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Abstract

The Hudson–Meng bone bed in northwestern Nebraska is an early Holocene deposit of hundreds of bison of
differing ages that were killed in a catastrophic event of unknown origin. The M1, M2, and M3 molars of individuals,
ranging from ca. 1 to 7 years of age at the time of their death, were examined to determine inter- and intra-tooth
isotopic variability, and to link this variability to time in order to better understand the environments that existed
prior to the mass death event. The d13C value of molar structural carbonate increases by 2–3‰ from the M1 to M3
molars, reflecting increasing direct forage signals, and decreasing maternal influences. The d18O value of molar
structural carbonate in a given individual shows no consistent trend with time from birth, indicating a fairly direct
linkage to ‘dietary water’ regardless of tooth ontogeny. Detailed ‘down-tooth’ isotopic measurements indicate a small
seasonal signal in the d13C value of forage/maternal milk, which appeared to have been largely dominated by C4
flora. In contrast, there was almost a 10‰ range in the isotopic composition of dietary water, a range that is within
present-day summer versus winter precipitation in the region. The d18O value of bulk tooth enamel, arranged by
approximate time prior to the death event, indicate a consistent increase in the d18O value of body water (2–3‰),
suggesting a long-term decrease in winter/spring precipitation and/or drought. The d18O trend with time, coupled
with the high C4 grass abundance, suggest environmental stresses on the herd preceding the catastrophic death event.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction et al., 1995; Kohn et al., 1996; MacFadden and
Cerling, 1996). In general, the d13C values of
structural carbonate in enamel apatite indicate theThe isotopic composition of carbonate in mam-
relative abundance of C4 grass in a herbivore’smalian tooth enamel has been the focus of numer-
diet (Wang et al., 1993; Quade et al., 1994) andous publications on paleodiet and paleoecology of
by inference, the plant ecology of paleoenviron-large grazing herbivores (e.g. MacFadden et al.,
ments (Cerling et al., 1993). Similarly, the oxygen1994; Tieszen, 1994; Wang et al., 1994; Quade
isotope ratio of enamel carbonate or phosphate
has potential to provide information on isotopic* Corresponding author. Tel.: +1-510-643-7890;
composition of surface water and surface temper-fax: +1-510-643-5098.
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Luz et al., 1984; Luz and Kolodny, 1985). There 1978; French, 1979; Boutton et al., 1980; Tieszen,
is a growing recognition of complexity in this 1994) which bison consume indiscriminately
isotopic record, and this paper addresses aspects (Peden et al., 1974; Schwartz and Ellis, 1981).
of developmental complexity and what it can addi- Growing season temperature and moisture are
tionally tell us about past environmental settings. predominant factors affecting the proportion of

There is a growing appreciation of significant C3 to C4 flora in a given region (Boutton et al.,
spatial enamel isotopic variation within a given 1980). Seasonal studies show early spring and late
individual: fall predominance of C3 grasses while the C41. between teeth: the d18O value of single teeth grasses are most dominant in mid summer

from different positions in the jaw of single (Tieszen, 1994). A strong correlation has been
individuals shows ranges in phosphate d18O found between relative abundance of C4 grass
values because of seasonal water intake, type species and minimum temperatures during the
of diet, differences in water conservation capa- growing season (Terri and Stowe, 1976), which
bilities of different animals, body size and other allows paleoclimate information to be determined
factors (e.g. Koch et al., 1989, Bryant et al., from the C4 abundance in dietary proxies such as
1996a,b; Fricke and O’Neil, 1996; Stuart- the d13C value of tooth enamel.
Williams and Schwarcz, 1997); The difference in the d13C values of C3 (a d13C

2. within teeth: Pioneering studies by Sharp and value of −26.5±2.5‰) and C4 grasses (a d13C
Cerling (1996), Cerling and Sharp (1996) and value of −12.5±1.2‰) (Tieszen et al., 1983) is
Fricke and O’Neil (1996) revealed significant the basis for using bison diet, as estimated from
‘down-tooth’ isotopic variability linked to the the d13C values of enamel, as a means of determin-
long time span (and changing diet) encom- ing paleoenvironmental information. It has been
passed in the molars of many large herbivores. observed that the d13C value of tooth enamel is

These aggregate studies show that proper inter- ca. 12‰ more positive than the animal’s dietary
pretation of enamel isotopic ratios in fossil teeth intake (e.g.Wang et al., 1994; Morgan et al., 1994).
requires knowledge of both the tooth type and its
ontogeny. 2.2. Oxygen isotope systematics of surface water

The Hudson–Meng bison bone bed in north- and enamel
western Nebraska is an early Holocene deposit
containing the skeletal remains of up to 1000 bison

The weighted annual d18O value of global pre-individuals, all of whom died at the same time
cipitation is generally correlated with mean annual(Todd and Rapson, 1993). In this paper we use
surface temperature (e.g. Dansgaard, 1964;this deposit to:
Rozanski et al., 1993), although on a more local1. amplify our understanding of between- and
scale, other factors such as the source of thein-tooth isotopic variability (focusing here on
precipitation may have an major influence onbison); and
precipitation values (e.g. Amundson et al., 1996).2. use this isotopic data to illuminate aspects of
The d18O value of body water of animals is deter-the events that led to the sudden, and unex-
mined by the isotopic composition, and fluxes, ofplained, deaths of such a large number of
oxygen into and out of the body, the most impor-individuals.
tant of which is oxygen in ingested water ( liquid
and plant water) (Luz et al., 1984; Luz and
Kolodny, 1985; Bryant and Froelich,1995; Bryant2. Background
et al., 1996a, b; Kohn, 1996). It is likely that water
in grass leaves is an important contributor to bison2.1. Carbon isotope systematics of diet and tooth
body water because bison on the Great Plainsenamel
ingest a substantial amount of plant material, and
leaf water has higher d18O values than that ofThe present-day Great Plains are characterized

by a mixture of C3 and C4 grasses (Sims et al., other surface water reservoirs (Dongmann et al.,
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1974; Epstein et al., 1977; Burke and Stuiver, 1981;
Sternberg, 1989; Yakir, 1992). However, we know
of no studies performed on the body water oxygen
budget of freely ranging bison, so the quantitative
linkage between body water and precipitation
remains unknown.

2.3. Bison tooth development

Mammalian tooth enamel has been shown to
form continuously over several years (Hillson,
1986; Dean, 1987; Aiello and Dean, 1990;
Bromage, 1990; Huda and Bowman, 1995). This
results in a high-resolution ‘down-tooth’ record of
changing body d13C and d18O values driven by
seasonal changes in water and carbon intake. In
order to accurately interpret seasonal trends via
isotope analysis, it is imperative to understand
enamel formation patterns for different specific
teeth of bison.

Bison exhibit reproductive synchronicity: their
birthing season occurs in spring and is a tightly
constrained and predictable event (Berger and
Cunningham, 1994). Thus, isotopic data from the
same type of tooth in different individuals of the

Fig. 1. Modern bison enamel formation timeline (see text forsame biological age are very likely to reflect the
discussion). Enamel growth begins at the top of the crown and

same seasonal periods. Seasonal eruption and wear proceeds to the root in all teeth. Months begin with December
patterns for cattle, and bison in particular, have (D) at 5 months prior to birth. The M1 molar beings formation
been studied (Brown et al., 1960; Frison and en utero beginning in February (F). Along with the timeline

for mandible molars, premolars (P2, P3, P4) are also presented.Reher, 1970; Haynes 1984; Wegrzyn and Serwatka,
1984), and the time frame for enamel development
in bison molars was further clarified in preparation specimens was identifiable via radiographs which

established enamel growth patterns from fetal spec-for this study. The growth patterns of enamel
crowns for bison mandibular molars (Fig. 1) were imens to 2 year olds. In this work, we made

observation based on knowledge that teeth growdetermined from two sources. First, an initial
timeline of enamel crown development was out- sequentially from the top of the crown downwards

to the cementum–enamel junction (CEJ). Enamellined using bison tooth eruption and wear patterns
as documented by Great Plains archaeologists. is biomineralized daily and is not remetabolized

like other components such as bone collagen.The researchers have aged animals and determined
season of death using measurements of different Microscopic cross-striations in the enamel crown

mark the daily and weekly variation in this enamelindividual teeth from bison bone beds, as well as
teeth from large numbers of animals butchered in matrix excretion.

The results of these observations (Fig. 1) sug-modern bison herds (Frison and Reher, 1970;
Frison and Stanford, 1982; Frison and Todd, 1987; gest that the formation of the M1 molar enamel

crown occurs partially en utero and is completedTodd et al., 1990). Additionally, 61 radiographs
were taken from a University of Wyoming collec- several months after birth. The M2 molar enamel

crown forms between the time of birth and ca.tion of 35 individual modern bison mandibles of
known age at death. The crown enamel on these 13 months of age. The M3 molar forms between
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Table 1
Isotopic composition of various bulk samples and subsamples from all individualsa

Individual Side Tooth Cusp Sample d13C d18O Time (months)

Modern L M2 Meta 1 −11.5 22.1
2 −11.6 24
3 −11.7 23.6
4 −10.9 23
5 −10.4 22.1
6 −10.1 21.1
7 −9.8 19.4
8 −9.5 19.4

730-44
Cohort 2 L M1 Meta Bulk −7 23.5 13

CEJ1/3 −6.9 20.2
M2 Meta Bulk −5.9 23.8 2

CEJ1/3 −11.4 20.1
MID1/3 −5.9 23.3
OCC 1/3 −7.7 20
1 −6.4 22.2
2 −6.7 19
3 −6.7 19.5
4 −6.4 21.3
5 −6.1 22.2
6 −5.3 25.3
7 −3.7 28.6
8 −5 27.5

226-14a
Cohort 3 L M1 Meta Bulk −8 21.9 25

CEJ 1/3 −7.6 19
M2 Meta Bulk −6.2 21.5 14

CEJ 1/3 −4.5 24.5
M3 Meta Bulk −5.3 23.5 4

CEJ 1/3 −5.7 25.5

212-31
Cohort 3 L M1 Meta Bulk −7.5 23.3 25

M2 Meta Bulk −6 22.6 14
CEJ 1/3 −3.5 27.2

M3 Meta Bulk −4.7 23.9 4
CEJ 1/3 −4.8 24.3

I84-23-160
Cohort 4 L M1 Meta Bulk −8 22.5 37

CEJ 1/3 7.6 18.8
M2 Meta Bulk −5.9 22.6 26

CEJ 1/3 −5.7 23.5
M3 Meta Bulk −5.2 22.1 16

224-172
Cohort 5 L M1 Meta Bulk −6.8 23.6 49

CEJ 1/3 −6.9 19.4
M2 CEJ 1/3 −5.6 21.8
M3 Meta Bulk −5.5 21.5 28

CEJ 1/3 −5.2 24.5
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Table 1 (continued )

Individual Side Tooth Cusp Sample d13C d18O Time (months)

145.8
Cohort 7 L M1 Meta Bulk −6.6 19.8 73

Ento Bulk −6.5 19.4
M2 Meta Bulk −5.2 22.8

CEJ 1/3 −5.9 18.1
Ento Bulk −5.6 23.1

M3 Meta Bulk −5.1 21.4
CEJ 1/3 −4.7 23

Entob Bulk −5 21.1
Hypo Bulk −5.2 21.3

R M1 Meta Bulk −7.3 17.9
CEJ 1/3 −6.9 19

Ento Bulk −6.8 19.3
M2 Meta Bulk −5.7 22.5

CEJ 1/3 −5.6 21.4
Ento Bulk −5.6 23

M3 Meta Bulk −4.7 22.4
Ento Bulk −5.1 21.4
Hypo Bulk −5.4 21

a Location of samples are listed by tooth cusps which are: meta, metaconid; ento, entoconid; hypo, hypoconulid (see Fig. 1) (CEJ,
cementum–enamel junction third subsample; MID, middle third subsample; OCC, occlusal third subsample; and samples listed as
1–8 are the eighth subsamples). Time is in months from completion of enamel crown until time of herd death.

nine months and ca. 2 years of age. Therefore, the Reher, 1970; Frison and Stanford, 1982; Frison
and Todd, 1987; Frison, 1991; Todd et al., 1990)data available suggest that the enamel of the M1,

M2, and M3 of a bison represent a continuous indicate that the herd died in late summer (Todd
and Rapson, 1993).record of bison carbon and oxygen in diet from

en utero to 2 years of age. Left mandibular molars from five individuals
as well as right and left mandibular molars from
a sixth individual were collected and sampled. By
convention, animals in a herd are classified into3. Materials and methods
cohort groups with animals born in the most recent
spring defined as cohort group 1. The animals in3.1. Fossil samples
this study comprise cohort groups 2 (youngest)
through 7 (oldest) (Table 1). Cohort group 1The fossil bison teeth analyzed in this study

were excavated from the Hudson–Meng individuals were present in the bison bed, but none
were available for this study. Two of the animals(25SX115) bison bonebed located in the southern

half of the Oglala National Grasslands in north- were the same age at death (cohort group 3). The
animals ranged in age from 1.3 to ca. 7.3 years ofeastern Sioux county, northwest Nebraska (Miller,

1994). The bonebed contains the remains of 500– age at the time of their death. Age of death was
determined by tooth wear/eruption patterns. As1000 bison and has yielded 14C dates of 9500 B.P.

(Todd and Rapson, 1993). All individuals died at expected from a normal aging process, wear
increased from the 1st to the 3rd molar. Similarly,the same time although the cause of death remains

enigmatic (Todd and Rapson, 1993). Evidence the teeth of older animals are more worn than for
younger ones. The height/length of each tooth isfrom patterns of wear on teeth and from tooth

eruption patterns on calf mandibles (Frison and given in Table 2.



84 C. Gadbury et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 157 (2000) 79–93

Table 2
Measurements (in mm) of molar crown attributes of teeth used for isotopic analyses (BK indicates broken teeth)

Individual Molar Metaconid Entoconid Saddle Occlusal Occlusal Occlusal Ectostylid
No. height height height width width surface to

mesial distal length wear

730-44 M1 46.5 49.0 42.0 12.0 13.0 31.5 9.0
Cohort group 2 M2 66.5 67.5 60.5 12.0 12.0 37.5 22.0
(1.3 years) M3 NA NA NA NA NA NA NA
226-14a M1 BK BK BK BK BK BK 10.0
Cohort group 3 M2 63.9 66.0 58.0 15.0 14.0 38.5 16.0
(2.3 years) M3 66.0 62.0 59.5 13.5 14.5 44.5 19.0
212-31 M1 39.4 41.6 35.9 13.1 13.8 28.6 1.5
Cohort group3 M2 56.7 58.1 51.0 14.4 13.4 37.4 11.5
(2.3 years) M3 63.8 61.5 52.3 11.7 11.4 44.6 15.1
I84-23-160 M1 35.0 38.0 29.0 15.0 14.5 33.0 00.0
Cohort group 4 M2 53.0 56.0 47.0 14.5 15.0 37.0 4.6
(3.3 years) M3 62.0 62.5 55.0 14.0 13.0 44.5 15.0
224-172 M1 27.5 31.5 23.5 15.0 BK 27.5 00.0
Cohort group 5 M2 43.0 46.0 42.0 15.5 16.0 36.0 00.0
(4.3 years) M3 59.0 60.5 52.0 15.0 14.5 47.5 9.5
145-8 right side M1 BK 26.0 15.5 BK BK BK 00.0
Cohort group 7 M2 42.2 45.5 37.5 15.0 16.0 33.5 00.0
(6.3 years?) M3 48.0 53.5 46.5 15.5 14.0 44.0 6.0
Left side M1 21.5 21.6 15.7 17.0 15.5 BK 00.0

M2 38.0 40.0 32.5 17.0 15.5 33.5 00.0
M3 50.6 53.0 48.0 15.0 15.0 44.5 4.0

3.2. Modern samples 1. isotopic variation, in bulk enamel, between
M1, M2, and M3 molars;

In order to compare to fossil samples, one left 2. isotopic variation, in enamel just above the
mandibular molar from a modern bison was col- CEJ (i.e. just above gum line), between M1,lected and sampled. This animal, part of the Fort M2, M3 molars and between the bulk samples
Robinson herd located ca. 20 miles SE of Hudson– from each molar;
Meng, was a year old when it died. Therefore, it 3. isotopic variation between left and right molars
was similar in age to the cohort group 2 individual in a given individual;
from Hudson–Meng fossil bed. Despite this age 4. ‘down-tooth’ isotopic variability in the M2similarity, the Fort Robinson individual is not an molar from the fossil and modern cohort 2
ideal isotopic proxy for modern ecological condi- individuals; and
tions because its supply of food and water has been 5. isotopic variability in bulk enamel with time
altered by human activity. For example, pasture preceding an individual’s death.forage at Fort Robinson is regularly supplemented

Bison molars exhibit cusps (i.e. metaconid,in winter months by a feed mix of hay (alfalfa,
entoconid, hypoconulid) as discrete sections of amillet, oats, sudex) and corn while drinking water
tooth that were used for sampling purposes. Fig. 2comes from both surface reservoirs and from a
illustrates the types of samples taken from thewindmill that supplies ground water year round.
bison molars used in this study. All 20 fossil teeth
were sampled lengthwise on the metaconid cusp3.3. Sampling strategy
for a ‘bulk sample’. The bulk sample consists of a
2–3 mm wide vertical strip of enamel that spannedFrom the large number of fossil specimens, the
the entire height of the tooth (down to the gumfollowing isotopic comparisons/observations were

made: line). Bulk samples were also taken lengthwise for
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tooth’ isotopic variability was examined in two
ways:
1. M2 from the fossil cohort 2 was sampled into

thirds (uppermost: ‘OCC’ for occlusal chewing
surface, middle: ‘MID’ for the middle third,
and lower-most: ‘CEJ’); and

2. a vertical strip from the M2 fossil and modern
molars were divided into eighths for our most
detailed time-resolution.
The enamel strips (of all types) were removed

from teeth using a Dremel tool and a diamond-
blade attachment. Dentine adhering to the enamel
was removed using stainless steel dental instru-
ments. Bulk and subsamples of enamel were then
ground into powder using an aluminum oxide
mortar and pestle. Enamel-occluded carbonate was
prepared as in Wang et al. (1993). Enamel powder
was reacted overnight in a 5% solution of sodium
hypochlorite to remove organic material. It was
then washed with distilled water over a micro-
glass filter paper. Samples were reacted with 1M
acetic acid overnight under weak vacuum to
remove surficial carbonates, and were again
washed over micro-glass filter paper and dried.
Approximately 100 mg of this enamel powder was
converted to CO2 with 100% phosphoric acid at
25° for ca. 3 days (McCrea, 1950). The evolved
CO2 was purified cryogenically and then analyzed
on a VG prism stable isotope ratio mass spectrom-
eter at the Center for Isotope Geochemistry,
Lawrence Berkeley National Laboratory. Values
are reported in permil (‰) units relative to SMOW

Fig. 2. Tooth terminology and illustration of different enamel (18O) and PDB (13C) standards. Standard devia-
sub-samples examined in this study: (a) lingual side of a left tion in d18O and d13C values associated with
M2 with enamel sub-samples identified; the entoconid and meta- triplicate measurements on a single sample areconid cusps are also identified, (b) lingual side of a left M1 with

<0.3‰.identification of additional enamel sub-samples, (c) buccal side
of a right M2 with root and CEJ identified; the hypoconulid
cusp is also identified, (d) left M2, distal view.

4. Results and discussion
several additional cusps on both right and left
mandibular molars of the oldest animal (entoconid 4.1. Inter-molar isotopic variability
and hypoconulid; see Fig. 2) in order to compare
cusp-to-cusp variability and to assess right-to-left Although considerable isotopic variability exists

between the fossil individuals, the d13C values ofside of mouth variability. On 16 of the fossil
molars, subsamples were taken from the CEJ to enamel consistently increased from the M1 to M3

molars [Fig. 3(a)]. The overall shift was on theabout one-third of the total upward direction in
order to compare late forming enamel with the order of 2–3‰. This d13C trend suggests that en

utero enamel formation and the ingestion of moth-bulk enamel from the same tooth. Detailed ‘down-
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provide evidence which indicates that carnivore
d13C apatite values are +8‰ greater than the diet
of prey (compared to the +12‰ between the
herbivore enamel and its diet). The actual mecha-
nisms behind our observations remain to be deter-
mined by experimentation. The M2 d13C values
were also lower than those of the M3, but greater
than those of the M1. The M2 reflects diet con-
sumed during both nursing and post-weaning. The
M3 d13C values primarily reflect forage intake.
These data show that the C isotope composition
of molars in the mouth of one animal can vary by
>2‰, re-emphasizing the need to recognize the
type and ontogeny of teeth in C isotopic studies
for paleodiet. For future investigations, we would
recommend the M3 molar as the ‘molar of choice’,
as that would yield the most direct evidence of
forage consumed. This molar was also utilized by
Bryant et al. (1996a) for an isotopic study of fossil
equids. However, the other molars may yield excit-
ing biological data, as well as fractionation factors
en utero. Clearly a better understanding of the
biology of modern, living, organisms are needed
to better understand these enamel isotopic signals.

There is no consistent trend in enamel d18O
values from M1 to M3 molars [Fig. 3(b)]. There
are, however, enormous ranges in the d18O values
for a given molar position among the individuals
studied (up to 3.5‰). Although speculative, this
suggests that there is no significant change in the
d18O value of body water obtained from mother
blood/milk and that of general dietary intake of
weaned individuals. Bryant et al. (1996a) also didFig. 3. (a) Variation in the d13C value of bulk tooth enamel and
not find a consistent pattern from the M1 to M3(b) variation in the d18O value of bulk tooth enamel as a func-
molars in bulk enamel phosphate in Oligocene totion of tooth type (M1, M2, M3) for six fossil individuals.

Miocene-aged Equids.

4.2. Cementum-enamel junction enamel versus bulker’s milk influence the d13C values of the enamel
of molars formed prior to weaning. The M1, enamel
formed partially en utero, has the lowest d13C
values of all the molars. The fetus, which is nour- The CEJ material should represent enamel

formed over a more restrictive period of time, andished by the blood of the mother, might be con-
suming a C compound with a different d13C value thus should not reflect the integrated signal that

the bulk enamel does. For samples where boththan the mother’s bulk diet. Alternatively, the
physiology of the developing fetus may have an bulk and CEJ samples were available, the d13C

values are roughly correlated, although there areunusual fractionation factor of biosynthesis. For
example, if unborn calves are viewed as ‘predators’ several outliers [Fig. 4(a)]. As we will discuss later

(Section 4.4), and from what is apparent from theof their mother, Krueger and Sullivan (1984)
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sonal environments, than bulk tooth enamel. The
environmental interpretation of tooth fragments
therefore required sound knowledge of enamel
development timelines.

4.3. Isotopic variability between left and right
molars in same individual

Fig. 5 illustrates the variation in isotopic com-
position between mandible molars of a single
individual. The individual selected is from fossil
cohort group 7 — the oldest individual examined
in the study. Significant wear had occurred on the
teeth of the individual, with nearly half of the
M1 molars missing due to wear (Table 2). In this
particular comparison, there was up to a 1.3 and
1.9‰ variation, in d13C and d18O values, respec-
tively, from left to right in a single individual.
Obviously, the observed variation was relatively
small in most of the comparisons, indicating that
left or right mandible makes little difference in a
molar’s isotopic composition.

4.4. Inter-tooth isotopic variability

In the fossil cohort 2 individual, a strip of bulk
enamel was divided into 3 segments (CEJ, MID,
OCC ) which were isotopically analyzed (Table 1).
Each segment has different d13C and d18O values.
Below, we will discuss in more detail the possible
seasons corresponding to each segment. However,
we note that the measured d13C value for the
CEJ sample (−11.4‰) is anomalously negative,Fig. 4. Relationship between the (a) d13C value of bulk enamel

and the CEJ sections and (b) d18O value of bulk tooth far more negative than any other sample from the
enamel and CEJ sections for six fossil individuals. fossil collection. We therefore suspect an analytical

error in this sample.
The detailed ‘down-tooth’ isotopic variabilitytotal isotopic range in Fig 4(a), this appears to be

due to an apparent narrow seasonal range in the for both the fossil and modern samples are
illustrated in Fig. 6. Clearly, as has been recognizedd13C value of the early Holocene diet of these

animals (ca. 4‰). In contrast, there is no correla- by previous authors (Cerling and Sharp, 1996;
Sharp and Cerling, 1998; Fricke and O’Neil, 1996),tion between the d18O value of bulk and

CEJ enamel [Fig. 4(b)]. This is likely due to an there is a seasonal dietary record in this variation.
The tooth formation data, summarized in Fig. 1,apparent large seasonal to annual trend in the

d18O values of dietary water of these early suggest that the crown of M2 should form in mid-
summer and the base should form in the followingHolocene animals [up to 9‰ range in Fig. 4(b)].

The simple conclusion that can be reached from spring to early summer. Given what is well-known
about Great Plains ecology and meteorology, wethis comparison is that fossil tooth fragments will

give a far different isotopic signal, in highly sea- expect that the most positive d13C values (prepon-
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Fig. 5. The d13C and d18O values of bulk enamel carbonate from molars on the left and right mandibles of fossil 145-8, the animal
of oldest age at time of death (fossil cohort 7).

derance of C4 grasses) and d18O values (summer It is clear that there is a moderate (4‰) C and
large (9.6‰) O isotope range within the fossilprecipitation from Gulf of Mexico) should occur

in mid summer. The minimum d13C values may tooth — and in all the teeth examined in this
study. This suggests, at face value without account-occur in spring during C3 grass production, while

the most negative d18O values may occur in the ing for possible effects of nursing versus grass
intake, a C4 grass intake ranging from 56 to 77%winter, if animals consume significant quantities

of snow. These hypothesized dietary signals do not of total diet. Kelly et al. (1998) measured the C
isotope composition of soil organic matter inmatch well with the estimated tooth formation

timeline and the isotope data (Figs. 1 and 6): that paleosols underlying and encasing the bonebed,
and reported d13C values of −14.9 and −16.6‰is, the O isotope data suggest that the enamel

began forming in the fall and ended in the (89 and 71% C4 grass, respectively) for underlying
soil organic matter and −12.9 and −22.1‰ (100following late summer. It is plausible that the

environmental water isotope signals that are ulti- and 31% C4 grass, respectively) for encasing
organic matter. These (with one exception) indi-mately reflected in the M2 molars are obscured via

physiological changes that the growing animal is cate C4 grass percentages consistent with the fossil
tooth data (which integrates a much shorter timesubjected to over this period (weaning, strong

seasonal climate and water stress oscillations, span than the soil organic matter). The present
abundance of C4 grasses in this portion of thechanges in body and water pool size, etc.). The

importance of these physiological processes is Great Plains is considerably lower than this value.
First, in this general region of the Plains, C4deserving of more research. Another way of recon-

ciling this apparent isotopic discrepancy is that grasses comprise ca. 35% of the flora (Tieszen,
1994). Second, Kelly et al. (1998) measured theenamel timeline we have developed may vary a

few months among individuals (assuming physio- d13C values of soil organic matter in modern soils
at Hudson–Meng, and reported values betweenlogical processes are not responsible). Such an

offset or variation would then reconcile ‘time of −19.2 and −21‰. These C isotope values indicate
that C4 grasses make up between 39 and 52% ofenamel formation’ with the C and O isotope data

in the fossil individual we examined. the present flora, far less than that indicated by
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tent with the winter to summer isotopic transition,
and with the present average mean precipitation
values which are likely between ca. −7 and −10‰
(see Amundson et al., 1996 for summary of pub-
lished data in region; E.F. Kelly, personal com-
munication of O isotopes in soil carbonates). In
contrast, the O isotopic variation in the modern
animal is smaller, suggesting dietary water
extremes of −4.8 and −9‰ [Fig. 6(d)]. Clearly,
supplemental water has tended to dampen the
natural seasonal water trends that are reflected in
free-ranging animals.

In summary, the C and O dietary ranges exhib-
ited in the fossil molar are expected given the
known seasonality in dietary sources in the Great
Plains. It may be that the proportion of C4 grass
available to the fossil animal is greater than the
abundance of C4 grasses on the modern range, a
hypothesis also proposed by Jahren et al. (1998)
based on isotopic work on bone and tooth enamel
from the Hudson–Meng site. However, further
work is needed to verify this hypothesis.

4.5. Isotopic variability in bulk enamel with respect
Fig. 6. Isotopic composition of eight subsections (crown to to time prior to death
CEJ) of a fossil (730-44) and modern (Ft. Robinson) M2 molar:
(a) d13C values of fossil, (b) d18O values of fossil, (c) d13C values

Here we take advantage of our tentative under-of modern, and (d) d18O values of modern.
standing of tooth/enamel formation patterns for
bison, and our assessment of animal age at time
of death, to arrange the isotopic data from thethe C isotope composition of the early Holocene

fossil tooth enamel. Therefore, it seems that the bulk fossil teeth as a function of time (months from
estimated enamel crown completion to the death offossil animals foraged a more C4-rich prairie than

that which presently exists [see also Kelly et al. the herd). Roughly, this provides an isotopic per-
spective of diet from 6+ years to a few months(1998), Fig. 4(b)].

In contrast, the modern individual consumed before the mass death of the herd.
The plot of the d13C value of the bulk enamelbetween 20 and 36% C4 grasses. While the modern

individual was given a supplemental diet, obscur- versus time [Fig. 7(a)] suggests, without critical
analysis, that the proportion of C4 grass in theing the significance of the C isotope data, the

fraction of C4 grasses on the present range near diet decreased as the time of the mass death
approached. However, this is an artifact inducedFt. Robinson is about 32% (Lora O’Rourke, Pine

Ridge Ranger Station, personal communication; by molar type. All d13C values less than −6.5‰
are present in M1 molars, teeth that obviously areTieszen, 1994).

The large O isotope variation in the fossil molar greatly influenced by processes other than the
abundance of forage. In summary, the M3 (andsuggests a seasonal range in the d18O of ‘dietary

waters’ from ca. −9.4 to 0.2‰ [Fig. 6(b) — using secondarily M2) molars indicate no significant
dietary shift over the course of time. However, asa fractionation factor of 28.4 at 25°C, calculated

from O’Neil et al. (1969)], values that are consis- mentioned above, there was already a very high
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Fig. 7. The variation in (a) d13C and (b) d18O values of bulk tooth enamel in fossil teeth as a function of time from the completion
of the enamel crown to the time of the herd death. The symbols next to data points indicate molar type (e.g. M3) and, in parentheses,
the cohort group (e.g. 2–7). The probable range in isotopic values of modern grazers is calculated from isotopic data on soil organic
matter and rainfall discussed in the text.
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percentage of C4 grass in the animal’s diet relative to tooth type, reflecting environmental water
to modern values [Fig. 7(a)]. directly (M3) or in a relatively unaltered state

The plot of bulk enamel d18O values shows a through the mother (M1 and partially M2).
pattern of increasing values with time (ca. 2–3‰). $ There is only a small isotopic difference in a
Unlike the C isotope data, this is not caused by given molar from the left or right mandible of
the effect of any one molar type, since as discussed a given individual.
above, the d18O value of the molars appears to $ Seasonal isotopic patterns are clearly expressed
reflect ‘environmental waters’ regardless of the ‘down-tooth’ in a given molar, although our
ontogeny of the tooth. The trend toward increas- understanding of the possible range in the
ingly positive integrated d18O values in the enamel timing of enamel formation among individuals
suggests a significant, and long-term, increase in makes the assignment of isotopes to season a
isotopically positive precipitation. Additionally, somewhat circular process at the present time.
the values all appear (based on sparse data) to be $ The environment about 9500 years ago, just
several per mil greater than teeth that would reflect prior to the bison mass death, was possibly
modern average precipitation [Fig. 7(b)]. In the dominated by far more C4 grass than the present
Plains, this could be accomplished by some combi- local environment and by a trend of increasing
nation of changing winter/summer precipitation d18O values in the years leading up to the bison
ratios. One hypothesis is that winter/early spring deaths. This suggests severe environmental
and or late fall/winter precipitation decreased with stress.
time (which also agrees with the low C3 grass The environmental interpretations are prelimi-
component of the diet). In general, the data may nary, but point in a direction of future research to
indicate continual drying over the roughly 6 year learn more about the factors contributing to this
period. enigmatic geological deposit.

The cause of the mass bison death in the What is sorely lacking is a detailed study of the
Hudson–Meng bed remains unknown. The steadily relationship between diet and tooth enamel in
increasing d18O values of the enamel may suggest modern bison. Such a study should be a long-
a long-term drought (or absence of spring/winter term, time series isotopic study from an individ-
precipitation). Therefore, a very tentative hypothe- ual’s inception to an age of 3 or 4 years. Coupled
sis for the herd death is that of prolonged drought, with this should be improved models of the time-
starvation, poor reproductive success, and ulti- line of enamel development. However, in the
mately mass death. Obviously, more research is absence of this critical work, the rudiments of
needed to determine the validity of this admittedly isotope systematics and bison biology as they are
speculative hypothesis. However, it would appear presently known provide intriguing, though less
that stable isotopes in tooth enamel will greatly quantitative, perspectives into many paleo-
inform any hypotheses advanced for the formation environments.
of this unusual geological deposit.
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