried, crushed to a fine powder in a ball mill,
demineralized in 1 N hydrochloric acid, and washed to neu- 
tral pH. After drying, lipids were extracted by repeated 
soaking and flushing with dichloromethane, followed by 
evaporation of the solvent. Dentine was prepared from 
Fig. 2. Flow-chart of bone collagen preparation and 
measureme nts.
crushed tooth material in the same fashion as collagen from 
bone. Our methods are adequate for the processing of mod- 
ern bones, whereas fossil bones with diagenetically weak- 
ened collagen may require a different preparation.

2.3. Elemental and isotopic analyses 

Approximately 20% of hydrogen atoms in collagen are 
isotopically labile in the presence of water hydrogen. They 
represent the pool of exchangeable hydrogen and do not 
preserve the original stable hydrogen isotopic values from 
the time of collagen biosynthesis (Schimmelmann, 1991 ).
We are interested in collagen’s non-exchangeable organic 
hydrogen, which is firmly bonded to carbon and can pre- 
serve environmental, trophic and metabolic information 
from the time before an animal’s death. We compensated 
for the influence of exchangeable hydrogen by controlled 
isotopic equilibration of collagen in standard water vapors 
prior to isotopic analysis. Aliquots of collagen (0.3–0.4 mg)
were placed in silver capsules and equilibrated in water va- 
por in a flow-through chamber system (Sauer et al., 2009 ).
Equilibrations of two aliquots of each collagen with isoto- 
pically different 115 �C water vapors form the basis of 
mass-balance calculations of the d2H value of non- 
exchangeable hydrogen and the percent of exchangeable 
hydrogen in total hydrogen, Hex (Schimmelmann et al.,
1999). Collagen d2H data acquired via reductive thermal 
conversion elemental analyzer – isotope ratio mass spec- 
trometry (TC/EA-IRMS) were compared with collagen 
d13C and d15N values determined via oxidative elemental 
analysis – isotope ratio mass spectrometry (EA-IRMS).
Stable isotope ratios were converted to conventional d-val-
ues along isotopic scales that were anchored to VSMOW,
VPDB, and Air. For calibration we used primary reference 
materials VSMOW, SLAP, NBS19, L-SVEC, IAEA-N-1,
and IAEA-N-2, in addition to organic isotopic reference 
materials nC36 alkane, coumarin, and acetanilides devel- 
oped at Indiana University (http://mypage.iu.edu/~aschi-
mme/hc.html). Analytical precision (1r) is generally better 
than ±3& for d2H, ±0.1& for d13C, and ±0.2 for d15N.
We routinely evaluated the extent of bone diagenesis by 
atomic C/N ratios (DeNiro, 1985 ) and Hex. All bone colla- 
gen samples with atomic C/N ratios outside of the range 
2.9–3.6 (DeNiro, 1985 ) were considered diagenetically al- 
tered and were excluded from this study. Unusually low 
Hex values below the acceptable range of 17.1–25.8% were 
additional evidence for diagenetic alteration. Alternative 
methods of equilibrating collagen at lower temperatures 
are less rigorous in their attempt to account for potentially 
exchangeable hydrogen and thus arrive at somewhat differ-
ent Hex and d2H values.

3. RESULTS 

Three groups of samples address specific factors that 
influence the d2H values of bone collagen: (a) deer from 
various locations in the United States to test for the influ-
ence of meteoric water, (b) vertebrates from southern Indi- 
ana in and near Bloomington, to test for the influence of 
body size, biomass turnover rate, and trophic influence,

http://mypage.iu.edu/~aschimme/hc.html
http://mypage.iu.edu/~aschimme/hc.html
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and (c) California sea lions from San Nicolas Island off Cal- 
ifornia to test for the influence of weaning in mammals. All 
d2H values of bone collagen are accompanied by d13C and 
d15N values, trophic group, age group, location, type of 
bone, and accessory information (Table 1). Stable carbon 
isotope ratios in bone collagen have been reported to show 
a similar trophic trend as d15N (DeNiro and Epstein, 1978;
Rau, 1982; Tieszen et al., 1983; Schoeninger and DeNiro,
1984; Lee-Thorp et al., 1989 ). However, none of our data- 
sets showed any significant correlation between d13C and 
either d2H or d15N. The analyzed material was bone colla- 
gen, except for one tooth dentine sample (opossum, #74 in 
Table 1) that was analyzed in comparison with the respec- 
tive bone collagen (#75 Table 1) from the same individual.

3.1. Evidence for influence of meteoric water 

We measured d2H in bone collagen from white-tailed 
deer, mule deer, and black-tailed deer (a mule deer subspe- 
cies) from locations across the contiguous United States 
(Fig. 1a) and compared the data with the expected local 
precipitation d2H values obtained through the Online Iso- 
topes in Precipitation Calculator version 2.2 (www.water-
isotopes.org). The individual collagen d2H values deviated 
up to +37 & from the local annual precipitation values 
(Fig. 1b). A linear regression with a low squared coefficient
of determination (R2 = 0.13, Fig. 1b) suggests that only a
little more than one tenth of variation in collagen d2H
among individual animals can be attributed to the geo- 
graphic differences in d2H of precipitation. The effect of 
meteoric d2H on population means is substantially stron- 
ger, with a little more than half the geographic variation 
in mean collagen values associated with meteoric d2H
(R2 = 0.53, Fig. 1c).

3.2. Evidence for influence of body size and biomass turnover 

rate

Bones from vertebrate species in and near the Blooming- 
ton, Indiana area, where average annual precipitation d2H
is �47&, were compared to examine effects other than var- 
iation in meteoric d2H. Collagen d2H values in these species 
ranged from �103& to +104 & (Fig. 3). The samples were 
classified into three trophic groups: herbivore, omnivore,
and carnivore (Table 1). When plotted against body mass,
d2H values of bone collagen show statistically significant
2H-enrichment in smaller animals with nearly one third of 
the individual variance explainable by body mass 
(R2 = 0.30; Fig. 3).

Body mass and basal metabolic rate are strongly corre- 
lated (White and Seymour, 2003 ), and basal metabolic rate 
places a strong constraint on diet and therefore trophic le- 
vel. Smaller homeotherms have increased mass-specific met- 
abolic rate, and therefore a higher biomass turnover, than 
larger ones. Diet tends to be correlated with body mass be- 
cause small species with high mass-specific metabolic rates 
require calorie-rich diets, such as insects, seeds, and meats,
whereas large species with lower mass-specific metabolic 
rates can specialize in calorie-poor diets such as leaves 
and grass (McNab, 1986 ). Consequently, body mass, tro- 
phic category, and d2H should be inter-correlated: small 
animals tend to be carnivores with high d2H values,
whereas the large animals are herbivores with low d2H
values.

3.3. Evidence for trophic influence from ingested food 

We used the same southern Indiana samples to look at 
the effects of trophic level. The sample area includes 6 car- 
nivorous species (14 individuals), 7 omnivorous species (25
individuals), and 7 herbivorous species (14 individuals). The 
taxonomic composition of these samples includes mam- 
mals, birds, and reptiles. Most species are wild, but some 
herbivore samples were domestic animals from local free- 
range farms, where all supplemental food consists of locally 
produced crops (thus the dietary sources of these animals 
are also derived from autotrophs relying on the same local 
meteoric d2H). The d2H and d15N values of each individual 
from southern Indiana are plotted in Fig. 4a, with numbers 
of individuals per species varying from one to eight. The 
within-species variation of d2H seems to increase from her- 
bivores to omnivores to carnivores, though these samples 
are too small to reliably estimate variance. The same trend 
is not observed in d15N values. The range of variation in 
d15N is approximately equal in each trophic group, but 
the range of d2H increases from herbivores (range 12 &),
to omnivores (range 18 &), to carnivores (range 62 & for
all carnivores and 12 & for carnivores without shrews and 
evening bats). In fact, hydrogen and nitrogen are only 
weakly related: only seventeen percent of individual vari- 
ance in d2H could be explained by d15N (R2 = 0.17;
Fig. 4a).

Despite the weak correlation between d2H and d15N,
collagen d2H has a significant association with trophic level.
Based on ANOVA, nearly half of individual variance in 
d2H can be explained by trophic level (R2 = 0.47,
F = 39.28, P = 0.02). Most of this pattern is driven by 
strong separation of carnivores from the other two groups.

http://www.waterisotopes.org
http://www.waterisotopes.org


-80

-40

0

40

80

120

16 18 20 22

adult, subadult 
pup, yearling 
unknown age 

California Sea Lions

   N (per mil)15

   
H

 (p
er

 m
il)

2

2

1

34
33

29

35

332

18

23

28
31

5

6

4

26
2714

13
22

17
20
10

15
8

919
11

24

21

7
16

30
12

25

Fig. 5. d2H vs. d15N of bone collagen for different age classes in a
California sea lion population from San Nicolas Island, California .

   
H

 o
f 

co
lla

ge
n 

fr
om

 s
ou

th
er

n 
In

di
an

a 
(p

er
 m

il)
  

2

-100

-50

50

0

100

n = 14

n = 25
n = 12

a

b
Carnivorous species
Omnivorous species
Herbivorous species

Bone collagen from 
    southern Indiana

 Carnivores Omnivores Herbivores

81

83

82
85

54

60

78

43

76

72 67

68
74

49

39

38

41

3637

40

48
47

45

44

70

73 75

71

69
56

62
53

52
79

42
61
5988

89
84

64

66
5580

87 50
63

77
57
46

5851

86

65

Carnivores
Omnivores

Virginia
opossum
(omnivore)Herbivores

Mice

    Collagen from southern Indiana
  from bone:           from dentine:

(R² = 0.29)
y = 13.91x - 127

4 6 8 102
N (per mil)15

-100

-50

50

0

100

Fig. 4. Collagen d2H vs. d15N values from southern Indiana in and 
near Bloomingto n. (a) Individu al bone collagen d2H vs. d15N
values for 53 bone collagen samples and one dentine collagen.
Sample numbers are identified in Table 1. The linear regression 
includes all collagens . (b) Bone collagen d2H values for individuals 
separated into the three main trophic groups. Error bars indicate 
one standard deviation from the mean for the trophic group.
Sample size for each trophic level is indicated in parentheses .

98 K. Topalov et al. / Geochimica et Cosmoch imica Acta 111 (2013) 88–104
Post-hoc, Bonferroni-corrected ANOVA tests show that 
there is no significant difference in the d2H of omnivores 
and herbivores, even though they both differ significantly
from carnivores.

3.4. Evidence for influence of weaning in mammals 

A sample of California sea lions from San Nicolas Is- 
land, California was used to study the effects on d2H of 
the dietary transition between mother’s milk and adult 
food. The individuals were, when possible, categorized into 
four age classes: pup, yearling, subadult and adult. The 
relationship of d2H versus d15N for bone collagen from dif- 
ferent age classes of sea lions is shown in Fig. 5. Marine 
mammals live in well-mixed sea water with a very limited 
range of d2H values that eliminates the influence of seasonal 
isotopic changes in ambient water. Both d2H and d15N val- 
ues differentiate between two main age groups ‘pup to year- 
ling’ and ‘subadult to adult’. With the exception of one 
outlier (sample #29) the d2H range of ‘pup to yearling’ from 
�70& to �21& does not overlap with the range of ‘suba- 
dult to adult’ from +40 & to +110 &. There is considerable 
overlap in the d15N values between the two age categories 
where ‘pup to yearling’ ranges from +18 & to +21 & and
‘subadult to adult’ from +16.8 & to +19 &. The nesting 
of three of the four samples of unknown ages within the 
two age categories can potentially be used to assign ages.
Nearly 80 percent of the variance in collagen d2H in sea 
lions is explained by pre-weaning versus post-weaning 
changes (R2 = 0.79).

4. DISCUSSION 

4.1. Influence of meteoric water 

We investigated the isotopic influence of meteoric water 
on bone collagen by focusing on a single herbivore, deer,
across the continental United States where we sampled 
from a wide range of precipitation regimes. We found that 
13% of the individual (within-species) variance in d2H in 
our deer samples could be explained by geographic variance 
in meteoric d2H (R2 = 0.13). Bloomington deer samples as a
group have lower than expected d2H of collagen relative to 
d2H of precipitation. The five Bloomington deer had been 
collected fresh within a few kilometers within Bloomington 
city limits over the period of a few years and express a nar- 
row 10 & range of d2H values (Fig. 1b). The reproducibility 
of Bloomington deer d2H data gives no justification for 
their removal from the dataset. Our data show fairly strong 
within-population variation in d2H, and the non-meteoric 
component of variance in population means (i.e., the vari- 
ance that was not explained by annual mean d2H in precip- 
itation) accounts for 45% of the variance among our deer 
samples.

All of our d2H collagen values fell within the expected 
annual range, except one from Joshua Tree National Park 
in southern California (Fig. 1b). The Bloomington deer as 
a group, however, fell strongly below the expected mean 
precipitation value from Bowen and Revenaugh (2003).
The low collagen values are not due to overprediction of 
the expected precipitation mean, however, because values 
of d2H in local water sources are similar. The mean annual 
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d2H value for precipitation in Bloomington predicted by the 
OIPC (�47 ± 5&) agrees very well with observations of 
groundwater-fed streams and lakes in Southern Indiana,
with d2H values of �38 to �50 for rivers in Southern Indi- 
ana (Coplen and Kendall, 2000; Kendall and Coplen,
2001), �46& for the White River in Indianapolis, �45&

for Lake Monroe (unpub. data), and �42 to �47& for dis- 
charge from karst aquifers in Bloomington (Lakey and 
Krothe, 1996; Talarovich and Krothe, 1998 ).

The intraspecific variation in deer could arise from sev- 
eral sources, including local and seasonal residual variation 
in meteoric d2H around the annual mean. Deer live for 
many years, sometimes exceeding 20 years, though the 
mean life expectancy is 2–3 years (Smith, 1991 ). Bone 
growth and collagen turnover during that time may incor- 
porate seasonal and interannual variation in d2H from sea- 
sonally varying food and water. Little is known about rates 
of collagen turnover in most species. The extent to which a
bone from a long-lived species represents an isotopic aver- 
age over the entire duration of its life (and its lifetime geo- 
graphic range) or a much shorter average over the months 
or years before its death is unknown. Deer are predomi- 
nantly herbivorous and the pathway for hydrogen from 
meteoric water to plant biomass and animal tissue is shorter 
for herbivores than for any other trophic group. Most deer 
rely on natural local food resources, but the precise plant 
diet varies from individual to individual and from region 
to region (as it does in any species) so the contribution of 
dietary variation among individuals in our sample is un- 
known. Seasonally biased plant growth in some geographic 
areas utilizes meteoric water that is isotopically different
from mean annual precipitation, thus relating uneven deer 
food availability to uneven isotopic food uptake by deer.
Deer may have dietary (seasonal) preferences targeting bio- 
mass from plant species with contrasting H-isotopic frac- 
tionation during photosynthetic conversion of meteoric 
water to organic hydrogen (Yakir, 1992; Hayes, 2001; Chi- 
karaishi et al., 2004 ). Animal evapotranspiration, especially 
in warmer climates and seasons, may fractionate remaining 
body water. Age- and gender-induced dietary differences,
life stages of bone growth, and stress-induced changes in 
metabolism (e.g., caused by starvation and disease) may 
cause further variance. More 2H-depleted collagen in 
Bloomington deer may be partially due to the urban envi- 
ronment, while deer from other locations originated from 
a National Park or rural areas. Animals living in human- 
populated environments have better access to fruit trees,
vegetable gardens and backyards with plants that sprout 
earlier and die back later in the season, thus utilizing more 
of the annual precipitation than the native deer food plants 
do. They may also have access to bird feeders and deer arti- 
ficial feeding sites containing seeds from regions with differ-
ent H-isotopic signatures.

Our data are not adequate to partition variance in d2H
among any of the aforementioned sources, but they do indi- 
cate that individual variation is nearly as great as variation 
related to mean annual values of d2H in precipitation. Be- 
cause of this, studies that aim to use d2H from collagen 
to estimate d2H in precipitation should use bone from sev- 
eral individuals and average the isotopic values, even when 
the study is based on a single species. Our recommendation 
is supported by a previous study of d2H values of deer bone 
collagen in the USA by Cormie et al. (1994c). The authors 
removed within-species variation by averaging d2H from 
the deer at each of their sites, and then compared average 
d2H from collagen with average d2H from precipitation.
They found that more than 92 percent of variance in aver- 
age collagen values could be explained by variation in mean 
precipitation values (R2 = 0.92), and an even stronger rela- 
tionship after taking into account relative humidity 
(R2 = 0.94). Note that the correlation that we found be- 
tween meteoric d2H and the mean local value of d2H in deer 
collagen was substantially lower (R2 = 0.55), suggesting 
that large samples are needed to accurately estimate the lo- 
cal mean of collagen d2H. We anticipate that hydrogen iso- 
topes will only be useful for archeological, paleoecological,
and paleoclimate research in situations where large num- 
bers of fossils (c.f., >3) of the same species from the same 
site are available for isotopic work. However, the example 
of five Bloomington deer demonstrates that even a larger 
number of samples cannot exclude an isotopic mismatch 
with local environmental d2H.

4.2. Body mass 

The isotopic character of precipitation within the rela- 
tively small geographic extent of the Bloomington area 
and southern Indiana is essentially homogeneous. Our 
d2H dataset of bone collagens from a variety of faunal spe- 
cies from Bloomington is thus suited to evaluate factors 
other than precipitation that influence d2H of bone collagen 
(Figs. 3 and 4). We examined the relationship of body mass 
to d2H of bone collagens, and additionally distinguished be- 
tween trophic groups, namely herbivores, omnivores, and 
carnivores (Fig. 3). Linear regression suggests that, within 
the range of 10 g for shrews to 400 kg for cows, the average 
body mass of individual species accounts for about 30% of 
the d2H bone collagen variability in southern Indiana sam- 
ples. However, it seems that the correlation is driven mainly 
by the shrew population in carnivores and does not extend 
to herbivores or omnivores. This study’s six shrew d2H val- 
ues express a large range of 68 &, whereas five deer in the 
same area vary by only 10 &, and three cottontails by 
16&. A high metabolic rate, large surface/volume ratio,
and faster biomass turnover are known to occur in smaller 
animals (e.g., bats, shrews) that typically have a short life 
span and are carnivorous to afford high energy throughput.
In contrast, species with slower metabolism tend to be lar- 
ger, live longer, and have lower evapotranspiration rates 
due to decreased surface/volume ratio (e.g., cows, sheep).
An important characteristic of short-lived, smaller animals 
is that they are more prone to express the isotopic seasonal 
variability of climate while larger animals can typically 
maintain steady metabolic rates and their biomass is isoto- 
pically less affected by seasonal changes (Bryant and Froe- 
lich, 1995 ). The increase in d2H is due to 2H-enrichment up 
the trophic chain and increased metabolic activity. The 
body mass plays an indirect role by limiting metabolic rates 
and dietary patterns. Small animals express a high metabo- 
lism and belong to obligatory or opportunistic carnivores.
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We propose that the average body mass serves mainly as a
proxy for metabolic rate, which is considered a primary dri- 
ver for the observed isotopic relationships. Thus, herbivores 
with low metabolic rates tend to have low d2H values, car- 
nivores with higher metabolic rates have high d2H values.
Our research places omnivores in between the two, though 
closer to herbivores, similar to the findings of Reynard and 
Hedges (2008).

4.3. Comparison of d2H and d15N values as trophic level 

indicators

15N/14N in animal biomass was found to increase with 
trophic level due to the preferential excretion of 15N-de-
pleted waste products (DeNiro and Epstein, 1981; Rau,
1982; Minagawa and Wada, 1984 ). Moreover, nitrogen sta- 
ble isotope ratios in soils, plants and animals are also indi- 
rectly related to precipitation and atmospheric relative 
humidity (Heaton, 1987; Ambrose, 1991; Handley et al.,
1999; Pate and Anson, 2007 ). Similar environmental condi- 
tions affecting both d15N and d2H values prompted compar- 
ative H and N-isotopic research (Birchall et al., 2005 ).
Reynard and Hedges (2008) suggested that d2H values of 
bone collagens, along with d15N values, may serve as prox- 
ies for trophic level. Their dataset consisted of archeological 
bone material of humans and animal species that likely had 
been used in the humans’ diet. Individual d2H data of each 
species were averaged and, with the exception of the only 
marine mammal sample, demonstrated a strong correlation 
with average d2H of precipitation during the growing sea- 
son (R2 = 0.92).

Our southern Indiana samples confirm that there is a
correlation between d2H and d15N, but with considerable 
individual variation complicating the pattern. With increas- 
ing trophic level, the d15N values from southern Indiana 
collagens increase strongly as expected, while maintaining 
an isotopic range of about ±3& for each trophic group 
(Fig. 4a). This contrasts with d2H where (i) herbivores 
and omnivores are plotting similarly within overlapping 
ranges of 62 & and 106 &, respectively, (ii) d2H values of 
carnivores cover the largest range of 160 & and include 
strongly elevated d2H values, and (iii) the d2H variance 
within each trophic group increases in the sequence from 
herbivores (12&), to omnivores (18&) to carnivores 
(63&). Our dataset does not allow us to determine how 
much of the 2H-enrichment in carnivores is caused by tro- 
phic level effects and how much results from high metabo- 
lism. The resulting association between mean trophic values 
of d2H and d15N is as strong as the one found by Reynard
and Hedges (2008), but when within-species variation is ta- 
ken into account the relationship becomes substantially 
weaker (R2 = 0.17; Fig. 4a). Birchall et al. (2005) analyzed
modern vertebrate samples and found a strong correlation 
between bone collagen d2H and trophic level. Their study 
also documented complete overlapping ranges of collagen 
d2H between herbivores and omnivores with significant
2H-enrichment in carnivores. In contrast with our results,
the range of d2H of carnivores in their study did not overlap 
with lower trophic levels, suggesting collagen d2H could 
reliably predict carnivory. Nevertheless, our results showed 
that carnivores were significantly different in their collagen 
d2H values from the other two trophic categories, and that 
trophic category explains nearly half the variance in colla- 
gen d2H in our southern Indiana data set (R2 = 0.47).

Certain species exhibit much larger variation in d2H
than others, which may be rooted in the different life histo- 
ries and dietary habits. Large herbivores (e.g., deer, cow)
obtain water year-round from their environment reflecting
annual averages of local water sources. Coupled with a
multiple-year growing period to adulthood, these factors 
average out short-term variations in d2H that occur at sea- 
sonal and shorter time scales. In contrast, the exposure of 
short-lived shrews to meteoric water is seasonally biased 
and may correlate poorly to the annual average d2H of pre- 
cipitation and resulting food sources (Fig. 4a and b). The 
Eastern short-tailed shrew can live up to two years, but 
approximately 80% of the young will not live to the winter,
implying a life expectancy of just a few months (Mumford
and Whitaker, 1982 ). Shrews’ juvenile bone collagen d2H
will therefore be in response to summer to fall hydrological 
and ecological conditions rather than reflecting annual 
average conditions. The 20% of shrews that live past a
few months will live to the next year or even two and thus 
isotopically record a more annually averaged signal of envi- 
ronmental conditions. Moreover, in our dataset these ani- 
mals seem to populate two distinct groups of d2H values,
four shrews ranging from �60 to +3 & and the last two 
individuals +100 ± 3&. There is an evident lack of shrew 
(and other carnivore) d2H values between 0& and
+100&, which is unlikely caused by low sampling numbers 
or the exposure to sub-annual precipitation averages. The 
bimodal distribution could be rooted in switching from 
mother’s milk (rich in lipids with low d2H) to adult food,
i.e., weaning, as in our marine mammal data. The lack of 
reliable age data for our terrestrial carnivores precludes 
testing of this hypothesis, but a similar bimodal distribution 
of d2H values from negative to +100 & was observed in a
larger set of data in marine mammals (next Section 4.4).

Particular carnivorous taxa are strongly differentiated.
For example, d2H values of two bat species in our study dif- 
fer by 120 & as a result of differences in their ecologies. The 
evening bats caught in Bloomington (#36, #37) represent a
migratory species that spends May through October in the 
Great Lakes region and the rest of the year in the southeast- 
ern US (Watkins, 1969 ). Their stable isotope signatures 
may relate to a mixed signal from their migration route 
(Hobson and Wassenaar, 1997 ). Unlike the migratory even- 
ing bat, the big brown bat (#47) is not a migratory species 
(Mumford and Whitaker, 1982 ) and therefore shows d2H
values closer to those of other species in the Bloomington 
ecosystem (Fig. 4a). However, the big brown bat is not an 
obligatory carnivore and supplements its diet with plant 
food. One of the two white-footed mice expressed a d2H va- 
lue (#76) that did not fit the expected range for herbivores 
of southern Indiana most likely because the mouse came 
from within the Bloomington city limits and therefore 
was likely to have exposure to human food, which could 
easily bear isotopic signals from other parts of the world.
The Bloomington dataset contains one dentine sample 
(#74) from the same opossum individual as bone collagen 
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sample (#75). The dentine shows a 32 & lower d2H value 
than the respective bone collagen (Figs. 3 and 4a). This 
was expected since the two proteins have different biosyn- 
thetic pathways, whereby dentine’s biosynthesis mainly re- 
lies on carbohydrates and bone collagen is synthesized 
predominantly from dietary proteins (Lee-Thorp et al.,
1989). In contrast to carnivores, the omnivores and herbi- 
vores in our data set are not well differentiated in d2H. They 
demonstrate overlapping ranges and show less variance.

Based on our results and those of others, it seems likely 
that hydrogen isotopes are progressively fractionated up 
the food chain. Amino acid synthesis in heterotrophs pri- 
marily relies on dietary protein rather than lipids or carbo- 
hydrates (Schwarcz, 2000 ), and thus the isotopic 
composition of the resulting new collagen is related more 
to dietary protein rather than to bulk diet. Newly generated 
amino acids in heterotrophs are enriched in 13C and 15N rel- 
ative to bulk diet (Howland et al., 2003 ). Carnivores rely on 
a protein-rich diet and produce new biomass primarily from 
dietary amino acids, although the enzymes required for de

novo amino acid synthesis are present (Gannes et al.,
1998). Enrichment in 13C and 15N with increasing trophic 
level in bone collagen has been documented extensively.
Similarly, trophic 2H-enrichment has been found in chitin 
(i.e., an aminosugar-based biopolymer found in arthropod 
exoskeletons; Schimmelmann and DeNiro, 1986 ). More re- 
cently, a systematic increase in d2H values of vertebrate 
bone collagen with higher trophic level has been docu- 
mented (Birchall et al., 2005; Reynard and Hedges, 2008;
Topalov et al., 2009 ). A recent study by Pietsch et al.
(2011) focused on d2H values in hair keratin of two preda- 
tor cat species and their prey. The study found a low corre- 
lation between d2H in river waters and keratin d2H and also 
a weak correlation between keratin d2H of the carnivores 
versus collagen and keratin d2H of their herbivorous prey.
At the same time, the two herbivorous species in the study 
expressed a linear correlation with precipitation. No tro- 
phic 2H-enrichment was observed in carnivores. The 
authors suggested that food metabolic pathways unique 
to carnivores are responsible for d2H signals in carnivore 
tissues. Our data support this interpretation, and suggest 
that the interpretation of d2H values in bone collagens from 
animals at higher trophic levels will be more challenging 
than for herbivores. The food-chain effects are likely further 
complicated by migration, seasonal and life-history vari- 
ability in diet, and detailed aspects of the food chain (e.g.,
omnivores, first tier carnivores vs. second tier carnivores,
terrestrial vs. marine food chains; Farmer et al., 2008; Bo- 
wen et al., 2009; Solomon et al., 2009 ).

4.4. Weaning effect

The isotopic consequences of weaning were demon- 
strated with a data set of intraspecific d2H and d15N values 
from a population of California sea lions from San Nicolas 
Island off southern California (Fig. 5). Nearly eighty per- 
cent of the variance in d2H in sea lions is explained by 
pre-weaning versus post-weaning changes (R2 = 0.79). The 
surprisingly large range of 178 & in d2H among juvenile 
and adult individuals stands in marked contrast to the 
nearly constant d2H value in well-mixed ocean water 
(Craig, 1961 ) and to the small range of about 5& in d15N
values in bone collagen. More importantly, there is almost 
no overlap in collagen d2H values of pups and adults, mak- 
ing d2H a more reliable age group discriminator than d15N.
Interestingly, however, d2H increases with age while 
d15N decreases, even though both are normally positively 
correlated with one another in relation to diet as reported 
above.

The diagnostic 2H-depletion of bone collagen in pups 
and yearlings most likely derives from the utilization of li- 
pid-rich milk from their mothers prior to weaning. Organic 
hydrogen in lipids is well known for its 2H-depletion (Ses-
sions et al., 1999; Chikaraishi et al., 2004; Kirsanow and 
Tuross, 2011 ). The bone collagen of pups therefore likely 
derives its low d2H values from the dietary intake of moth- 
ers’ milk, indicating that lipid precursor molecules are ma- 
jor contributors to juvenile protein synthesis. California sea 
lions can seasonally migrate and have been observed as far 
as the Northern Pacific coast and Baja California (Burton
and Koch, 1999 ). An adult female stays at rookeries to 
nurse her pup or will travel north or south if she has lost 
her pup, juveniles either stay at the Channel Islands or mi- 
grate northward, and subadult and adult males migrate 
north to as far as Alaska (Bartholomew, 1967; Maniscalco 
et al., 2004 ). Even though the directions of migration are 
gender-determined the diet does not seem to be gender spe- 
cific, since there is no significant difference in bone collagen 
d15N and d13C (Burton and Koch, 1999 ). Our d2H data sug- 
gest that California sea lion mothers are not becoming sys- 
tematically 2H-enriched while producing 2H-depleted lipid- 
rich milk for their young.

5. CONCLUSIONS 

Our results from 98 modern bone and dentin collagen 
samples encompassing 22 species from seven terrestrial 
locations in the contiguous USA and one marine island 
prompt the following conclusions:

– The geographic d2H gradient of meteoric water across 
the contiguous USA accounts only for a small fraction 
of d2H variance at the individual level (R2 = 0.13), but 
accounts for a substantial fraction of variation in d2H
at the population level (R2 = 0.55). Even so, we find that 
meteoric variation is a substantially smaller component 
of d2H in collagen than previously thought.

– d2H of bone collagen is more highly associated with 
body mass (R2 = 0.30) than it is with either meteoric 
d2H or d15N of bone collagen, probably because of asso- 
ciation with mass-specific metabolic rate and its relation- 
ship to diet and trophic level.

– d2H of bone collagen shows a very strong association 
with trophic level, accounting for nearly half the individ- 
ual variation in our southern Indiana samples 
(R2 = 0.47). Thus the trophic level effect is almost equal 
to the effect of precipitation on d2H in collagen.

– d2H of bone collagen seems to have value for distin- 
guishing between trophic levels and in some cases may 
be less ambiguous than d15N.
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– Carnivores show 2H-enrichment in bone collagen,
although the underlying trophic effect may be con- 
founded in our data with other potential factors like 
the ecology of species, migrations, and metabolic rate.
Further studies are needed to disentangle these factors.
Within a given geographic area, the d2H range of carni- 
vores only partially overlaps with ranges of herbivores 
and omnivores, whereas the two latter groups show 
strong d2H overlap.

– Weaning exerts a strong H-isotopic shift in bone colla- 
gen of adolescents when the diet of 2H-depleted, lipid- 
rich milk is replaced by a more deuterium-enriched adult 
diet, and is a likely cause for the bimodal distribution in 
d2H values. Nearly eighty percent of the variance in d2H
in sea lions is explained by pre-weaning versus post- 
weaning changes (R2 = 0.79).

– The large variance and bimodal distribution (due to 
weaning) may be present in other carnivores (such as 
short-tailed shrews in Bloomington, Indiana), and as 
such be one of the reasons for poor correlation of carni- 
vores and precipitation values. However, this requires 
further testing with the focus on age of samples.

– The future use of d2H data from fossil bone collagen 
for reconstructions of paleoclimates will have to rely 
on average values from samples containing at least a
few individuals in order to mitigate the influence of 
within-population variance. Furthermore, the local 
meteoric d2H values will be more predictable from 
d2H in bone collagen when the trophic level and body 
mass of the species can be taken into account because 
both of these factors have strong effects on d2H of 
bone collagen.

– Our extensive data set of d2H values from modern 
bone collagen demonstrates greater natural variability 
within-species and populations than had been sug- 
gested by earlier studies. We caution that this observa- 
tion may limit the forensic and diagnostic value of 
isolated, individual samples. We propose that future 
use of d2H in bone collagen of particular species 
should be preceded by field and/or laboratory studies 
to constrain and evaluate natural d2H variability and 
its underlying factors.
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