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Abstract

Oxygen and hydrogen isotope signatures of animal tissues are strongly correlated with the isotope signature of local pre-
cipitation and as a result, isotope signatures of tissues are commonly used to study resource utilization and migration in ani-
mals and to reconstruct climate. To better understand the mechanisms behind these correlations, we manipulated the isotope
composition of the drinking water and food supplied to captive woodrats to quantify the relationships between drinking water
(ddw), body water (dbw), and tissue (dt). Woodrats were fed an isotopically constant food but were supplied with isotopically
depleted or enriched water. Some animals were switched between these waters, allowing simultaneous determination of body
water turnover, isotope change recorded in teeth and hair, and fractional contributions of atmospheric O2, drinking water,
and food to the oxygen and hydrogen budgets of the animals. The half-life of the body water turnover was 3–6 days. A mass
balance model estimated that drinking water, atmospheric O2, and food were responsible for 56%, 30%, and 15% of the oxy-
gen in the body water, respectively. Drinking water and food were responsible for 71% and 29% of the hydrogen in the body
water, respectively. Published generalized models for lab rats and humans accurately estimated dbw, as did an updated version
of a specific model for woodrats. The change in drinking water was clearly recorded in hair and tooth enamel, and multiple-
pool and tooth enamel forward models closely predicted these changes in hair and enamel, respectively. Oxygen and hydrogen
atoms in the drinking water strongly influence the composition of the body water and tissues such as hair and tooth enamel;
however, food and atmospheric O2 also contribute oxygen and/or hydrogen atoms to tissue. Controlled experiments allow
researchers to validate models that estimate dt based on ddw and so will increase the reliability of estimates of resource utili-
zation and climate reconstruction.
� 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Stable isotopes of oxygen and hydrogen are increasingly
used as tracers to study modern and ancient systems (Hoppe
et al., 2004; Bowen et al., 2005b). Ecologists have used oxygen
and hydrogen isotopes in blood, hair and feathers to eluci-
date patterns of resource utilization and identify paths of
migration (Hobson and Wassenaar, 1997; Wolf and Marti-
nez del Rio, 2003; Hobson, 2005). Similarly, oxygen isotopes
in bone and teeth have been used to reconstruct climate and

paleoecological conditions (Ayliffe and Chivas, 1990; Fricke
et al., 1998; Hoppe, 2006). In general, the oxygen and hydro-
gen isotopic ratios in animal tissues (dt) are strongly corre-
lated with the isotopic composition of local precipitation
(dp) and dp varies inversely with latitude and elevation
(Dansgaard, 1964; Bowen and Revenaugh, 2003). As a result,
dt can been used to predict the location of origin for samples
(Bowen et al., 2005b; Hobson, 2005). Similarly, if the location
of origin is known, d18O values of tooth enamel or bone col-
lagen have been used to reconstruct ancient precipitation pat-
terns (Fricke et al., 1998; Hoppe, 2006).

Overall, the correlation between dp and dt is robust.
However, regression equations between dDp and dDt are
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rarely at unity, and d18Op and d18Ot are never at unity be-
cause of the incorporation of molecular O2 into the body
water and subsequently into tissue (Kohn, 1996; Bowen
et al., 2005b; Lott and Smith, 2006). In addition, the body
water (dbw) of animals is influenced by drinking water (i.e.,
local precipitation), diet, climate, and physiology (Luz and
Kolodny, 1985; Bryant et al., 1996; Kohn, 1996; McKech-
nie et al., 2004). Tissues such as hair and feathers are
greatly influenced by the composition of body water (Hob-
son et al., 1999; Sharp et al., 2003). Consequently, the abil-
ity to use d18Ot and dDt to study the ecology of modern
animals and to reconstruct climate requires an understand-
ing of the various inputs and mechanisms that influence
dbw, and subsequently dt.

Predictive models based on the daily flux of oxygen and
hydrogen have been developed that estimate dbw for ani-
mals (Luz et al., 1984; Schoeller et al., 1986a; Bryant
et al., 1996; Kohn, 1996). Selected models include climatic
and physiological parameters and also include estimates
of dt, specifically d18O of phosphate (Luz et al., 1984; Scho-
eller et al., 1986a; Bryant et al., 1996; Kohn, 1996). How-
ever, there are no similar models for dD and d18O of hair.
There have been few studies designed to test the various
body water models and to detail the relationships between
drinking water, body water, hair, and tooth enamel. Like-
wise, there has been limited research on the rate of change
in the isotopic composition of body water, hair, and tooth
enamel after a change in location or a change in resource
use by an animal.

In this study, we controlled the isotope composition of
drinking water (ddw) supplied to two species of woodrats
to quantify the relationships between ddw and dbw, and to
quantify the relationships between body water and breath
CO2, hair, and tooth enamel. We also switched animals be-
tween waters that were isotopically depleted and isotopi-
cally enriched. All animals were exposed to the same
environmental conditions, and the macronutrient and iso-
topic composition of the diet were held constant. The con-
trolled conditions of this experiment allowed us to evaluate
published body water models that predict dbw based on d
values of drinking water (ddw). We used measured dbw val-
ues combined with measured d values of food (dfd) to create
a mass balance model that estimates the proportion of oxy-
gen and hydrogen atoms in the body water of the woodrats
that are from drinking water, food, and atmospheric O2.
We used the reaction progress method to describe the turn-
over of the body water and hair in the woodrats, and we
used a multiple-pool model to describe the flow of oxygen
and hydrogen atoms into hair. Lastly, this experimental de-
sign allowed us to evaluate a forward modeling technique
that predicts d18O of tooth enamel after a change in drink-
ing water for a small rodent.

2. MATERIALS AND METHODS

2.1. Stable isotopes

Stable isotope ratios are reported in d-notation as parts
per thousand (‰) deviations from an international stan-
dard according to the equation:

dA ¼ ðRA=RSTD � 1Þ � 1000 ð1Þ

where RA is the corresponding ratio (2H/1H, 13C/12C,
18O/16O) of the sample and RSTD is the isotope ratio of
the standard. Isotope fractionation is the difference between
two phases in equilibrium:

aAB ¼ RA=RB ¼ ð1000þ dAÞ=ð1000þ dBÞ ð2Þ

and isotope enrichment is

eAB ¼ ðaAB � 1Þ � 1000 ð3Þ

We use aAB and eAB for isotope fractionation at equilibrium
and a�AB and e�AB for isotope difference (non-equilibrium).

See Table 1 for key to notation used in the text, models,
tables, and figures.

2.2. Experimental design

To accurately test existing models that predict dD and
d18O of body water and hair, and d18O of tooth enamel,
we had to quantify the rate of turnover of oxygen and
hydrogen in the body water of a mammal. We chose to
study the flow of oxygen and hydrogen atoms from drink-
ing water into tissue for a small rodent because rodent hair
and teeth are commonly found in midden mounds and have
the potential to be used as a tool to trace resource use for
modern and ancient systems as well as reconstruct ancient
climate. We controlled the isotopic composition of the
drinking water and food supplied to two species of wood-
rats; Neotoma cinerea and N. stephensi. N. cinerea were
trapped in Summit County, Utah and N. stephensi were
trapped in Coconino County, AZ. All animals were housed
at the University of Utah’s animal facilities in individual
cages in the same room with a constant light cycle (12 h
dark:12 h light) and temperature (25 �C). Prior to the exper-
iment, the 7 N. cinerea had been in captivity for >2 years
and the 10 N. stephensi for 6 months. The woodrats had
been eating the same food (dD = � 109 ± 4‰;
d18O = 24.0 ± 0.2‰) and drinking relatively isotopically
depleted water.

First, we switched 5 N. cinerea and 7 N. stephensi from
the depleted water (dD = � 121 ± 1‰; d18O = � 16.1 ±
0.2‰) to enriched drinking water (dD = 339 ± 2‰;
d18O = 15.0 ± 0.2‰) and the remaining 2 N. cinerea and
3 N. stephensi continued to drink depleted water (control
groups). The isotopic composition of the water was 31‰
and 460‰ different in the amount of 18O and D, respec-
tively. Switching the woodrats between the distinctly differ-
ent waters ensured that d values of body water, hair, and
tooth enamel could be modeled. Diet was not changed dur-
ing these experiments. Depleted water samples were col-
lected and analyzed monthly from the building where the
animals were housed, and enriched water samples were ana-
lyzed periodically throughout the experiment. Water was
switched on day 0 and blood and hair samples were col-
lected from each control group on day 0. Hair samples were
collected from the N. cinerea by plucking hair from the area
at the base of the tail. After plucking, we shaved the area
with a small electric shaver to ensure that all subsequent
hair samples collected from the same area were produced
after the water switch. Some length of hair below the skin
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(approximately 1 mm) remained and was part of the subse-
quent sample. We did not correct for this small amount of
hair in our model. Hair samples were collected on days 0,
23, 31, 59, 71, 101, and 162 from various N. cinerea. We col-
lected hair samples for 162 days to ensure that the dD and
d18O of the hair was in isotopic equilibrium with the new
drinking water. Blood samples were collected from 3 N.

cinerea and 3 N. stephensi of the switched animals (group
1) on day 1 and the remaining animals from each species
(group 2) were sampled on day 2. Woodrats were bled once
per week to minimize stress on individual animals. Group 1
was also sampled on days 8, 16, 31, 71, and 101, and group
2 was sampled on days 10, 22, 64, and 101. Woodrats in the
control group were sampled on days 14, 35, 64, and 101.

We ended the experiment on day 32 for the N. stephensi be-
cause of prior experimental obligations. We collected
approximately 200 ll of whole blood from the retro-orbital
plexus of each woodrat.

Next, we switched the drinking water again for 3 of the
N. cinerea 127 days after the first drinking water switch.
Body water of woodrats is in equilibrium with drinking
water after 30 days (127 days is �10 half-lives). Two N.

cinerea were switched from the enriched water to depleted
water and 1 N. cinerea was switched from depleted water
to the enriched water. We collected breath samples and
analyzed both the C and O in CO2 isotopically. Breath sam-
ples are non-invasive and allow repeated sampling of the
same individual. We collected breath samples from each
individual prior to the change in drinking water and 0.17,
0.5, 0.8, 1.2, 1.5, 1.8, 2.3, 3.2, 5.2, 7.2, 12.2, 15.2, 20.2,
26.2 days after the switch. All N. cinerea were sacrificed
27 days (day 162) after the second water switch and upper
and lower incisors were extracted from each animal. We
sacrificed the animals 27 days after the water switch to en-
sure that the tooth enamel of the incisors recorded the en-
tire isotopic change from equilibrium with the starting
water to equilibrium with the new water.

2.3. Sample analysis

The water in the blood samples was extracted cryogeni-
cally and all water samples were analyzed isotopically for O
and H. Hair samples were also analyzed isotopically for O
and H. Approximately 10–15% of the hydrogen in hair can
exchange with water (liquid and vapor) and as a result, dD
values must be corrected for exchangeable hydrogen (Bo-
wen et al., 2005a). All reported dD of solid materials are
for the non-exchangeable portion of hydrogen in these sam-
ples. Water samples were analyzed by injecting 0.5 ll of the
sample onto a glassy carbon column heated to 1400 �C. The
hair samples were analyzed by loading 150 lg into a silver
capsule and pyrolosized at 1400 �C also in the presence of
glassy carbon. The resultant H2 and CO gases were sepa-
rated chromatographically and introduced within a He
stream into a ThermoFinnigan Delta Plus isotope ratio
mass spectrometer. Samples were measured in duplicate
and based on 1200 duplicate measurements of an internal
standard; the average precision was 1.3‰ for d2H, and
0.17‰ for d18O. The standard used for oxygen and hydro-
gen is Vienna Standard Mean Ocean Water [VSMOW].

Breath samples were collected by placing the woodrat in
a metabolic chamber with the supply air scrubbed of CO2

and water. An inline valve allowed us to ensure that no
CO2 was flowing into the chamber. The woodrat was in
the chamber for 3–4 min, which allowed CO2 levels to in-
crease and stabilize. A 50 ll sample of breath was collected
with a syringe and was immediately injected onto a gas
chromatography column (Varian Poraplot Q�, 25 m
length, 0.32 mm i.d.) attached to Finnigan MAT 252 mass
spectrometer. The reported isotopic value for each animal is
the mean of 4 injections. The variability of multiple breath
samples over approximately 10 min was <0.3‰. Stable iso-
tope ratios were calibrated to the PDB scale for C and O
using a working standard calibrated to NBS-19. The same

Table 1
Key to notation used in the text, models, tables, and figures

Term Definition

dbw d value of body water
ddw d value of drinking water
d18O Isotope ratio for oxygen
dD Isotope ratio for hydrogen
dt Measured d value at time t

deq Measured d value at equilibrium
dinit Measured d value prior to drinking water switch
F Fraction of change at time t

dtbw Estimated d value of body water prior to evaporative
enrichment

Ei Estimate of the enrichment of body water due
evaporative effects

dmw Estimated d value of metabolic water
dfd d value of food
d18OO2

Estimated d18O value of O2 absorbed in the lungs
d18OCO2

Estimated d18O value of CO2 produced during energy
catabolization

pfd Estimated proportion of oxygen or hydrogen atoms
from food

pmw Estimated proportion of oxygen or hydrogen atoms
from metabolic water

pO2
Estimated proportion of oxygen atoms from
atmospheric O2

r Molar quantity
d18Ogw Estimated O isotopic composition of gut water
dDfw Estimated H isotopic composition of follicle water
Rbw Ratio of heavy to light isotope in body water
Rdw Ratio of heavy to light isotope in drinking water
Rfd Ratio of heavy to light isotope in food
RO2

Ratio of heavy to light isotope in O2 absorbed in the
lungs

Rfw Ratio of heavy to light isotope in follicle water
Rgw Ratio of heavy to light isotope in gut water
dh d value of hair
aO Fractionation between carbonyl oxygen and water
aD Fractionation between water and protein synthesis for

hydrogen
aCO2-bw Fractionation between body water and CO2

finit Initial mineral content of tooth enamel
dmi d value of the initial enamel at position i

dei d value of fully mineralized enamel at position i

dci d value of theoretical columns of enamel
ddi d value of all columns included in each sample pit
la Length of apposition of enamel matrix (mm)
lm Length of maturation of enamel matrix (mm)
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reference standard was measured with ±0.3‰ over a sev-
eral month period. Oxygen values are reported on the
VSMOW scale using the conversion d18OVSMOW =
d18OPDB *1.03086 + 30.86.

d18O and d13C of mature enamel was analyzed using a
CO2 laser and by conventional H3PO4 methods. Laser abla-
tion (Passey and Cerling, 2006) was used to measure the
sequential change in the enamel for the three animals that
were switched 27 days after the second water switch, and
conventional H3PO4 analysis was used as a comparison be-
tween the laser and conventional methods. Values mea-
sured with H3PO4 were used to calculate e�AB values. The
outermost pigmented layer on the incisors was removed
with a small electric hand grinder to ensure that we only
analyzed enamel. Samples were loaded into the sample
chamber and purged with helium overnight prior to analy-
sis by laser ablation. Each individual measurement was the
sum of 6 laser ablations at 25% power (�5–6 W), with a
duration of 7.5 ms. CO2 produced by the laser was cryogen-
ically trapped and concentrated prior to injection into the
GC (flow rate: 250 ml/min, GC temperature: 60 �C). Inci-
sors were sequentially sampled starting at the distal end
(oldest enamel) to the proximal end until significant char-
ring was observed due to organic material in the immature
enamel. We corrected the samples for CO2 out-gassing from
the teeth and fractionations associated with trapping and
purging of the CO2 by comparing with pre-chamber in-
jected CO2 standards. The same standards were used as
above discussion of breath CO2.

2.4. Modeling

2.4.1. Turnover of body water and hair

We used the reaction progress method to describe the
turnover of O and H in the body water, breath CO2, and
hair (Cerling et al., 2007). Benefits to using the reaction pro-
gress variable include calculating the half-life for multiple-
pool systems (Cerling et al., 2007). As well, results from
an experiment in which animals are switched from one iso-
topically distinct source to a different source can be com-
bined with the results from the reverse experiment, i.e, a
reciprocal experimental design (Cerling et al., 2007). The
reaction progress variable is a fractional method of model-
ing the turnover of an element within a tissue. The reaction
progress variable is

dt � deq

dinit � deq
¼ e�kt ð4Þ

where dt is the measured d value at time t, deq is the d value
at equilibrium, and dinit is the d value prior to the drinking
water switch (t = 0). The reaction progress variable scales
the values between 0 and 1 and as a result, the preceding
equation can be written as

dt � deq

dinit � deq
¼ ð1� F Þ ð5Þ

where F is the fraction of change that has occurred at time
t. Eqs. (4) and (5) can be combined and written as

lnð1� F Þ ¼ �kt ð6Þ

which is a straight line, having the form:

y ¼ mxþ b ð7Þ

with a slope (�k) and an intercept (b). The fractional con-
tribution of each pool in a multiple-pool system is eb for
each pool. k is a first order rate constant and the half-life
of the element within the tissue is calculated according to
the equation:

t1=2 ¼ lnð2Þ=k ð8Þ

2.4.2. Body water modeling

We used a mass balance model to estimate the propor-
tions of oxygen and hydrogen from drinking water, food,
and molecular O2 in the body water of the woodrats. This
model differs from other body water models that estimate
dbw in that, this model estimates the proportion (p) of oxygen
and hydrogen atoms from all inputs based on measured and
estimated d values. This model also estimates the d18O of the
CO2 produced and of the metabolically generated water at
the site of catabolization (metabolism resulting in the pro-
duction of energy). The model incorporates the d18O and
dD values of food, drinking water, molecular O2, and the
equilibrium fractionation (a = 1.0383) between body water
and CO2 for the woodrats into the following series of equa-
tions to estimate the proportions of each major input. First,
we estimated dD and d18O of body water prior to any enrich-
ment effects (dtbw). dtbw is related to measured dbw by

dtbw ¼ dbw � Ei ð9Þ

where Ei is an estimate of the enrichment of the body water
due to evaporative effects. Next, the proportion of meta-
bolic water in the larger body water pool was estimated
with the following equation:

dtbw ¼ p � dmw þ ð1� pÞ � ddw ð10Þ

where dmw is the estimated d value of metabolic water, ddw

is the measured d value of drinking water and p is the pro-
portion of metabolic water in the larger body water pool. In
the case of hydrogen, the only source of hydrogen in meta-
bolically generated water is food, thus:

dDmw ¼ dDfd ð11Þ

In the case of oxygen, both food and atmospheric O2 con-
tribute oxygen atoms to metabolic water. During metabolic
water formation CO2 is produced; CO2 is enriched relative
to water, and as a consequence, it has a strong influence on
d18Omw. Thus, the model incorporates the equilibrium frac-
tionation between water and CO2, and it includes the stoi-
chiometry of the energy source catabolized. We assumed
that carbohydrate was the energy source catabolized, and
according to the stoichiometry of the following reaction:

C6H12O6 + 6O2 ! 6CO2 + 6H2O ð12Þ

carbohydrate is responsible for 33% and molecular O2 is
responsible for 67% of the oxygen that flows into metabolic
water and CO2. 67% of the oxygen input is incorporated into
CO2 and 33% is incorporated into water. d18Omw is estimated
by combining the stoichiometry of Eq. (12) with measured
d18O values for food and atmospheric O2 leading to:
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0:33 � d18Ofd þ 0:67 � d18OO2

¼ 0:67 � d18OCO2
þ 0:33 � d18Omw ð13Þ

where d18Ofd is the measured d18O value of the food, d18OO2

is the d18O value for molecular oxygen absorbed in the
lungs and d18OCO2

is the d18O value of the CO2. d18Omw is
estimated by combining the following equation for
d18OCO2

with Eq. (13).

d18OCO2
¼ a � ð1000þ d18OmwÞ � 1000 ð14Þ

The experimentally determined fractionation (a) between
CO2 and body water for the woodrats was 1.0383. We used
a value of 15.1‰ for d18OO2

that accounts for fractionation
upon uptake in the lungs (Zanconato et al., 1992). Since
both food and molecular O2 contribute oxygen atoms to
metabolic water, pmw is multiplied by the stoichiometry of
carbohydrate catabolization to estimate the proportion of
each to metabolic water. The proportion of food oxygen
in body water is related to pmw by

pfd ¼ 0:33 � pmw ð15Þ

and the proportion of molecular oxygen in body water is re-
lated to pmw by

pO2
¼ 0:67 � pmw ð16Þ

We solved the equations simultaneously for each treatment
group and we adjusted Ei to minimize the variation between
estimates of pmw, pfd, and pO2

for each treatment group.
We compared multiple published models that estimate

d18O and dD of body water. All tested models are based
on a model developed by Luz et al. (1984) for oxygen and
modified by Schoeller et al. (1986a) for oxygen and hydro-
gen. We compared models developed by Bryant and Froe-
lich (1995), Kohn (1996), and Gretebeck et al. (1997). We
also used the equations developed by Kohn (1996) to esti-
mate the molar influxes and effluxes of H2O combined with
measured and estimated values to estimate d18O and dD of
body water for the woodrats. We used R notation to
achieve better estimates of the enrichment of body water
in deuterium and 18O, and we used a values for the fraction-
ation between body water and outputs (Schoeller et al.,
1986a; Ritz et al., 1996; McKechnie et al., 2004). At steady
state conditions, deuterium and 18O of body water can be
estimated for a one input and one output system using
the following equation:

rin � Rin ¼ rout � Rout � a ð17Þ

where r is the molar quantity of the input or output, R is the
ratio of the heavy isotope to the light isotope, and a is the
fractionation between body water and the output. Eq. (17)
can be extended for multiple inputs and outputs and subse-
quently solved for Rbw.

Rbw ¼
Pn

i¼1rin;i � Rin;iPn
j¼1rout;j � aout;j

ð18Þ

2.4.3. Hair model

We used a multiple-pool body water model that de-
scribes the flow of oxygen and hydrogen atoms into hair.
We propose that the d18Oh is controlled by the isotopic

composition of the gut water (d18Ogw) and the dDh is con-
trolled by the isotopic composition of the intracellular
water in the hair follicle (dDfw). Oxygen atoms are primar-
ily associated with C atoms in amino acids and the oxygen
atoms exchange with water in the stomach (low pH) during
digestion. Little exchange occurs after the amino acids enter
the small intestine (neutral pH), and as a result, d18Oh is a
function of d18Ogw which itself is a function of the d18Obw

and d18O of food (d18Ofd). Thus, d18Oh will be related to
d18Ogw by

d18Oh ¼ ao � ð1000þ d18OgwÞ � 1000 ð19Þ

where ao is the fractionation between carbonyl oxygen
and water. We used an estimate of 1.0164 for ao based
on the measured carbonyl-oxygen fractionation between
acetone and water for microbial cells (Kreuzer-Martin
et al., 2003).

In the case of hydrogen, many of the hydrogen atoms in
a-keratins can exchange with the intracellular water of the
hair follicle during synthesis. The metabolic water gener-
ated inside the cell does not equilibrate instantaneously
with and can be isotopically distinct from the extracellular
water (Kreuzer-Martin et al., 2005, 2006) and as a result,
the hydrogen atoms in the intracellular water will have a
controlling influence on the isotopic composition of the
hair. Hydrogen atoms in carboxyl, amide and sulfhydryl
groups, but not C–H bonds, can exchange with intracellular
water during protein synthesis. Thus, estimates for dDh

must include some estimate of both hydrogen atoms that
can and cannot exchange with dDfw. We assumed that C–
H bonds on essential amino acids in a-keratins are related
directly to dietary inputs and C–H bonds on non-essential
amino acids are related to both recent dietary inputs and
to the synthesis of amino acids by the animal. We used
the amino acid composition of human hair as a proxy for
woodrat hair, and 80% of the hydrogen in human hair is
non-exchangeable, of which, 47% is associated with essen-
tial amino acids. Thus, we used a minimum estimate of
38% for the non-exchangeable hydrogen in keratin that is
directly related to the diet. dDh will be related to dDfw by

dDh ¼ pfd � dDfd þ ð1� pfdÞ � ðaD � ð1000þ dDfwÞ � 1000Þ
ð20Þ

where aD is the fractionation between water and protein
synthesis for hydrogen and pfd is the proportion of hydro-
gen from the food. We used an estimate of 1 for aD. We as-
sumed that 65% of the non-essential amino acids were
synthesized by the woodrat, leading to the estimate that
52% of the hydrogen atoms in the hair were from the diet
and the remainder was in isotopic equilibrium with dDfw.
We used a dDfd = � 125‰ for the food because proteins
are generally more depleted than carbohydrates and the
commercial diet was high in carbohydrates (Schoeller
et al., 1986b).

We used a two-pool model to estimate d18Ogw and dDfw.
We first estimated dDbw (Eq. (21)) and d18Obw (Eq. (22))
using the proportions for the inputs and outputs of oxygen
and hydrogen from Gretebeck et al. (1997):

Rbw ¼ ðRdw � 0:81þ Rfd � 0:19Þ=ð0:76þ 0:24 � 0:94Þ ð21Þ
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Rbw ¼ ðRdw � 0:62þ RO2
� 0:24 � 0:992þ Rfd

� 0:14Þ=ð0:62þ 0:14 � 0:985þ 0:24 � 1:038Þ ð22Þ

where Rbw is the ratio of body water, Rdw is the ratio of
drinking water, Rfd is the ratio of food, and RO2

is the ratio
of molecular oxygen. Next, we used the same equation but
we substituted Rbw for Rdw to estimate dDfw (Eq. (23)) and
d18Ogw (Eq. (24)):

Rfw ¼ ðRbw � 0:81þ Rfd � 0:19Þ=ð0:76þ 0:24 � 1Þ ð23Þ
Rfw ¼ ðRbw � 0:62þ RO2

� 0:24 � 0:992þ Rfd

� 0:14Þ=ð0:62þ 0:14 � 1þ 0:24 � 1:038Þ ð24Þ

where Rfw is the ratio of the follicle water and Rgw is the
ratio of the gut water. We assumed that there was no
fractionated water loss within the follicle or the gut
(i.e., a = 1). After estimating Rfw (hydrogen) and Rgw

(oxygen) we used Eqs. (19) and (20) to predict dh. We
first used the proportions and a values from the Grete-
beck et al. (1997) paper. Next, we modified the model
by substituting the proportions for drinking water
(O = 0.56; H = 0.70), food (O = 0.15; H = 0.30) and
molecular O2 (O = 0.30) estimated by our mass balance
model (Table 2) for the proportions in the Gretebeck
et al. (1997) model.

2.4.4. Tooth enamel modeling

We used forward modeling techniques to model the iso-
topic composition of the tooth enamel for the three N. cine-

rea that had their water switched during the second
experiment. For complete description and examples of this
technique, see Passey and Cerling (2002) and Passey et al.
(2005a). Briefly, the forward modeling technique was devel-
oped for continually growing teeth because tooth enamel is
not fully mineralized when it is first formed. The process of
amelogenesis involves phases of prolonged mineral accu-
mulation after initial deposition and, as a result, there is sig-
nificant time-averaging of the isotopic signal in the enamel.
Forward modeling requires measurements for the length of
apposition (la) and length of maturation (lm). Apposition is
the area of the tooth where the enamel matrix is accreted
and the maturation length is the length of tooth in which
the remaining enamel matrix is completed. Forward model-
ing assumes that la, lm, and the growth rate are constant.
Maturation parameters were determined using micro com-
puted tomography (micro-CT) imaging. We also assumed
that the initial enamel deposition (finit) had a mineral con-
tent of 25% (Passey and Cerling, 2002). The first step of
the forward model is

dei ¼ ðfinit � dmiÞ þ ð1� finitÞ �
Piþlþlm

n¼iþ1 dmn

lm

ð25Þ

where dmi is the initial isotopic composition and dei is the
isotope ratio of the fully mineralized enamel at position i.
The remaining 75% mineralization reflects the average iso-
topic composition of the input signal. The appositional
front is laid down at an angle, thus each sampling volume
will theoretically include multiple layers of enamel accreted
at different times. Thus, the second step of the forward
model is

dci ¼
1

la

Xi

n¼i�la

den ð26Þ

where dci is the isotope ratio of theoretical columns that
transect and include multiple accreted layers. Finally, ddi

of each sample is calculated by averaging the isotopic signal
from all columns included in each sampling pit:

ddi ¼
1

la

Xi�1þ1
2ls

n¼i�1
2ls

dcn ð27Þ

3. RESULTS

3.1. Turnover of body water and hair

d18Obw and dDbw in N. cinerea and N. stephensi changed
rapidly after a switch from depleted to enriched drinking
water (Figs. 1 and 2). The half-life of 18O in the body water
was 3.6 days for the N. cinerea and 3.2 days for the N. step-

hensi (Fig. 1). The half-life of deuterium in the body water
was 5.8 days for the N. cinerea and 3.8 days for the N. step-

hensi (Fig. 2). Drinking water was responsible for 56% of
the oxygen atoms and 72% of the hydrogen atoms in the
body water of the N. cinerea [(dbw depleted � dbw en-
riched)/(ddw depleted � ddw enriched)].

We collected breath samples from 3 N. cinerea and mea-
sured the change in d18O of body water by measuring d18O
of breath CO2 during the second water switch (Fig. 3).
Fig. 3a shows the measured d18O values for all 3 animals.
The reaction progress method allowed us to plot data col-
lected from all animals on the same figure to determine
any differences between treatment groups (Fig. 3b). Mean
half-life of 18O in breath CO2 was 3.1 ± 0.1 days. We col-
lected a breath sample and a blood sample from all 7 N.

cinerea on day 162 prior to sacrifice, and d18O of breath
CO2 was in equilibrium with d18O of body water extracted
from the blood samples (e*

breath-bw = 38.3 ± 0.3). We can
use the equation in Pflug et al. (1979) to estimate the body
temperature of the N. cinerea. The estimated body temper-
ature was 39.8 �C which is similar to the measured body
temperature for other woodrats from the same genus (McL-
ister et al., 2004).

dD of hair collected from the N. cinerea on day 0 was
�126 ± 5‰ and d18O of hair was 7.0 ± 1.0‰ (Fig. 4). After
162 days drinking the enriched water, dD of hair collected
from the N. cinerea was �10 ± 6‰ and d18O of hair was
20.9 ± 0.5‰ (Fig. 4). The turnover of the oxygen and
hydrogen in the hair followed a multiple-pool model with
the half-life of the short pool �23 days for oxygen and
hydrogen. An accurate estimate for the half-life of the short
pool was difficult to quantify because hair samples were not
collected until 23 days after the change in the water. The
half-life of the long pool was 144 days for oxygen and
51 days for hydrogen (Fig. 4). The short pool, for oxygen,
was responsible for 83% of the oxygen atoms in the hair
and the long pool was responsible for the remaining 17%.
The short pool was responsible for 72% of the hydrogen
atoms in the hair and the long pool was responsible for
the remaining 28% (Fig. 4). Overall, drinking water sup-
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plied 45% of the oxygen atoms and 25% of the hydrogen
atoms in the hair of the N. cinerea [(dh depleted � dh en-
riched)/(ddw depleted � ddw enriched)].

3.2. Body water modeling

We developed a mass balance model that uses measured
dbw values to estimate the proportions of food, molecular
O2, and drinking water in the body water of the N. cinerea

(Table 2). The proportions estimated for each treatment
group were similar when an enrichment factor (Eo) of
2.3‰ was subtracted from measured d18Obw. The model
estimated that food, molecular O2 and drinking water were
responsible for 15%, 30%, and 56% of the oxygen in body
water, respectively. The model also produced an estimate
of �7.4‰ for d18Omw (Table 2). In the case of hydrogen,
the proportions estimated for each treatment group were
similar when an enrichment factor (ED) of 22‰ was sub-
tracted from measured dDbw. The model estimated that
food and drinking water were responsible for 29% and
71% of the hydrogen in body water, respectively (Table 2).

We compared measured dbw values with estimated dbw

values from multiple published models (Table 3). We also
modified specific models to more closely reflect diet compo-
sition and the total energy expenditure (TEE) and total
water flux (TWF) of the N. cinerea (Table 3). Table 4 sup-
plies the various parameters and values used in the body
water models. Overall, the linear regression compiled by
Bryant and Froelich (1995) with data from three studies

on lab rats and the Gretebeck et al. (1997) model most
accurately estimated dbw of the N. cinerea (Table 3). After
modification, the influx/efflux model based on the Kohn
(1996) model and the Gretebeck et al. (1997) model reliably
estimated d18Obw and dDbw (Table 3).

3.3. Hair model

We used a multiple-pool body water model to describe
the flow of oxygen and hydrogen atoms into the hair of
the N. cinerea (Table 5). We first used the proportions for
the inputs and outputs of oxygen and hydrogen described
in Gretebeck et al. (1997) body water model for humans.
This model estimated d18Obw and d18Oh for both treatment
groups within 1.5‰ of measured values (Table 5). Next, we
modified the input and output proportions to match the
proportions estimated by the mass balance model (Table
2). The accuracy of the estimates of d18Obw for both treat-
ment groups increased (<0.2‰ from measured values), but
this modification decreased the accuracy of the estimate for
d18Oh of the enriched group (Table 5). In the case of hydro-
gen, the Gretebeck et al. (1997) model reliably estimated
dDbw and dDh for the depleted treatment group, but poorly
estimated both dDbw and dDh for the enriched group (Table
5). Using the proportions of drinking water and food esti-
mated from the mass balance model did not significantly
change the estimate for dDbw and dDh for the depleted
group but did significantly increase the accuracy of the esti-
mate for the enriched group (Table 5).

Table 2
Mass balance model that estimates the proportion (p) of oxygen and hydrogen from drinking water, food, and atmospheric O2 in the body
water of the N. cinerea

Depleted drinking water Enriched drinking water

Measured values Estimated values Measured values Estimated values

d18O d18O p d18O d18O p

Oxygen

d18Obw �10.0 d18Otbw �12.3 d18Obw 7.4 d18Otbw 5.1
d18OO2

a 15.1 d18OCO2
30.6 d18OO2

a 15.1 d18OCO2
30.6

d18Ofd 24.0 d18Omw �7.4 d18Ofd 24.0 d18Omw �7.4
d18Odw �16.1 d18Odw 15.0
aCO2-bw 1.0383 aCO2-bw 1.0383

Metabolic water 0.44 Metabolic water 0.44
Food 0.15 Food 0.15
O2 0.30 O2 0.30
Drinking water 0.56 Drinking water 0.56

Eo 2.3 Eo 2.3

dD dD p dD dD p

Hydrogen

dDbw �98 dDtbw �117 dDbw 234 dDtbw 207
dDfd �109 dDmw �109 dDfd �109 dDmw �109
dDdw �121 dDdw 339

Food 0.30 Food 0.29
Drinking water 0.70 Drinking water 0.71

ED 22 ED 22

The model also estimates d18O of metabolic water generated in the cell by utilizing the equilibrium fractionation between water and CO2. For
each treatment group, the first column is measured values and the second column is the estimated d values and proportions (see equations in
Materials and methods).

a d18OO2
is an estimate for the isotopic composition of the oxygen incorporated in the lungs.
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3.4. Tooth enamel modeling

Tooth enamel recorded the change in drinking water for
the three N. cinerea and the forward model provided rela-
tively accurate predictions for d18O of the enamel based
on the change in d18O of the body water input signal
(Fig. 5). Incisors collected from the animals that had been
maintained on either the depleted water or the enriched
water revealed that body water and tooth enamel were in
isotopic equilibrium with e*

enamel-bw = 27.0 ± 2.1 and
e*

enamel-breath = � 10.7 ± 1.9‰ (Table 6).
d13C of breath CO2 and d13C of the enamel were uni-

form for all seven animals with e*
breath-diet equal to

�0.8 ± 0.5 (Table 7). d13C of tooth enamel measured by la-
ser ablation was slightly more variable than d13C of tooth
enamel measured using the H3PO4 method, but overall,
both methods were reliable and e�laser-H3PO4

was �1.9 ±
0.4‰ (Table 7). Using the H3PO4 method, e*

enamel-breath

was 11.8 ± 0.5‰ and e*
enamel-diet was 11.0 ± 0.1‰.

4. DISCUSSION

4.1. Turnover and modeling of body water

It is clear that drinking water influences the isotope com-
position of body water, hair, and tooth enamel of small

mammals. We manipulated the isotope composition of
drinking water supplied to woodrats to resolve the relation-
ships between drinking water and tissue. We also quantified
the turnover of the body water within the woodrats and the
subsequent turnover of the oxygen and hydrogen within the
hair and tooth enamel. The turnover of the oxygen and
hydrogen in the body water of the woodrats followed a
one-pool model and the half-life of the oxygen and hydro-
gen in the body water was between 3 and 6 days. We mea-
sured the change in the dbw by extracting water from blood
samples and by collecting breath CO2 samples. CO2 and
body water were in equilibrium and breath samples were
a non-invasive technique that allowed us to repeatedly mea-
sure the same animal.

The turnover of the body water in the woodrats was at
the higher end of the range observed for laboratory rats
(1.4–3.3 days) which are similar in size to the N. cinerea

and N. stephensi (Thompson, 1953; Longinelli and Padali-
no, 1980; Luz et al., 1984). However, the woodrats inhabit
relatively arid environments and may have been adapted to
low-water environments. Nevertheless, two weeks after a
water switch the body water of the woodrats had nearly
reached isotopic equilibrium. As a consequence, body water
samples collected from small mammals two weeks after a
change in location or resource use will represent the new
drinking water.

Fig. 1. d18O of the body water collected from N. cinerea (circles)
and N. stephensi (squares) after a change in drinking water.
Animals were switched from the depleted water to the enriched
water. (b) Reaction progress variable (ln(1 � F)) calculated from
data of (a).

Fig. 2. dD of the body water collected from N. cinerea (circles) and
N. stephensi (squares) after a change in drinking water. Animals
were switched from the depleted water to the enriched water. (b)
Reaction progress variable (ln(1 � F)) calculated from data of (a).
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Overall, drinking water was responsible for 71% of the
hydrogen and 56% of the oxygen in the body water of the
N. cinerea. Food was responsible for the remaining 29%
of the hydrogen. Food and molecular O2 both supply oxy-
gen to the body water pool and a mass balance model esti-
mated that food and molecular O2 were responsible for 15%
and 30% of the oxygen in the body water, respectively
(Table 2).

Similar estimates for the contribution of food oxygen
and molecular O2 could have been made by multiplying
the proportion of body water that is not from drinking
water (44%) by 67% and 33% (from the stoichiometry of
carbohydrate catabolization). However, the mass balance
model includes a theoretical estimate for d18O of the meta-
bolic water generated within the cell by incorporating the
equilibrium fractionation between body water and CO2,
thus displaying the strong influence of CO2 in determining
d18Obw. We assumed that only carbohydrate was utilized as
an energy source and that the measured d values for the
bulk food were representative of the d values of the carbo-
hydrate catabolized in the cell. The diet was a high-carbo-
hydrate diet with 14% protein and less than 3% fat.
Therefore, the woodrats most likely routed carbohydrate
directly to the cells to be used as energy and the d value
measured was similar to the d value of the carbohydrate.

We also assumed that d18O of the molecular O2 utilized
in the cell was 15.1‰. This assumption was based on exper-
imentally derived values and is commonly used in other
body water models (Zanconato et al., 1992; Kohn, 1996;
Gretebeck et al., 1997).

We compared measured dbw for the N. cinerea with esti-
mated dbw values from multiple published models (Table 3).
The first model, from Table 1 in Bryant and Froelich
(1995), is the compilation of three studies on the turnover
of oxygen in the body water of lab rats (see Longinelli
and Padalino, 1980; Luz et al., 1984; Luz and Kolodny,
1985). Overall, the relationship between d18Obw and
d18Odw (d18Obw = 0.56*d18Odw � 0.33) for the lab rats esti-
mated d18Obw of the woodrats within 1‰ of measured val-
ues for both treatment groups (Table 3). Both the
regression and our mass balance model estimated that
56% of the oxygen in the body water of the lab rats and
the woodrats was from drinking water. The lab rats and
the woodrats are similar in size and commercial rat food
and the commercial rabbit food (fed to the woodrats) were
likely similar in water content and macronutrient composi-
tion. Although, the proportion of body water that was re-
lated to drinking water was the same for the lab rats and
the woodrats, there were differences in turnover, perhaps
reflecting physiological adaptations to arid environments
for the woodrats.

The Bryant and Froelich (1995) model was designed for
herbivores >1 kg, yet, it estimated d18Obw for the enriched
animals within 1‰ of measured values (Table 2). However,
the Bryant and Froelich (1995) model poorly estimated
d18Obw for the depleted animals and when the measured
d18O of food was used instead of the estimated value; the
estimates were unreliable for both treatment groups. We
modified the input parameters of the Bryant model to more
closely match the measured and estimated values for total
water flux (TWF) and total energy expenditure (TEE),
but the accuracy was not increased. The Bryant model pre-
dicts that d18Obw of smaller animals should be more en-
riched relative to d18Odw than larger mammals. However,
this effect was overestimated for the woodrats.

Kohn (1996) improved on earlier body water models by
including diet composition and physiological adaptations in
his model of dbw. Briefly, the Kohn model predicts d18Obw

by estimating the molar fluxes for all sources of oxygen
including drinking water, molecular O2, food oxygen, food
water, water vapor gain, transcutaneous water loss, water
lost due to breathing, expelled CO2, and urine combined
with the influence of temperature, relative humidity and
physiological adaptations such as the method used by an
animal to dissipate excess body heat. Overall, the Kohn
model estimated d18Obw within 1‰ for the depleted group,
but modeled d18Obw was more enriched than measured for
the enriched group (Table 3). We substituted the measured
food values for estimated values, and the accuracy was not
improved. We used the fluxes estimated by the equations in
the Kohn (1996) model to estimate the daily fluxes of
hydrogen and we added the measured and estimated values
for TEE, diet composition and the amount of drinking
water consumed by the woodrats to create a model specific
to the woodrats (Tables 3 and 4). This model accurately

Fig. 3. d18O of the breath collected from 3 N. cinerea after a change
in drinking water. Two animals were switched from the enriched
water to the depleted water and 1 animal was switched from the
depleted water to the enriched water. (b) Reaction progress
variable (ln(1 � F)) calculated from data of (a).
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estimated d18Obw for the enriched group and was within 2‰
for the depleted animals; it also adequately estimated dDbw

for both groups. Body water models can be accurate when

detailed physiological is available for each individual spe-
cies. However, this model is complex and may be difficult
to use when detailed information is not available.

Fig. 4. d18O (a) and dD (c) of the hair collected from N. cinerea after a change in drinking water. Animals were switched from the depleted
water to the enriched water. (b) and (d) Reaction progress variable (ln(1 � F)) calculated from data of (a) and (c).

Table 3
Comparison between measured dbw values and modeled dbw values from multiple published body water models

Treatment dbw

Measured Ratsa Bryantb Bryantc modified Kohnd Kohne influx/efflux Gretebeckf Gretebeckg modified

Oxygen
Depleted �10.0 ± 0.6 �9.3 �1.8 �5.3 �9.6 �7.9 �10.9 �10.2
Enriched 7.4 ± 0.3 8.1 7.9 10.6 11.0 7.2 8.3 7.4

Hydrogen
Depleted �98 ± 4 �93 �106 �103
Enriched 234 ± 10 248 272 234

a d18Obw = 0.56*d18Odw � 0.33; From Table 1 in Bryant and Froelich (1995); Bryant and Froelich combined data from three studies
(Longinelli and Padalino, 1980; Luz et al., 1984; Luz and Kolodny, 1985) on the turnover of oxygen in the body water of lab rats to produce
this relationship.

b d18Obw calculated using model equations and d18O values developed by Bryant and Froelich (1995).
c d18Obw calculated using model and d18O values developed by Bryant and Froelich (1995) combined with measured and estimated values

for water influxes and effluxes; see Table 3.
d d18Obw calculated using model and d18O values developed by Kohn (1996).
e d18Obw and dDbw calculated using influx and efflux equations developed by Kohn (1996) for oxygen and extrapolated for hydrogen.
f d18Obw and dDbw calculated using model developed by Gretebeck et al. (1997).
g d18Obw and dDbw calculated using model developed by Gretebeck et al. (1997) but modified to more closely resemble the woodrats.
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The model developed by Gretebeck et al. (1997) for
humans minimizes the inputs and outputs of oxygen
and hydrogen, and does not include physiological or cli-
matic variables, yet, it estimated d18Obw within 1‰ for
both groups and it reliably estimated dDbw for the de-
pleted group (Table 3). When the proportions of food,
drinking water and molecular O2 were modified to match
the estimated proportions from the mass balance model
(Table 2), the Gretebeck model reliably estimated
d18Obw and dDbw for both groups (Table 3). The Grete-
beck model, as well as the other models, is based on lin-
ear relationships between ddw and dbw. As a result, slight
variations in the relative proportion of each input (drink-
ing water, food, atmospheric O2) will strongly influence
predicted dbw values, especially for a system in which
the d values of the drinking water differ by 30‰ and
460‰ for oxygen and hydrogen, respectively. Our experi-
mental system was designed to ensure that differences be-
tween the treatment groups were large enough that
modeling efforts of d values of body water, hair, and
tooth enamel were successful.

4.2. Turnover of hair

Our data demonstrate that oxygen and hydrogen in
drinking water is incorporated into hair keratin. Drinking
water was responsible for 45% of the oxygen and 25% of
the hydrogen in the hair of the woodrats. This is similar
to estimates for the contribution of hydrogen to proteina-
ceous tissues in birds and to hair in humans (Hobson
et al., 1999; Sharp et al., 2003). The turnover of the oxygen
and hydrogen within the hair followed a multiple-pool
model, similar to that observed in the turnover of carbon
in the hair of horses (Ayliffe et al., 2004). Diet was static
in this experiment and drinking water was the only param-
eter modified. Thus, the short pool was related to drinking
water and the long pool was related to the turnover of other
tissues within the woodrat. Our estimates for the half-lives
and the relative proportion of each pool to final tissue sig-
nature may be inaccurate because rodents grow hair in
waves across the body. We did stimulate the woodrats to re-
place the plucked and shaved hair. However, there was
some uncertainty in estimating the start of hair growth

Table 4
Parameters, measured and estimated quantities, d and a values and the source for each used in the body water models

Parameter/variable Value d a Source

Mb (g) 300
Temperature (�C) 25
RH 30
TEE (kJ) 225a Estimated from kJ of food consumed
Drinking water (moles) 1.3 DW(g) = 0.05(Mb) + 8.3 (measured)
Water economy index 0.16b Adjusted to approximate DW above
Pant/sweat ratio 1 Kohn (1996)
% Water in feces 50 Estimated
Food (g) 20 Teklad – 2031 High Fiber Rabbit Diet

Carb (g) 8.6 Total food = 0.067/g Mb (measured)c

Lipid (g) 0.5 Carb, lipid, protein, fiber, ash, and water estimated from Teklad
Protein (g) 2.9 diet composition information
Fiber and ash (%) 30
Food water (%) 10

d18OO2
15.1 Zanconato et al. (1992)

d18O depleted water �16.1 ± 0.2 Measured
d18O enriched water 15.0 ± 0.2 Measured
d18O food 24.0 ± 0.2 Measured
dD depleted water �121 ± 1 Measured
dD enriched water 339 ± 2 Measured
dD food �109 ± 4 Measured
Oxygen

awater-vapor 1.009 Water vapor gain (Horita and Wesolowski, 1994)
atrans-bw 0.981 Transcutaneous water loss (Schoeller et al., 1986a)
aoral-bw 0.991 Oral water loss (Schoeller et al., 1986a)
anasal-bw 0.991 Nasal water loss (Kohn, 1996)
aCO2-bw 1.038 Measured
avapor-bw 0.992 Gretebeck et al. (1997)—used in Gretebeck model

Hydrogen
awater-vapor 1.079 Water vapor gain (Horita and Wesolowski, 1994)
atrans-bw 0.935 Transcutaneous water loss (Schoeller et al., 1986a)
aoral-bw 0.946 Oral water loss (Schoeller et al., 1986a)
anasal-bw 0.957 Estimated from anasal-bw above; Evap. slope = 5
avapor-bw 0.94 Gretebeck et al. (1997)—used in Gretebeck model

a TEE was greater than estimated for desert rodents but less than estimated for all rodents (Nagy et al., 1999).
b WEI of 0.16 resulted in the same moles of drinking water as measured.
c Measured for N. cinerea.
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prior to each collection which may have affected our esti-
mates of pool size and half-life. Nevertheless, the data sug-
gest that there are multiple pools of oxygen and hydrogen
that can flow into hair.

We tested a model that estimates the dDh and d18Oh

based on the predicted dD of the water within the hair fol-
licle and the d18O of the gut water. We developed a two
pool model for predicting the isotopic composition of the
hair because the relationship between dbw and dh for the
two treatment groups was not accurate unless the multi-
ple-pool model was used.

We used the Gretebeck body water model to estimate
dDbw and d18Obw and second to estimate dDfw and
d18Ogw. Next, we estimated the relative contribution of oxy-
gen and hydrogen from the intracellular water and from the
diet that was used in hair synthesis. We assumed that all
oxygen in hair was in isotopic equilibrium with the gut
water and a portion of the hydrogen was in equilibrium
with the follicle water. The remaining source of hydrogen
in the hair was related to the diet by the amount of essential
amino acids in hair keratin and to an estimate of the
amount of routing of non-essential amino acids directly
from the diet into hair synthesis.

The model robustly estimated d18Oh for both treatment
groups and dDh for the depleted group, but poorly esti-
mated dDh for the enriched group (Table 5). This discrep-
ancy was related to the poor estimate that the original
Gretebeck model produced for dDbw for the enriched group
(Table 5). When the input proportions of drinking water,
food, and molecular O2 were changed to those estimated
by the mass balance model, the estimates of dDbw and
dDh for both groups were accurate and the estimates of
d18Obw and d18Oh were also accurate. Thus, dDh values
were sensitive to the relative proportions of food and drink-
ing water used in the model. dDh values were also moder-
ately sensitive to the estimated proportion of routing of
non-essential amino acids directly from the diet into hair
synthesis. As long as the estimates of routing ranged be-
tween 30% and 50%, estimated dDh values were within
10‰ of measured values. The commercial diet fed to the
woodrats was nutritionally-adequate and thus, we might
expect that the animal would route 100% of the amino acids
directly from the diet into protein synthesis and not expend
energy synthesizing a portion of the non-essential amino
acids. However, animals fed nutritionally-adequate diets
do route carbon skeletons from non-dietary protein sources
into protein synthesis (Podlesak and McWilliams, 2006). As
a consequence, an estimate of 50% direct routing from the

diet and 50% synthesis of the non-essential amino acids in
the keratin of the woodrats does not appear out of line.

The hair model was relatively insensitive to variation in
the d values of food. Estimated d18Oh values varied <2‰
from measured values when d18Ofd values between 20‰
and 30‰ were used, and estimated dDh values varied
<15‰ from measured values when dDfd values between
�115‰ and �150‰ were used. Overall, the hair model reli-
ably estimated the oxygen and hydrogen isotopic composi-
tion of the woodrat hair.

4.3. Tooth enamel

Tooth enamel is routinely used to reconstruct the diet of
animals and to also reconstruct past climate (Fricke and
O’Neil, 1996; Hoppe et al., 2004). In general, enamel from
large mammals is used because most analysis methods re-
quire more enamel than can be safely extracted from the
teeth of small mammals (Passey and Cerling, 2006). Re-
cently, Passey and Cerling (2006) developed a method using
laser ablation to measure the d18O of tooth enamel in very
small teeth. We used this method to track the change in
drinking water for the N. cinerea by measuring the d18O
of bulk enamel sequentially along the length of the contin-
ually growing incisors (Fig. 5).

We sequentially sampled the upper and lower incisors of 3
N. cinerea, 2 that were switched from the enriched drinking
water to the depleted drinking water and a third that was
switched from the depleted drinking water to the enriched
water. Each incisor was sampled from the distal end, the old-
est section of enamel, to the proximal end. The 3 animals had
been switched to new drinking water 27 days prior to sacri-
fice and in general, all incisors recorded the change in d18O
of enamel from isotopic equilibrium with the initial drinking
water to isotopic equilibrium with the new drinking water
(Fig. 5). The lower incisor extracted from animal #23 did
not record the initial drinking water because the growth rate
was much faster than the growth rates for the other incisors.
Growth rates for the other incisors ranged from 0.6 to
0.9 mm day�1, whereas the growth rate of the lower incisor
from #23 was 1.6 mm day�1. This lower incisor was dam-
aged and its higher growth rate was likely due to the animal
attempting to repair the tooth and reestablish the correct
alignment between its upper and lower incisors. Overall,
these data indicate that laser ablation analysis of continu-
ally-growing incisors can be used to identify recent changes
in drinking water due to a change in resource use or due to
a change in location.

Table 5
Comparison between measured dbw and dh values and modeled dbw and dh values for the N. cinerea

Treatment Gretebeck et al. (1997) model and parameters Updated model and parameters Measured

dbw dfw/gw e dh dbw dfw/gw e dh dbw dh

Oxygen
Depleted �10.9 �8.7 16.4 7.5 �10.2 �8.9 16.4 7.3 �10.0 ± 0.6 7.0 ± 1.0
Enriched 8.3 3.0 16.4 19.5 7.4 1.0 16.4 17.4 7.4 ± 0.3 20.9 ± 0.5

Hydrogen
Depleted �110 �114 0 �122 �111 �116 0 �123 �98 ± 4 �126 ± 5
Enriched 268 193 0 23 225 126 0 �8 234 ± 10 �10 ± 6
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These data can also be used to evaluate the forward
modeling techniques developed by Passey and Cerling
(2002) to estimate d18O of tooth enamel based on d18O of
the input signal. The input signal is the body water, and
if the change in d18Obw is known or can be estimated, for-
ward modeling can be used to predict the change in the
d18O values of enamel in continually-growing teeth.
Approximately 75% of enamel mineralization occurs after
initial deposition and changes in the input signal will influ-
ence the isotopic composition of tooth enamel throughout
mineralization. As a result, distinct changes in d18Obw will

influence the isotopic composition of tooth enamel depos-
ited prior to and after the change in drinking water. The
forward model, by incorporating the growth rate, apposi-
tional length and maturation length, corrects for the time-
averaging of the d18O of tooth enamel due to this extended
mineralization.

Overall, the forward model closely predicted the mea-
sured tooth enamel signal, although there are small but
important differences. In particular, the predicted (forward
model) rate of isotope change is higher than the measured
rate of change in many of the teeth (most pronounced in

Fig. 5. d18O of the modeled body water (black line), of the measured body water (open circles), modeled tooth enamel (gray line) and
measured enamel (black circles) for the upper and lower incisors from the 3 N. cinerea that had their water switched 27 days prior to the end of
the experiment.
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Fig. 5c and e). This may indicate a mismatch between the
assumed pattern of mineral uptake (linear with respect to
time and distance) versus the actual pattern. Indeed, the mi-
croCT images of the developing teeth show that the pattern
of mineral uptake deviates slightly from linearity, and has
sigmoidal aspects. Additionally, we cannot discount minor
changes in tooth growth rate associated with frequent han-
dling of the animals during the water switch period.
Although beyond the scope of this study, findings such as
these will help guide the refinement and modification of for-
ward modeling techniques so that they can encompass a
wider array of growth scenarios, such as non-linear matura-
tion and non-constant growth rate.

We also compared the d18O and d13C values of tooth en-
amel produced using laser ablation with results produced
using conventional H3PO4 methods for all N. cinerea (Ta-
bles 6 and 7). In the case of oxygen, Passey and Cerling
(2006) predicted that 18e�laser-H3PO4

should be �8‰ to �9‰
because laser ablation analyzes bulk enamel, whereas the
H3PO4 method analyzes CO3. Our mean e�laser-H3PO4

was
�5.8 ± 2.0‰, which is less than the predicted value, but
similar to measured values for modern samples (Passey
and Cerling, 2006). The difference between expected and
measured values may be due to incomplete mixing of all

oxygen phases during laser ablation. In spite of this, laser
ablation is a viable method for analyzing very small sam-
ples that would be destroyed with conventional methods
and as a method to sequentially sample small continually-
growing teeth.

We also calculated the fractionation between carbonate
and body water for 3 N. cinerea using the values for d18Oe-

namel measured with the H3PO4 method. 18e�enamel-bw was
27.0 ± 2.1‰ (Table 6), which is similar to the 18e�enamel-bw va-
lue of 26.3‰ measured by Bryant et al. (1996). Bryant et al.
(1996) produced an estimate for the apparent fractionation
between carbonate and PO4 in enamel of �9‰. We can ap-
ply this fractionation between PO4 and carbonate to pro-
duce an estimate for the fractionation between the PO4

and body water for the woodrats. The estimate of
18e�PO4-bw is �18‰, which is close to the estimate of
�17.8‰ for lab rats by Luz and Kolodny (1985). Thus,
the measured fractionation between body water and tooth
enamel appears to be similar for small rodents, regardless
of the method used to measure d18Oenamel.

We quantified the fractionations between diet, breath
CO2 and enamel bioapatite for 13C, and we compared mea-
sured d13C values of the carbonate in the enamel measured
using laser ablation with values measured using the H3PO4

Table 6
Measured d18Odw, d18Obw, d18Obreath, d18Oenamel values and isotope spacing between body water, breath, and enamel for the N. cinerea

Animal Exp. 1 Exp. 2 d18Obw d18Obreath Laser H3PO4 e�laser-H3PO4
e*

breath-bw H3PO4

d18Odw d18Odw d18Oenamel d18Oenamel e*
enamel-breath e*

enamel-bw

3 15.0 15.0 8.6 47.4 ± 0.5 * 36.2 NA 38.4 ± 0.5 �10.7 ± 0.5 27.3
21 15.0 �16.1 �8.9 28.9 ** NA NA 38.1 NA NA
23 �16.1 15.0 5.6 44.6 ** NA NA 38.8 NA NA
25 �16.1 �16.1 �9.2 28.7 ± 0.3 12.0 ± 0.5 19.9 �7.8 ± 0.5 38.2 ± 0.3 �8.5 ± 0.3 29.4
28 15.0 �16.1 �10.3 28.0 ** NA NA 38.7 NA NA
29 15.0 15.0 7.1 45.5 ± 0.1 26.4 ± 0.4 NA NA 38.1 ± 0.1 NA NA
30 15.0 15.0 8.2 46.5 ± 0.1 28.9 ± 1.3 32.8 �3.8 ± 1.3 38.0 ± 0.1 �13.1 ± 0.1 24.4

Averages: �5.8 ± 2.0 38.3 ± 0.3 �10.7± 1.9 27.0 ± 2.1

d18Oenamel was measured using laser ablation and conventional H3PO4 methods.
Note: ±values are 1r for d values and propagated error for e values.
* All enamel was consumed in the H3PO4 method.
** Enamel from animals 21, 23, and 28 were sequentially sampled.

Table 7
Measured d13Cdiet, d13Cbreath, and d13Cenamel values and isotope spacing between body water, breath, and enamel for the N. cinerea

Animal d13Cdiet d13Cbreath Laser H3PO4 e�laser-H3PO4
e*

breath-diet H3PO4

d13Cenamel d13Cenamel e*
enamel-breath e*

enamel-diet

3 �25.9 ± 0.4 �26.4 ± 0.2 * �15.2 ± 0.2 NA �0.5 ± 0.5 11.5 ± 0.3 11.0 ± 0.4
21 �25.9 ± 0.4 �26.1 ± 1.1 �16.9 ± 0.2 �15.2 ± 0.2** �1.7 ± 0.3 �0.2 ± 1.2 11.2 ± 1.1 11.0 ± 0.4
23 �25.9 ± 0.4 �26.7 ± 0.5 �17.0 ± 0.9 �15.4 �1.6 ± 0.9 �0.8 ± 0.6 11.6 ± 0.5 10.8 ± 0.4
25 �25.9 ± 0.4 �26.5 ± 0.6 �16.3 ± 0.3 �15.1 �1.3 ± 0.3 �0.6 ± 0.7 11.7 ± 0.6 11.1 ± 0.4
28 �25.9 ± 0.4 �27.1 ± 0.4 �17.6 ± 0.9 �15.2 ± 0.2 �2.4 ± 1.0 �1.2 ± 0.6 12.2 ± 0.4 11.0 ± 0.4
29 �25.9 ± 0.4 �27.5 ± 0.3 �17.2 ± 0.3 �15.2 ± 0.2** �2.1 ± 0.3 �1.7 ± 0.5 12.7 ± 0.3 11.0 ± 0.4
30 �25.9 ± 0.4 �26.5 ± 0.1 �17.3 ± 0.5 �15.2 ± 0.1 �2.1 ± 0.5 �0.6 ± 0.4 11.6 ± 0.2 11.0 ± 0.4

Averages: �26.7 ± 0.5 �17.0 ± 0.4 �15.2 ± 0.1 �1.9 ± 0.4 �0.8 ± 0.5 11.8 ± 0.5 11.0 ± 0.1

d13Cenamel was measured using laser ablation and conventional H3PO4 methods.
Note: ±values are 1r for d values and propagated error for e values.
* All enamel was consumed in the H3PO4 method.
** Average value because these teeth were used specifically for laser ablation.
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method. Carbonates in tooth enamel are generally enriched
between 9‰ and 15‰ relative to diet depending on
differences in digestive physiology, and breath CO2 can be
enriched or depleted relative to diet depending on diet com-
position and or differences in digestive physiology (Passey
et al., 2005b; Podlesak et al., 2005). The mean 13e*

enamel-diet

value was 11.0 ± 0.1‰, which is within the expected range
and close to that measured for voles (Passey et al., 2005b).
However, it is slightly higher than the 9.7 ± 0.6‰ measured
for laboratory rats (Ambrose and Norr, 1993) and the
9.3 ± 1.4‰ measured for mice (Tieszen and Fagre, 1993).
These slight differences may be due to small differences in
digestive physiology combined with the difference between
bone bioapatite and enamel bioapatite (Passey et al.,
2005b). Woodrats and voles are more herbivorous than
lab rats and mice, and bone bioapatite was sampled from
the lab rats and mice, and enamel bioapatite was sampled
from the woodrats and voles.

We also would expect similar fractionations between
diet and breath, and enamel and breath for woodrats, voles
and mice. d13C of the breath samples was consistent across
all woodrats and 13e*

breath-diet was �0.8 ± 0.5‰ (Table 7).
The range in values was similar to values observed in mice
(Mus musculus) and prairie voles (Microtus ochrogaster)
(Tieszen and Fagre, 1993; Passey et al., 2005b). Lastly,
13e*

enamel-breath was 11.8 ± 0.5‰ which is also similar to
the fractionation observed between voles (Passey et al.,
2005b). Overall, the fractionation of 13C between diet,
breath and enamel by the woodrats is comparable to other
small rodents that have similar digestive physiologies.

We also compared d13C of the tooth enamel produced
with laser ablation with values produced using the H3PO4

method. d13C values were consistently more depleted when
measured with laser ablation and 13e�laser-H3PO4

was
�1.9 ± 0.4‰. Laser ablation also produced slightly greater
variation in d13C values than did conventional analysis
methods (Table 7). Laser ablation may be inherently less
precise and accurate than H3PO4 analysis, because, unlike
the H3PO4 method, it does not discriminate among carbon
coming from isotopically disparate sources such as organic
carbon and inorganic carbon. Nevertheless, the laser abla-
tion method is a viable method of measuring the d13C of
tooth enamel for small rodents.

4.4. Summary and conclusions

We present the results from a study designed to quantify
the relationships between ddw and dbw and between dbw and
d values of multiple tissues for a small rodent. Overall, ddw

had a strong influence on dbw, and on the d values of hair
and tooth enamel. Drinking water was responsible for
56% of the oxygen atoms and 71% of the hydrogen atoms
in the body water of the N. cinerea. Food was responsible
for the remaining 29% of the hydrogen atoms, and food
and molecular O2 were responsible for 15% and 30% of
the remaining oxygen atoms in the body water of the wood-
rats, respectively.

The turnover of the body water was rapid and had
nearly reached isotopic equilibrium 2 weeks after a change
in drinking water. We measured the change in dbw by col-

lecting breath and blood samples. Oxygen in breath CO2

and the body water were in equilibrium. Breath samples
are a non-invasive method of measuring the d18O of the
body water.

The change in drinking water was also recorded in the
hair samples. Drinking water was responsible for 45% of
the oxygen and 25% of the hydrogen in the hair of the
woodrats. A multiple-pool body water model robustly esti-
mated the d value of the hair. The change in drinking water
was also recorded in the incisors of the woodrats. We used
laser ablation to sequentially sample the incisors from 3 of
the woodrats and forward modeling adequately estimated
d18O of the enamel.

The controlled conditions of this experiment permitted
us to compare published body water models that predict
dbw values based on ddw values. A regression model between
ddw and dbw for lab rats and a model by Gretebeck et al.
(1997) accurately estimated dbw values. A model based on
the Kohn (1996) model and customized for the woodrats
also reliably estimated dbw for the woodrats.

In conclusion, the isotopic composition of animal tissues
is strongly correlated with local precipitation and as a re-
sult, can be used to identify location of origin for samples
and to reconstruct climate. However, animals routinely
change locations and routinely exploit new resources as
they become available. Changes in location and/or change
in resource use may influence dbw and subsequently dt. Lab-
oratory experiments in which the isotopic composition of
the drinking water and food fed to animal is controlled will
increase the ability to use animals’ tissues as a tool to iden-
tify location of origin and to reconstruct climate.
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