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Abstract We analyzed the carbon and oxygen isotope
composition of tooth enamel from mammals inhabiting
marine and terrestrial ecosystems to determine whether
these stable isotopes were robust indicators of foraging
and habitat preferences. Consumers were separated into
six habitats (offshore, nearshore, kelp beds, estuarine,
freshwater, terrestrial). Consumer d13C values were cor-
related with the d13C values of primary producers within
each habitat, suggesting that 313C values of tooth enamel
are a viable proxy for foraging zones. Offshore and ter-
restrial consumer 813C values were not significantly dif-
ferent, however, indicating that carbon isotope analysis
alone is not sufficient to distinguish foraging within
these two ecosystems. We propose that oxygen isotopes
can be used along with d13C values to further clarify
habitat use. Oxygen isotopes were assessed as an indica-
tor of habitat use. Consumers were grouped into four cat-
egories: aguatic-marine, aguatic-estuarine, aquatic-fresh-
water, and terrestrial. Populations of aquatic taxa had
significantly lower standard deviations for 380 values
than those of terrestrial taxa. Mean 3180 values of aquat-
ic taxa were significantly different among groups, but
surprisingly, the mean values for freshwater taxa were
higher than those for marine taxa. We conclude that vari-
ation in 680 values of mammalian populationsis avalid
indicator of aquatic habits, but that mean 480 values
should be utilized with caution when trying to discrimi-
nate between marine and freshwater habitat use. Togeth-
er, 813C and 4180 values serve as valuable tools for iden-
tifying foraging and habitat preferences in modern ma-
rine and terrestrial ecosystems, and may provide similar
information on ancient ecosystems.
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Introduction

Modern coastal systems are productive habitats that sup-
port a variety of aguatic and terrestrial organisms, serv-
ing as an important point of contact between marine and
terrestrial ecosystems. Disentangling interactions among
organisms and quantifying use of different ecological
zones can be difficult when relying solely on field obser-
vations. To address this problem, ecologists have turned
to analysis of stable isotope ratios, which serve as natu-
ra labels of the food webs in which animals feed and
provide valuable monitors of the foraging and habitat
preferences of extant mammals (Kelly 2000).

Stable isotope analysis is even more vital when con-
sidering problems in historical ecology. To evaluate the
impact of human activities on contemporary ecosystems,
baseline knowledge of the ecological dynamics of these
systems prior to human influence is essential. For exam-
ple, human hunting exterminated at least one large coast-
al zone mammal, the Steller’s sea cow (Hydrodamalis
gigas), and it has been implicated in changes in the
breeding, foraging, and abundance of pinnipeds, cetace-
ans, and otters (Hoelzel et al. 1993; Anderson 1995;
Estes et al. 1998). Assessing the dynamics of ecosystems
prior to human activities requires methods like stable
isotope analysis to gather ecological information from
the fossil and sub-fossil remains of ancient populations.

Stable isotope analysis can aso offer insight into the
ecology of extinct animals that lived millions of years ago.
For example, the coastal zone is the probable evolutionary
spawning grounds for cetaceans, pinnipeds, and Sirenians
(Berta and Sumich 2000). Studies of secondary adaptation
to aquatic life typicaly focus on functional and structural
changes associated with locomotion, while studies of feed-
ing ecology and habitat use in transitional forms have typi-
caly relied upon morphological features or inferences
from depositional setting (Berta and Sumich 2000). Chem-
icad evaluation of early marine mammal ecology (e.g.,
Thewissen et a. 1996) could reved the selective forces
acting in these transitions, as well as the relationship be-
tween evolutionary shiftsin behavior and morphology.
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Fig. 1 Mean &!13C values (1 o) for primary producers along a
transect from offshore marine ecosystems to terrestrial C3 ecosys-
tems. For three ecosystems, primary producer values were approx-
imated with data for POM. Data sources: Fry and Sherr (1984),
Simenstad and Wissmar (1985), Hemminga and Mateo (1996),
Benner et al. (1997), Cerling and Harris (1999), and Rau et al. (in
press). Sample size for each taxon is given in parentheses

The literature on isotopes as monitors of diet and hab-
itat for either marine or terrestrial animals is substantial,
but there is less work that synthesizes data from both set-
tings (Kelly 2000). Little of this work has been conduct-
ed on materials likely to be preserved in museum collec-
tions or the fossil record (i.e., bone or tooth mineral and
protein). Here, we evaluate whether the foraging zones
of marine and terrestrial mammals can be distinguished
via carbon isotope analysis of tooth enamel. We then de-
scribe a new method for discerning mammalian habitats
(i.e. marine, freshwater, or terrestrial) using oxygen iso-
tope analysis of enamel. We examine these points by an-
alyzing a suite of marine, fresh water, and terrestrial
mammals from coastal ecosystems restricted geographi-
cally to the northeastern Pacific.

Carbon isotopes and foraging zones

Carbon isotope values (813C) of tissues reflect an ani-
mal’s diet, with a slight offset due to biological fraction-
ation of isotopes that is dependent upon both tissue type
(e.g., bone collagen, muscle, enamel) and diet (Sullivan
and Krueger 1981). Also, when comparing whole body
or tissue-specific 613C values, there is an ~1%o enrich-
ment in 13C with each trophic step. Thus, dietary studies
should consistently sample one tissue type, and interpre-
tations must include assessment of trophic level effects.

Carbon isotope differences among animals largely re-
flect differencesin the &13C of primary (1°) producers at the
base of the food web. Trendsin the 313C of 1° producers (or
POM, which is likely derived mostly from 1° producers)
are shown in Fig. 1. Ecosystem level differences are appar-
ent, reflecting differences in environmental conditions and
physiology among 1° producersin each ecosystem.

In marine ecosystems, 1° producers show strong spa-
tial and temporal gradients in 613C (Fry and Wainright

1991; Rau et al. 1992; Hemminga and Mateo 1996), with
values typically increasing from offshore to nearshore
ecosystems, peaking in macrophytic ecosystems (i.e.,
kelp and seagrass beds). Differences in productivity, dis-
solved CO, concentration, and bicarbonate utilization
have been suggested as possible causes for these differ-
ences. In estuarine and freshwater ecosystems, mean
013C values are typically lower than for marine 1° pro-
ducers, but variations in the mixing of atmospheric and
respired CO, under different flow conditions results in
more variable primary producer d13C values (Osmond et
al. 1981; Fry and Sherr 1984; MacLeod and Barton
1998). For terrestrial 1° producers, photosynthetic path-
way (i.e., C3, C4, CAM) is the most critical factor for
determining the 613C value of vegetation (Farquhar et al
1989). For our study area along the Pacific coast, C3
plants are the dominant 1° producers (Collatz et al.
1998).

Use of these gradients to study vertebrate foraging
has mainly targeted terrestrial mammals from the coast,
attempting to quantify the contribution of marine re-
sources to diet (Kelly 2000). More synoptic analyses
might find that isotopic segregation was lacking. For ex-
ample, offshore-foragers might resemble land animals
from C3 ecosystems, whereas 313C values from animals
in marine macrophyte systems may overlap those for
land animals in C4 ecosystems. This situation may not
pose a problem in modern studies, where field observa-
tions can aid interpretation, but for historical studies,
other methods are required to distinguish between ma-
rine and terrestrial habitat use before correct interpreta-
tions of foraging zone can be derived from &13C data.

Oxygen isotopes and habitat use

Bocherens et al. (1996) and Thewissen et al. (1996) have
argued that oxygen isotope analysis of the mineral apa-
tite in bones and teeth can reveal whether an animal fre-
guents an aguatic or aterrestrial habitat. The oxygen iso-
tope composition (6180) of biogenic apatite is strongly
correlated with that of body water, offset by a tempera-
ture-dependent fractionation that is constant in homeo-
thermic mammals (Longinelli 1984; Luz et a. 1984;
Huertas et al. 1995). Aquatic and terrestrial mammal
body water 6180 values should differ because of physio-
logical differences, and differences in the 3180 of ambi-
ent water between aquatic and terrestrial habitats.
Physiology influences the 380 of body water by al-
tering the magnitude of fluxes of oxygen into and out of
the body, as well as fractionations associated with trans-
port and/or transformation of oxygen-bearing com-
pounds (reviewed by Luz and Kolodny 1985; Bryant and
Froelich 1995). Major oxygen fluxes into terrestrial
mammals include ingested water (>50%), which is not
fractionated during uptake, and inhalation of atmospher-
ic O, (~25%) and water vapor (~15%), which undergo
isotopic fractionation during diffusion across the lung
lining. Metabolic water, or water formed from food dur-



ing digestion, is generally a minor flux (<10%) when ex-
ternal sources of water are readily available, but can be a
significant flux for species, such as marine mammals,
where freshwater resources are limited (Costa 1982;
Condit 1984; Fadely 1989). Fluxes of oxygen out of the
body include respired CO, (~25%), water and organic
matter in feces and urine (~40%), and water lost during
sweating and panting (~35%). Respired CO, and water
lost by panting or transcutaneous evaporation are frac-
tionated relative to body water. In aquatic mammals, in
contrast, ~98% of the oxygen flux into and out of the an-
imal may come from diffusion of water across the skin
(Hui 1981; Andersen and Nielsen 1983).

External sources of oxygen (e.g., atmospheric O,, sur-
face water, plant water) provide the baseline from which
mammal body water 5180 deviates. Regional and tempo-
ral variations in these sources range from exceptionally
high for meteoric water, atmospheric water vapor, sur-
face water, and plant water (Flanagan et al. 1991;
Rozanski et al. 1993; Gat 1996) to relatively low for at-
mospheric O, and sea water (Craig and Gordon 1965;
Kroopnik and Craig 1972). Source differences can con-
tribute to body water and tooth enamel &80 variability
at the individual, population and species levels.

We predict that terrestrial and aguatic mammals
should exhibit strong differences in the magnitude of
0180 variability within populations. For terrestrial mam-
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mals, because both the 3180 of oxygen sources and the
physiological response of animals may be highly vari-
able in space and time, we expect body water and tooth
enamel 880 values to differ substantially among indi-
viduals in a population. For aquatic mammals, we expect
variability due to differences in oxygen sources and
physiological processes to be greatly reduced, and that
the 6180 of body water should closely reflect that of the
water in which the animal lives. For animals that inhabit
water with a relatively constant isotopic composition,
such as the ocean or large lakes and rivers, we expect
low 8180 variability among individuals in a population
for both body water and tooth enamel.

Materials and methods

Stable isotope analyses were conducted on carbonate in tooth
enamel apatite. We chose this substrate for two reasons. First, the
O13C of carbonate in apatite is correlated with that of bulk diet
(Ambrose and Norr 1993; Tieszen and Fagre 1993). Second, we
intend to apply our results to studies of extinct animals, and tooth
enamel is more resistant to post-mortem alteration than other po-
tential substrates (Wang and Cerling 1994; Koch et a. 1997). Be-
cause harbor porpoise teeth have a thin enamel coating, we had to
analyze both enamel and dentin for this species. As the mineral
phase in dentin and enamel is the same, and both materials grow
by accretion, we expect similar mean values and levels of variabil-

ity.

Table 1 &13C and &80 for enamel carbonate from mammals sampled along the eastern Pacific coast. (OS offshore, NS nearshore, KB

kelp bed, E estuary, FW freshwater, T terrestrial)

Order Species Locality n Feeding % 013C Meant 0180 Meant
zone Aquatica  SD (range) SD (range)
Pinnipedia Mirounga angustirostris Central California 10 Os >50% -14.1+1.7 26.6+0.4
Northern elephant seal (female) (-17.7t0-11.5) (25.71t027.2)
Callorhinus ursinus Southern California 3OS >50% -12.9+0.9 25.8+0.5
Northern fur seal (-13.6t0-11.9) (25.3t026.2)
Zalophus californianus Southern California 6 NS >50% -11.3+1.0 26.1+0.3
Californiasealion (-12.8t0-10.1) (25.7 to 26.5)
Phoca vitulina Harbor seal Central California 11 NS >50% —-9.2+1.6 26.5+0.3
(-12.0t0-7.1) (25.91t0 26.9)
Cetacea Globicephala macrorhynchus Southern California 7 NS 100% -9.7+1.2 28.1+0.2
Pilot whale (-11.0t0-8.3) (27.810 28.6)
Phocoena phocoena Central California 11p NS 100% -9.9+04 28.5+0.2
Harbor porpoise (-10.4t09.3) (27.9t0 28.9)
Tursiops truncatus Southern California 9 NS 100% -10.1+0.6 27.8+0.2
Bottlenose dolphin (-10.7 t0 -9.0) (27.5t0 27.9)
Carnivora  Enhydra lutris Sea otter Central California 5 KB >50% -6.1+0.9 27.3+0.6
(-7.1t0-5.2) (26.4t0 27.8)
Lutra canadiensis River otters ~ Washington 10 E ~33% -8.1+£3.0 25.8+0.9
(-15.9t0-6.0) (24.2t027.2)
Lutra canadiensis River otters ~ Oregon 7 FW ~33% -17.3+4.3 23.0+£0.3
(-21.5t0-115) (22.8t023.4)
Canis latrans Coyote Central California 5 T <5% -10.4+3.4 27.4+3.4
(-14.5t0-6.0) (26.3 10 32.6)
Lynx rufus Bobcat Central California 4 T <5% -13.5+1.1 29.1+1.2
(-14.5t0-12.1) (27.7t030.8)
Artiodactyla Odocoileus hemonius Central California 47 T <5% -11.8+1.7 29.8+1.3
Black-tailed deer (-17.2t0-9.0) (26.510 32.7)

aEstimate of the percentage of time per day that each taxa spends in the water

b Sampled dentin for analyses
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Samples were obtained from the California Academy of Sci-
ences, Long Marine Laboratory, Moss Landing Marine Laborato-
ry, the University of California Santa Cruz Archaeological Collec-
tions, the U.S. Geological Survey, the Los Angeles County Natu-
ral History Museum, and the California Department of Fish and
Game. Locality information and the number of individuals ana-
lyzed are reported in Table 1. For terrestrial mammals, specimens
were restricted to populations found within 50 km of the coast,
principally along central California (Fig. 2). Marine mammals
were limited to specimens from central and southern California.
River otters were obtained from Washington and Oregon. Speci-
men numbers, locality information, date of collection, and isotopic
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Fig. 2 Map of the Pacific coast of the United States. Black dots
mark locations and surrounding areas from which modern samples
were obtained. Terrestrial and marine taxa were obtained from lo-
cations within California, whereas river otters were collected from
Washington and Oregon
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values for al individuals are available online at the UCSC
paleobiology laboratory website (http://www.es.ucsc.edu/person-
nel/Koch/).

For reasons described below, we set our minimum population
sample size at 5 individuals, but attempted to collect 10 individu-
as if possible. For two taxa (bobcats and northern fur seds), we
were unable to obtain this minimum sample size. We analyzed
third molars and canines for terrestrial mammals and all otters be-
cause they record post-weaning body composition (Moore et al.
1995; Rue |11 1997; Pilipili et a. 1998). For pinnipeds and cetace-
ans, enamel on most permanent teeth begins to form prior to birth,
and teeth erupt shortly after weaning (Perrin and Myrick 1980;
Modig et al. 1997; Stewart et al. 1998). Thus, enamel records the
isotopic composition of the mother’s diet and body water, plus any
fractionations associated with diffusion across the placenta, nurs-
ing, and rapid growth of the young animal. We sampled caninesin
pinnipeds and proximal teeth in cetaceans to maintain sample con-
sistency.

Determination of sample size

To explore the effects of sample size on estimates of population
mean and standard deviation, we sampled 42 black-tailed deer
from a population in Monterey, Calif. As noted above, environ-
mental 013C and 380 values are probably more variable in terres-
trial systems than in marine or freshwater systems. Therefore, de-
termination of the minimum number of samples needed to provide
robust estimates of mean and standard deviation for terrestrial
mammals should offer a conservative indication of the minimum
sample size needed from marine and freshwater taxa.

We calculated the mean and standard deviation for 1,000 ran-
domly generated sub-samples from this data set, ranging in size
from n=3 to n=41, and calculated mean values and standard errors
on the mean for these parameters at each sample size for both 613C
and 6180 (Fig. 3). For all estimates of mean and standard devia-
tion, standard error on the estimate dropped significantly for sam-
ple sizes greater than 3. Standard error on the estimate of the mean
013C value of the population dropped to 0.01%o. at a sample size of
5, whereas the standard error on the estimate of the mean 5180
value dropped to 0.01%. at a sample size of 4 (Fig. 3a, ¢). Stan-
dard errors on estimates of the standard deviation for 6180 and
O13C dropped to 0.01%o. at n=5 (Fig. 3b, d). We set our minimum
sample size at 5 individuals, but we collected more individuals
when possible.
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We also performed statistical tests to assess the sample size
needed to show that a difference in mean value of at least 1%o was
significant. A 1%. difference was selected because that is the
smallest difference in mean 613C and 8180 valuesthat is of interest
to our study. We performed this test using representative &3C and
8180 standard deviation values for aquatic (10=0.5) and terrestrial
taxa (10>1.0). For al calculations, we assumed a level of signifi-
cance (a) of 0.05 and a power level (1-f3) of 0.2. Our tests re-
vealed that comparisons of aquatic taxa would only require sample
sizes of 4 individuals per group to demonstrate a significant differ-
ence in mean 813C and &80 values. For terrestrial taxa, required
sample sizes are much larger, at least 16 individuals per group.
Thus, our minimum sample size of 5 individuals is more than ade-
quate for comparisons of d13C and 3180 values among aquatic
taxa, but insufficient for comparisons of small mean differences
among terrestrial taxa. However, since our primary goal isto iden-
tify differences between aquatic and terrestrial taxa, our minimum
sample size should be adequate.

Stable isotope analysis

Approximately 5-10 mg of powder were drilled from each tooth
after the surface had been abraded to remove potential contami-
nants. Because of their small size, we ground entire harbor por-
poise teeth using a mortar and pestle. Powders were soaked for
24 hin ~2% NaOCI to oxidize organic matter, rinsed 5 times with
distilled water, soaked for 24 hin 1 M calcium acetate/acetic acid
buffer to remove carbonate contaminants, rinsed 5 times with dis-
tilled water, and then freeze-dried (Koch et a. 1997).

Analyses involved ~1 mg of powder, using an ISOCARB car-
bonate preparation system linked to a Micromass Optima gas
source mass spectrometer in the Departments of Earth and Ocean
Sciences, University of California, Santa Cruz. Samples were dis-
solved in 100% phosphoric acid at 90°C with concurrent cryogen-
ic trapping of CO, and H,O. The CO, was then admitted to the
mass spectrometer for analysis. We used Carrera Marble and NBS
19 as standards, and values are reported relative to V-PDB (for
carbon) and V-SMOW (for oxygen). Precision, defined by repeat-
ed concurrent analysis (n=16) of a modern elephant enamel stan-
dard, was 10=+0.1%o for &13C and 10=+0.3%. for '80. Vaues are
caculated using the formula 13C=[(B3C/12C, o+ 13CI12Cyangard
—1x1,000], where the standard is V-PDB. The same convention
follows for 80, where the ratios are 180/160 and the standard is
SMOW. Units are reported in parts per thousand (%o).

Data analysis

Taxon-level differences within ecosystems were assessed using a
one-factor analysis of variance (ANOVA), followed by a post-hoc
pairwise comparison test (Bonferroni). Ecosystem differences
amongst taxa were assessed using the same method. The relative
significance of taxon or ecosystem level differences among our
data was calculated using a Nested ANOVA. Comparisons of vari-
ance in 8180 values among popul ations were conducted via a stan-
dard F-test. Statistical tests were calculated either manually or us-
ing the software program SY STAT 9.0.

Unfortunately, two basic assumptions made when using an
ANOVA were not met by some of the populations we sampled.
The first assumption is that the populations are normally distribut-
ed; three of our sample populations were not normally distributed
for either carbon or oxygen. A second assumption is homogeneous
variance among populations. For comparisons of populations
within ecosystems, variance was homogeneous. However, when
taxa from different ecosystems were compared, variances were
significantly different. Therefore, we conducted a non-parametric
test, the Kruskal-Wallis one-way analysis of variance, to assess
taxon-level and ecosystem-level differences. ANOVA results are
reported in the Results section; Kruskal-Wallis results are reported
only when they are in disagreement from ANOVA results.
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Results
Comparisons among populations

Among marine mammals, pinniped mean &3C values
(Table 1) differed significantly among taxa (one factor
ANOVA, F=17.19, P<0.05). Pairwise comparisons
found significant differences between harbor seals and
elephant seals (Bonferroni test, P<0.05), harbor seals
and northern fur seals (Bonferroni test, P<0.05), and
California sea lions and northern elephant seals (Bonfer-
roni test, P<0.05). Mean &80 values differed signifi-
cantly among taxa (one-factor ANOVA, F=4.26, P<0.05;
Kruskall-Wallis, P=0.061), but the only significant dif-
ference in pairwise comparisons was between northern
elephant seals and northern fur seals (Bonferroni test,
P<0.05).

Mean differences in d13C values among cetaceans
were not significant (one factor ANOVA, F=1.631,
P=0.217), but differences in mean 380 values were (one
factor ANOVA, F=20.157, P<0.05). The harbor porpoise
mean 8180 value was significantly different from the
mean 3180 value for bottlenose dolphins. Cetaceans had
the highest mean 680 values for marine mammals (av-
eraging 28.1%.) and the lowest within-population &80
variability (mean 10=0.3%o).

Sea otters had mean 313C values higher than all other
taxa, whether terrestrial, freshwater or marine (Table 1).
The differences in mean isotopic values among pinnip-
eds, cetaceans, and sea otters were significant (one factor
ANOVA, carbon: F=20.29, P<0.05; oxygen: F=117.73,
P<0.05). Mean 313C values were statistically different
for all pairwise comparisons, but only cetaceans and pin-
nipeds had significantly different mean 580 values
(Bonferroni test, P<0.05). Within-population &13C vari-
ability for sea otters, at 0.9%o, was similar to that for ce-
taceans. Sea otters exhibited the highest within-popula-
tion 8180 variability among marine mammals (lo=
0.6%o).

Differences in mean 3'3C values among terrestrial
populations were not significant (one factor ANOVA,
F=2.33, P=0.11). Within-population &13C variability was
greater in black-tailed deer and coyotes than in bobcats.
Black-tailed deer and bobcats had higher mean 680 val-
ues than any marine group, whereas coyotes had a mean
value similar to sea otters. Differences in mean 3180 val-
ues among terrestrial taxa were significant (one factor
ANOVA, F=5.43, P<0.01). In pairwise comparisons, on-
ly black-tailed deer and coyotes were significantly dif-
ferent (Bonferroni test, P<0.01). All terrestrial mammal
populations had 1o values for &80>1.0%., averaging
~2.0%o for the three populations.

We analyzed river otters from one freshwater
(Willamette River, northwestern Oregon) and one estua-
rine population (Puget Sound, northwestern Washing-
ton). The mean d13C value for the Willamette River pop-
ulation (=17.7%0) was much lower than for any other
group, whereas the estuarine population had a higher
mean value (—8.1%o.) than all other groups except sea ot-
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Fig. 4 Mean &13C values
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ters (Table 1). Within-population d13C variability for the
Willamette River population was much higher than for
any other population, and the 1o value for the estuarine
population was the third highest.

The mean 3180 value for the Willamette River popu-
lation was the lowest observed (23.0%o). This low mean
may result, in part, from differences in the &80 of sur-
face waters between California and Oregon. To evauate
this effect, we compared river 5180 values between Ore-
gon and central California using data from Coplen and
Kendall (2000). The Willamette River has an average
0180 value 5.9%o0 lower than the mean value for three
central California rivers (i.e., Pajaro, Salinas, and Napa
rivers). If this 5.9%. difference is used to normalize the
Oregon otter 3180 values to central California values, a
mean of 28.9%. is obtained, which is similar to the
means for non-aquatic terrestrial mammals from Califor-
nia. Likewise, since the 380 value of estuarine water re-
sults from mixing of marine and freshwater sources, the
lower mean 380 value for the estuarine population
(25.8%0) may reflect differences in the 8180 values of
surface waters in California and Washington. However,
the 3180 value of the water in Puget Sound is likely to be
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highly variable, both spatially and temporally, so we will
not attempt to correct for this in our study. Finaly, the
Willamette River population exhibited low within-popu-
lation 3180 variability (16=0.3%0), whereas the 1 ¢ value
for the estuarine population (0.9%.) was the highest for
any aguatic group, whether marine or freshwater.

Comparisons among foraging zones and habitats

To test how well foraging zone is reflected in enamel
013C values, samples were grouped into Six ecosys
tems/foraging zones (Fig. 4). Mean consumer &!3C val-
ues correlated strongly with the 813C of 1° producers in
their respective ecosystem (R=0.598, P<0.05). Also,
013C values differed significantly among ecosystems
(Nested ANOVA, F=24.15, P=0.004), accounting for
63.5% of the variance, whereas species differences were
not significant (Nested ANOVA, F=1.27, P=0.265). In
marine systems, mean 63C values (+10) were lowest for
mammals from offshore ecosystems (—13.6+£1.6%o), in-
termediate in nearshore ecosystems (—9.9+1.2%.), and
highest in kelp ecosystems (—6.1+0.9%.). Onshore, mean



013C values were highest in estuarine ecosystems
(-8.2+2.8%o0), intermediate in fully terrestrial ecosystems
(-11.8+1.9%0) and lowest in freshwater ecosystems
(=17.7+4.2%0). Pairwise comparison of the 6 ecosystems
uncovered significant mean differences in all cases ex-
cept estuaries versus kelp beds (Bonferroni test,
P=0.709) and estuaries versus nearshore systems
(Bonferroni test, P=0.200).

To investigate how well habitat use is reflected by
0180 values, samples were grouped into four habitat
types (Fig. 5). Mean values were highest for terrestrial
mammals (29.6+1.7%0). Mean 3180 values for aguatic
mammals were highest in freshwater habitats
(28.9+0.3%o0), intermediate in marine (27.3+1.0%0), and
lowest in estuarine habitats (25.9+0.9%0). Habitat and
species differences were statistically significant (Nested
ANOVA, Habitat: F=7.70, P=0.008; Species. F=7.20,
P<0.001), accounting for 65.3% and 16.6% of the vari-
ance, respectively. Post-hoc tests using Bonferroni’s
method revealed that differences were significant
(P<0.02) for all pairwise comparisons among habitats,
except for fully terrestrial and freshwater habitats. F tests
revealed that the high 680 variability for fully terrestrial
mammals was significantly different when compared to
the lower variability for marine (P<0.001), freshwater
(P<0.001), or estuarine groups (P=0.003). Within aquat-
ic groups, F tests showed statistically significant differ-
ences for 8180 variability when the freshwater group was
compared to estuarine (P=0.02) or marine groups
(P=0.005).

Table 2 Estimated and measured 13C values of primary producers
(meant1o) for each taxon and each habitat. For marine mammals,
trophic level estimates were taken from Pauly et al. (1998), in which
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Discussion
Reconstruction of preferred foraging zone

The 613C values of 1° producers are distinct among ma-
rine and terrestrial ecosystems, and mammals exhibit
similar trends in 313C values. Still, interpretation of d13C
differences among mammals may be complicated by (1)
trophic level differences, (2) taxon-specific differences
in metabolism, and (3) differences in the timing of for-
mation and eruption of teeth. If the trends in 313C detect-
ed among mammals are controlled by ecosystem-level
differences in the d13C value of 1° producers, then the
isotopic offsets among consumers should be predictable.
To test this premise, we estimated the 613C of 1° pro-
ducers at the base of the food web from the mean &3C
value for each consumer, and compared our estimates
with a compilation of measured primary producer 613C
values (Table 2). The &!13C value of 1° producers was es-
timated by first assessing the fractionation between diet
and tooth enamel (A13C g ename) @ the last trophic step.
Unfortunately, the exact A3C ¢ cnama N@ve not been de-
termined for most marine species, so we have assumed
ABC i -ename WS 14.0%0 for herbivores (Cerling and
Harris 1999) and 9.0%. for carnivores (Tieszen and
Fagre 1993), based on controlled feeding experiments on
terrestrial species. Next we determined the number of
trophic levels separating each species from 1° producers
at the base of the food web using the values presented in
Pauly et al. (1998), which sets 1° producers at a trophic

1° producers are assigned a value of 1.0. Comparable estimates for
estuarine, freshwater, and terrestrial mammals were based on die-
tary information obtained from Nowak and Paradiso (1983)

Feeding Taxon Trophic ABCjienama TaX0N-specific Ecosystem Measured
zone level estimate of 1° estimate of 1° 1° producer 13C
producer 613C producer 813C (Meantl o)
(Meantl o) (Meant1 o)
Offshore (marine) N. Elephant 4.3 9 —25.7+£1.7%* —23.7+2.5%* —21.7+2.7
seal (female)
N. fur seal 4.2 9 —24.4+0.9%*
Nearshore (marine) Cdifornia 34 9 —22.2+1.0%* —21.3+1.2** -19.6x2.0
sealion
Harbor seal 4.0 9 —20.6+1.6
Harbor 4.1 9 —21.4+0.4%*
porpoise
Bottlenose 4.2 9 —21.6+£0.6%*
dolphin
Pilot whale 4.3 9 —21.6+0.6%*
Kelp Bed (marine) Sea otter 34 9 -17.1+0.9 -17.1+0.9 -17.8+3.8
Estuarine River otters 35 9 —19.1+3.0* —19.1+3.0* —22.1+2.1
Freshwater River otters 35 9 -28.3+4.3 -28.3t4.3 -26.3t7.0
Terrestrial Black-tailed 2.0 14 —26.6+1.7%* —26.242.2%* —28.2+2.6
deer
Coyote 3.0 9 —22.6+£3.4%
Bobcat 3.0 9 —25.5+1.2

* Significant difference between estimated and measured 613C values of 1° producers (a=0.05)
** Significant difference between estimated and measured &!3C values of 1° producers (a=0.01)
aNot included in calculation of ecosystem estimated 1° producer 613C values (see text)
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level equal to 1. After subtracting 1 from this trophic
level value to account for the step associated with diet-
enamel fractionation, we multiplied the remainder by a
whole organism trophic level fractionation of ~0.8%. per
level (Kendall et a. 2000). Both the diet-enamel frac-
tionation and the trophic level fractionation from this
calculation were then subtracted from the consumer val-
ue to yield an estimate of the 613C of 1° producers.

Estimated d13C values for 1° producers were roughly
comparable to measured values for 1° producers in each
habitat (Table 2), and were typically within 1 sigma of
measured values. Mean measured and predicted values
showed a significant correlation (R=0.596, P<0.05). This
relationship was stronger than the relationship between
mean consumer and measured 1° producer &13C values
(R=0.598, P<0.05), suggesting that trophic effects were
contributing to some but not al of the offsets we detect-
ed. Using our consumer data (excluding coyotes for rea-
sons detailed below), we constructed an average 613C es-
timate for 1° producers in each ecosystem. T-tests of ec-
osystem 013C estimates versus measured vaues of 1°
producers revealed significant differences for offshore
(P=0.009), near shore (P<0.001), estuarine (P=0.020),
and terrestrial systems (P<0.001). Comparisons of pri-
mary producer 813C values estimated from each taxon
with measured primary producer 33C values were sig-
nificant in al cases except for harbor seals, sea otters,
freshwater river otters, and bobcats (Table 2).

The lack of detailed agreement between estimated and
measured d13C values of 1° producers may have resulted
from misdiagnosis of the trophic level, incorrect assump-
tions about A1C iy cnama VEIUES, OF incorrect assump-
tions about the magnitude of trophic level fractionation.
However, a greater concern is our lack of 1° producer
013C values for all systems in the years when our study
animals were alive. Temporal shifts in ecosystem 613C
values may contribute to the mismatch. Finally, for sev-
eral aguatic comparisons, POM 0613C values were used as
aproxy for 1° producers. Yet POM is a complex mixture
of phytoplankton, bacteria, zooplankton and their decay
products, so its use as a proxy may aso complicate de-
tailed isotopic comparisons.

We suspect that in several cases, however, the mis-
match between estimated and measured 1° producer 313C
valuesis an indication of an ecologically significant fac-
tor that was not considered in our simple calculations.
For example, in nearshore systems, only harbor seals
have values that are not significantly different from those
expected. Harbor porpoises, bottlenose porpoises, and
California sea lions have values that are lower than ex-
pected. Differences in foraging distance from the coast
may explain these isotopic patterns. Mean 613C values of
1° producers drop sharply within a relatively short dis-
tance of the coast in Monterey Bay (~20 km) (Rau et al.
in press). Among the nearshore foragers, only harbor
seals are known to restrict their foraging to regions ex-
tremely close to shore. If California sea lions, bottlenose
dolphins and harbor porpoises foraged further from the
coast, for example near the mouth of Monterey Bay, they

would encounter food webs fueled by 1° producers with
values ~1-2%o lower than nearshore phytoplankton (Rau
et a. in press).

Differences in dive depth may also contribute to dif-
ferences among offshore foragers. Female northern ele-
phant seals had the lowest mean 33C value of any ma-
rine group, and they were 1%. lower than the other off-
shore forager in our sample, the northern fur seal. North-
ern elephant seals routinely forage at depths >300 m,
with maximum dive depths of >1,000 m (Le Boeuf et al.
1999), whereas fur seals generally forage at depths of
200 m or less (Gentry et al. 1986). Food webs at depths
>100 m may be partialy fueled by POM with signifi-
cantly lower 33C values than surface phytoplankton
(Benner et al. 1997). Thus, elephant seals feeding at
great depths might have lower values than expected from
surface primary producer values.

Finaly, even northern fur seals have lower enamel
013C values than expected for an animal foraging in an
offshore food web; northern elephant seals merely pres-
ent a more extreme example of this tendency. Burton and
Koch (1999) analyzed bone collagen 613C values in
many of these pinniped specimens, and did not detect
unusually low values in fur seals or elephant seals. The
013C of collagen in a carnivore reflects chiefly the 313C
of dietary protein, whereas enamel 13C values correlate
with the &13C of bulk diet (protein + lipid). Differing re-
sults between collagen and enamel 6'3C could result
from differences in the amount of protein versus lipid in
the diet. Lipids have lower d13C values than other body
tissues (DeNiro and Epstein 1978; Ambrose and Norr
1993; Tieszen and Fagre 1993). Offshore-foraging north-
ern fur seals and female northern elephant seals are
known to consume a large percentage of lipid-rich prey
(Condit 1984; Antonelis et a 1990). In addition, they
may preferentially forage on lipid-rich fish during gesta-
tion to ensure adequate body fat stores for milk produc-
tion during their brief period of lactation. Since pinniped
enamel is deposited in utero or during nursing and re-
flects the 613C of the mother’s diet, increased lipid influx
would likely impact the 13C of enamel.

Freshwater river otters had &!3C values in the range
expected for animals feeding in a freshwater food web,
but river otters feeding in estuaries did not meet expecta-
tions. In fact, otters from Puget Sound were not signifi-
cantly different from mammals living in nearshore sys-
tems, suggesting greater reliance on fully marine re-
sources. Otters living along the Pacific coast are known
to consume nearshore prey (Bowyer et a. 1995; Kruuk
1995; Ben-David et al. 1997, 1998), so this interpretation
is reasonable.

On land, terrestrial vegetation d13C estimates derived
from black-tailed deer most likely failed to match expec-
tations because central California herbivores do not sam-
ple the full range of d13C in C3 vegetation. Still, mean
013C values for this taxon are wholly consistent with an
exclusively C3 diet. In contrast, the high &13C values in
coyotes require a 13C-enriched food source. Since C4
plants are rare in this region, coyotes may be getting C4



carbon from anthropogenic sources (e.g., human garbage
or predation on house pets). Alternatively, coyotes may
be obtaining 13C-enriched diets by hunting (or scaveng-
ing) seals, sea lions, otters, or marine-foraging birds
(Rose and Polis 1998).

As expected from 1° producer 813C values, offshore-
foraging marine mammals (e.g., northern elephant seals,
northern fur seals) had mean 63C values similar to some
fully terrestrial mammals (e.g., black-tailed deer, bob-
cats). Likewise, coyotes had mean 313C values similar to
some nearshore-foraging marine mammals, though this
similarity may indicate that both groups obtain nutrients
from nearshore food webs. Still, coyote and dolphin
ecology obviously differ, yet carbon isotope analysis
alone fails to reveal these differences. Perhaps the differ-
ence in within-population &3C variability could be used
as an ecological monitor, but these values do overlap be-
tween marine and terrestrial populations. Clearly, an in-
dependent monitor of habitat would greatly facilitate die-
tary reconstruction in this situation.

I dentification of aquatic preferences

Thewissen et a. (1996) and Roe et a. (1998) proposed
that the mean 380 of cetacean tooth enamel is diagnos-
tic of the type of aguatic system animals inhabit. Roe et
al. (1998) analyzed the 3180 of phosphate in tooth enam-
el and bone, which is ~8.8%. depleted in 180 relative to
carbonate in apatite (Bryant et a. 1996). Since we ana-
lyzed the 3180 of enamel carbonate, we have converted
the Roe et al. (1998) mean 480 phosphate values to car-
bonate values for comparison. River dolphins (Inia,
Lipotes, Platanista) had consistently lower, and more
variable, 5180 values (23.0+1.7, n=5) than marine ceta-
ceans (Tursiops, Senella, Sotalia, Physeter, Orcinus,
Delphinus) (27.8+0.5, n=10). This result is expected, be-
cause fresh water is typicaly 180-depleted relative to
seawater, though the magnitude of depletion varies geo-
graphically and temporally. Mean 3180 values for the
marine cetaceans analyzed here fall within the marine
range reported by Roe et al. (1998), with a total spread
of just 1.4%. for the nine cetacean species analyzed in
both studies. In addition, our more data intensive analy-
sis demonstrates that marine cetaceans exhibit remark-
ably little 3180 variability within a population, consistent
with our expectation that aquatic mammals in isotopical-
ly homogeneous bodies of water should show low vari-
ability. Pinnipeds, sea otters, and river otters exhibited
low 0180 variability as well, demonstrating that our con-
jecture holds for al aquatic mammals. Likewise, though
the 8180 variability calculated for the estuarine otters
(1 0=0.9%o) is higher than that of other aquatic taxa, it is
still lower than that reported for terrestrial mammals
(1 0>1.0%0), and can be explained as evidence of a mix-
ture of freshwater and marine isotope signals in animals
that are frequenting both ecosystems (Kruuk 1995).
While marine pinnipeds and cetaceans exhibited low
within-population 3180 variability, mean values for pin-
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nipeds were ~2%o |lower than those for cetaceans. If body
water is largely controlled by the 3180 of environmental
water, we would expect marine cetaceans and pinnipeds
to have identical mean 880 values. Assuming that sea
water has a mean 680 of 0.0%., the expected 3180 of
enamel carbonate in marine mammals is 26.4%o., which
is based on a model of mammalian oxygen fluxes devel-
oped by Kohn (1996). This is close to the mean for pin-
nipeds (26.4+0.4%0), but differs significantly from the
values for cetaceans (28.2+0.4%0) and sea otters
(27.3+0.6%0). Some important aspect of physiology or
diet must differ consistently between cetaceans, sea ot-
ters, and pinnipeds to explain this isotopic difference.

One obvious difference is that pinnipeds spend a con-
siderable amount of time out of the water, especially dur-
ing the breeding season. Evaporative effects could cause
differences in the 380 of body water, but they should re-
sult in pinnipeds having higher 3180 values than cetace-
ans. We detected the opposite pattern. Roe et al. (1998)
suggested that cetacean teeth may form at a lower tem-
perature than the body core due to the influx of cool wa-
ter during feeding. Cooler formation temperature in ceta-
ceans would yield higher enamel 6180 values. However,
cetacean tooth enamel forms prior to birth, so formation
temperature should be constant at the value of the moth-
er’'s body core, rendering this explanation unlikely. Also,
prior studies of cetacean bone phosphate have shown
that it, too, is 180-enriched relative to values expected
for equilibrium with sea water (Yoshida and Miyazaki
1991; Barrick et al. 1992). Bone turns over throughout
life, so explanations that attribute the 180-enrichment in
cetaceans to physiological or growth phenomena specific
to pre-natal or neonatal life are likely flawed. At present,
we can offer no compelling explanation for the consis-
tent 180-enrichment in cetaceans. It is an interesting fea-
ture that requires further work.

As for our primary conjecture regarding aguatic/ter-
restrial differences in oxygen isotopes, variability was
indeed much higher in terrestrial mammals than in aquat-
ic mammals. The combined effects of isotopically vari-
able oxygen sources and more varied physiological re-
sponses to environmental fluctuations resulted in higher
0180 variability among terrestrial individuals. Many fac-
tors also serve to enrich the body water of terrestrial
mammals in 180. As a result, even though terrestrial
mammals drank water that was more 180-depleted than
seawater, mean &80 values for these mammals were as
high as, or higher than, mean values for marine mam-
mals (e.g., the mean for coyotes was identical to that for
sea otters). Surprisingly, the normalized data for Willam-
ette river otters imply that freshwater mammals may
have higher mean 380 values than marine mammals, as
well as values statistically indistinguishable from terres-
triadl mammals. Our results suggest that mean 3180 val-
ues alone do not provide a robust signal of terrestrial vs
freshwater vs marine habitat use anong mammals (con-
tra the arguments of Thewissen et a. 1996 and Roe €t al.
1998). This conclusion is strongly contingent upon the
normalized river otter data, however, and further study
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Fig. 6 Mean 313C value (x1 o) of taxa plotted a versus corre-
sponding mean 6180 values (1 ) and b versus corresponding 1 o
for 6180 values. Symbols used to represent the six different eco-
systems are the same in both plots (offshore O, nearshore o, kelp
A, estuary m, freshwater A, terrestrial o). Note the clearer sepa-
ration of ecosystemsin b versusa

of terrestrial, marine, and freshwater aquatic species
from the same region will be needed to establish the reli-
ability of habitat assessments based on mean 3180 val-
ues.

Overall, our analyses revealed that 313C and 180 val-
ues of mammalian enamel were statistically distinct
amongst the ecosystems we studied. However, a compar-
ison of mean &13C and 8180 values does not yield clear
separation among ecosystems (Fig. 6a), mainly because
of the large variance within the terrestrial populations.
Instead, comparison of mean &13C values with calcula-
tions of standard deviations of population 380 values
generates distinct groupings among species (Fig. 6b).
Terrestrial and aquatic species are identified based on
differences in 3180 variability, while foraging zone pref-
erences among aquatic taxa are discriminated by the
mean 13C values. Together, these parameters can be uti-
lized to characterize foraging zone and habitat preferenc-
es of animals in areas where severa distinct ecosystems
come into contact, and have promise for providing eco-

logical information for species when observational or
even morphological information islacking.

In conclusion, we have demonstrated that coupled
carbon and oxygen isotope analysis of mammals pro-
vides useful information on animal ecology when other
techniques may be costly, time-consuming, or not feasi-
ble. If the &13C values of 1° producers are well-con-
strained for an area, then the &13C of consumers can be
used to infer the foraging zones of animals. In addition,
we have shown that the variability in 380 values of
mammal populations indicates the degree of utilization
of aguatic habitats. Finally, we have confirmed that die-
tary and habitat information can be obtained from tooth
enamel, an isotopic substrate that is rarely used in eco-
logical studies of modern mammals, yet one that is readi-
ly available in museum collections. Finally, enamel has a
high preservation potential, so the techniques outlined
here can be applied to paleontological research, where
information on habitat and foraging preferences will be
crucial to evaluating ecological influences on lineages as
they made the transition from life on land to life in an
aquatic medium.
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