Fiirmnaas

Sap 12 N4 NQ:5MNp 719RAK4229R p.1

PALAEQ

ELSEVIER

T

Palacogeography, Palaeoclimatology, Palaeoecology 126 (1996} 91-99

Inter- and intra-tooth variation in the oxygen isotope composition
of mammalian tooth enamel phosphate: implications for
palaeoclimatological and palaeobiological research

Henry C. Fricke, James R. O'Neil
Depariment of Geological Seicnces, University of Michigan, Ann Arboy, MI 45104-1063, USA
Received 23 June 1995; revision 5 October 1995; accepted 2 May 1996

Abstract

Significant differences in the 3'%0,, value between teeth, and even within a single tooth were observed in a detailed
study of the oxygen isotope composition of tooth enamel phosphate (3'%0,) of hypsodont tecth from bison and sheep
jaws, The permanent molars and premolars of a fossil adult bison from. eastecn Wyoming (~ 500 yr B.P.) and a
modern sheep from Celifornia were analyzed. The bison is assumed to have been free-ranging with a varety of
possible water sources, whercas the sheep was raised on a ranch. Inter-tooth variability in 5'%Q, for the bison

" compared to the sheep (5.6%o and 3.5%0, respectively) may be a result of behaviorat differences. Analyses of multiple
samples from the m3 of both the bison and sheep vary to a similar degree (3.5%0) in a similar cyclic pattern down
the length of the tooth, a pattern which is interpreted to be seasonal. When present, inter- and intra-tooth variations
in 0, are controlled by the water and food ingested by the mammals during the period of enamel formation. In
these localities, wcll waters, surface waters, and mother’s milk have different isotopic compositions at different times
of the year.

The data underscore the role of biology and behavior in defermtining §'%0, values, and the need to understand
how they vary for a population of interest. If these variations are taken into account, the 530, values of single
samples from small, late-forming teeth {e.g. premolars) can be used as a proxy for the §'20 value of local meteoric
water for long-term climate studies. Multiple samples from a single third molar may provide information on the
duration and timing of enamel growth, seasonality, as well as long-term climate change.

1. Introduction field realized that the constant body temperature

of mammals made it possible to interpret the

Because tooth enamel has a lower organic
content, is denser, and comprises larger apatite
crystals relative to dentine and bons, it is more
resistant to physical and chemical alteration and
has become the material of choice in paleoclimatic
research using oxygen isotope analyses of biogenic
phosphate (e.g. Ayliffe et al., 1994; Bryant et al,,
1994; Fricke et al,, 1995). Barly researchers in this
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OXygen isotope composition of tooth enamel phos-
phate (8'30,) as a reflection of the isotopic com-
position of local precipitation (5%0,) that they
were drinking {e.g. Longinelli, 1984; Luz et al,
1984), which in turr is a proxy for local average
surface temperature (Dansgaard, 1964, Rozanski
et al.,, 1993). Thus mammalian remains collected
from different geological or archaeclogical strata
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at a single locality can be used to reconstruct
climate and rate of climate change over relatively
long periods of time (e.g. Fricke et al., 1995).

An inherent assumption of this method is that
change in §'®0, of samples separated by years,
decades, ot rnore, is due only to changes in climatic
variables such as temperature, relative humidity,
air mass source, etc. over that period. This relation
for hypsodont (high crowned ) teeth that form over
a period of months can be complicated by short-
term, seasonal changes in 8%0,, that occur during
enamel formation. Por a single individual these
changes can result in large inter- and intra-tooth
variations in 3’0, not related to long-term climate.
Therefore variations in §%0, values of different
teeth from a given geological or archaeological
deposit could be influenced by a tooth sampling
bias, and change in 5**0, over time may not have
any relation to long-term climate change. To mini-
mize this effect in their study of §!%0, variations in
Pleistocene bear teeth, Reinhard et al. (1996-this
issue) analyzed tooth enamel from canine teeth
only.

The object of this study is to describe possibie
seasonal effects of the oxygen isotope composition
of both drinking water (§**0,) and plant water
(8'%0,,) on 30, of a domesticated sheep and a
wild bison. It becomes apparent that the biclogy
and behavior of the individuals sampled for paleo-
climatological research can play an important role
in determining enarel 380, values, as has been
observed in the oxygen isotope composition of the
CO; fraction of dentine from bears and extinct
proboscideans { Koch et al., 1989). Therefore it is
necessary to characterize how both biolopy and
behavior will effect 5'*0, for a given population
so that the change in 8“‘0 ‘associated with long-
termn climate only can be 1solatcd With these effects
in mind, paleoclimate sampling strategies include
taking single samples from small, late-forming teeth
that can be still be used as an record of long-term
change, and multiple samples from a single tooth
can be interpreted as a record of seasonal differ-
ences in 8190, as well as long-term climate.

2. Sampling

The teeth analyzed include the permanent lower
premolars (p2-p4) and molars (mi-m3) from a

young adult (m3 just coming into wear) sheep that
was raised this past decade on a ranch in northern
California, and the same selection of teeth from a
young adult bison living about 500 yr B.P. in
castern Wyoming. The numbers associated with
each tooth type shown in Fig. I are related to the
relative position of the tooth in the jaw. The sheep
had a fairly well known life history, including a
known diet, and a restricted range. As a domesti-
cated anima] its living conditions are considered

“fairly representative of sheep fonnd in the archago-

logical record. In contrast, the bison was a wild
animal killed by native Americans as part of a
herd drive at the Vore buffalo jump site {Reher
and Frison, 1980). Little is known for certain
about the behavior of bison from this period
(J. Speth, pers. comm.}, but without human
domestication it should have had much in common
with the large wild mammal herbivores commonly
found both today and in the geological record.
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Fig. 1. Schematic diagram of teeth from the lower jaws of a
fossil bison and 2 modera sheep, the enamel sample locations
(center), and corresponding §'*0p values {above and below).
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Samples of ~40mg were ground from the
enamel of each of the teeth as ~3mm bands
parallel to the occlusal surface (Fig. 1). Dus to
the incrementally layered growth structure of
enamel, such bands should sample material that
forms over roughly the same time period (Fig. 2).
The m3 from both thc sheep and bison were
sampled at regular intervals up from the cervical
margin, with a total of five samples coming from
the sheep m3, and eight from the bison m3 (Fig. 1}.
The number of samples that it is possible to take
is limited by the size of the tooth. For the sheep
p2 and p3 it is difficult to sample more than ome
horizontal band with our present techniques

(Fig. 1).
3. Anmalytical techniques znd resulis

In the method of phosphate analysis utilized in
our laboratory, the phosphate radical is isolated

youngest

occlusal n

as Ag,PO,, which is then reacted with graphite in
silica-glass tubes at 1400°C to form CO, which in
turn can be directly introduced to the inlet system
of a mass spectrometer (O'Neil et al,, 1994), Using
this technique we obtain a value of 21.8+0.2%
for NBS-120¢, which is comparable to the valnes
obtained using the conventional fuorination
method. Resulis are shown in Table 1 for both the
bison and sheep teeth.

The 8'%0, values of seven of the twelve sheep
samples fall between 19.0 and 19.8%., including
the samples from the three premolar teeth (Fig. 1;
Table 1). The m1 sample has an anomalously high
5'80, value of 21.0%.. For both the m3 and m2,
which were sampled more than once, some 520,
values fall below those constituting the main group
by as much as 3.5%., and in both cases they define
a cyclic pattern down the length of the tooth
(Fig. 1). In contrast, the 3'*Q, values of bison
samples, including the three different premolar
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Fig. 2. A. Schematic cross section of an ynworn tooth (after Hillson, 1986}, Note incrementally layered growth strusture of teoth

enamel whose horizontal rings form over a short time span. Enamel formation begin
the cervical junction, Position of the occlusal sutface, which forms as a tooth undezgoes continued wear, i5 rep)

s at the crown and continues downward toward
resented by the dotted

line. B. 510, variation in the bison m3 versus sample position as represented in part (A). These data provide an example of how
tha 5180, values can be used to estimate the growth rate and season of growth for a given tooth/species. About 1.4 cycles occur over
the length of the tooth (~55 nim), a growth raie of about 40 mm/cycle, Each vycle is interpreted to represent a one-year growth in

euamel, with the high 8'°0, values indicative of swmmer growth, and
is the difference between the two, which is ~3.5%e. The tooth has experienced little wear, thus all the

of 1.5 years.

‘the low 5750, values of winter growth. An estimate of seasonality
enamgl formed on the order
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Table |

Oxygen isotope composition of tooth enamel from the sheep
and bison jaws described in the text. The first set of characters
indicates the tooth sampled, and the second set the location of
the smmple as shown in Fig. 1. Material from each sampled
band was analyzed at least twice, with an average reproduci-
bility of approximately 0.2%

Tooth Position 320, (SMOW)
Bison )
p2 17.3
p3 152
b4 14.1
ml 1 1.7
2 13.0
m2 16.3
m3 1 13.5
2 14.0
3 15.8
4 15.2
5 13.2
& 127
7 15.1
8 154
Sheep
p2 193
p3 19.7
4 19.5
ml 2.0
m2 1 12.0
2 16.5
3 i&.5
m3 1 9.0
2 19.8
3 18.2
4 17.2
5 19.5

samples, are quite variable (Fig. 1; Table 1). Also
the 880, values of the m!l teeth are on average
lower than all the other values. The eight analyses
of the bison m3 have a range of 3.5%., and define
an sven more obvious cyclic trend (Fig. 1).

4, Discussion

Many of the mammalian species which have
been described as potentially useful for paleocli-
matic research are relatively common herbivores
such as sheep, horses, cattle, and deer {(ID’Angela
and Longinelli, 1990; Luz et al, 1990; Bryant

et al., 1994). The teeth of these mammals, and of
bison, are high-crowned (hypsodont), and repre-
sent incrementally layered growth bands of enamel
(Fig. 2}. As mentioned above, the oxygen isolope
composition of this tooth enamel depends primar-
ily on the composition of the water the animal is
ingesting during ¢namel formation. This growth
occurs on the order of months so that both the
timing and duration of cnamel formation, and
seasonel variations in drinking water and food
sources, must be considered when evaluating its
use as a climate proxy.

¢.1. Formation of tooth enanel in permanent cheek
teeth

The formation of the hydroxyapatite prisms
which constitute mammalian tooth enamel takes
place by a process known as mineralization or
maturation {see Hillson, 1986 and Davis, 1987 for
detailed reviews of mammalian dental develop-
ment}). For the lower cheek teeth of sheep and
cattle, the duration over which mineralization
takes place is depicted in Fig. 3. Because there has
been no iovestigation of bison populations, the
runeralization schedule for cattle, which 1s a close
relative, is used as a proxy (Brown et al., 1560).
For the sheep, the mineralization interval of each
tooth is bounded by the age of eruption, and not
by the tirne when ¢rown formation was completed
(Silver, 1969). Therefore the intervals for sheep
may by overestimates,

Except for the first molar, tooth enamel for both
animals forms roughly over a time interval of
0.5-2 years after birth (Brown et al., 1960; Silver,
19569; Hillson, 1986), It is important to emphasize
that the length of the interval and the age when it
begins are variable. Both are related to the physio-
logical development of an individual, and can be
affected by biological and environmental factors
such as the sex, size, health, and diet of the
individual (Hillson, 1986; Smith, 1991).

For 6‘30p values, any varigtion in the isotopic
composition of ingested water over the interval of
formation will be ‘“‘recorded” by the growing
enamel. If the animal is ingesting water which
undergaes seasonal changes in 81*0,, values, it will
be possible to refine estimates of the time interval
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Formation of lowex uals, Finally, despite the inferred seasomality in
sheep and cattle cheek teeth this case, it should be emphasized that there are
e - many situations possible in nature where ingested
m3 - > water will not have seasonal variations associated
with the 3180 value of ingested water.
Bl
p4 B
4.2, The ml and water sources prior (o wearning
p3 - - — - )
Because ml teeth of sheep and cattle are known
P2 - to form prior to birth {Brown et al., 1960; Weinreb

12 =
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Fig. 3. Estimated age and interval over which ename] formation
takes ptace for sheep and cattle (Silver, 1969; Brown et al.,
1960), The rclutive timing is related to the eruption sequence
of the tecth (ml-m3), but can vary depending on biological
and environmental Fartors. The 3*%0p value of the tooth enamel
will depend on the isotopic composition of water ingested
during the intsrval of formation.

and the time of year over which enamel forms.
For example, the cyclic nature of the 8%, of
bison m3, and to a lesser extent sheep m3, allow
quantitative estimates to be made of rates of
enamel growth. The §'°0Q, values of bison m3
cycle approximately 1.4 times, over a 55 mm length
of enamel (Fig. 2). Assuming that the cyclicity is
mirroring seasonal variations in the 5180 value of
ingested water, this cyclicity corresponds to an

_enamel growth rate of ~40 mm/fyr (Fig. 2).

Similarly, the sheep m3 has a calculated growth
rate of ~25mm/1.2 yr, or ~21 rom/yr. The high
5180, values at the cervical margin of the bison
m3 demonstrate that the last enamel to form did
so in the summer, while the low values of the
oldest enamel imply that mineralization began in
the winter or early spring (Fig. 2). Similar investi-
gations could be done for all the teeth, the compila-
tion of such data providing information on the
season of birth and overall dental development by
delineating the length of time and season(sy of
enamel formation for each tooth of these individ-

and Sharav, 1964; Hillson, 1986), the ml enamel
of some of the sheep, and probably the bison,
must have formed in vitro from the body water of
the mother. Similarly, milk from the mother
ingested following birth and prior to weaning, also
forms from the mother’s body water. This body
water has already undergone fractionation to
values higher than those of local meteoric water
(D’Angela and Longinelli, 1990) as a result of
metabolic processes (e.g. Longinelli, 1984; Luaz
et al, 1984; Bryant and Froslich, 1995). As a
result, the 8180, of the ml is unlikely to reflect
the value of local meteoric water, as has been
modeled recently for a mother/foal horse pair by
Bryant et al. (1996a).

The season of birth of the individual will play
the key role in determining how the different pre-
weaning water sources will affect the 30, values
of the ml relative to those of the later forming
teeth. Tn their analysis of equid tooth enamel
phosphate Bryant et al (1996a,b-this issue)
nccount for the influence of mother’s milk, diet,
and seasonal changes in 50, values on 3°0;.
They conclude that individuals born in the spring
are likely to have m1 5%0, values that are higher

_than those of the other teeth. This is in fact the

case for the sheep (Fig. 1), which is known to
have been born in the spring. Unlike the sheep,
however, the ml of the bison has a 5'%0, value
that is lower than those of the other tecth (Fig. 1),
which is the predicted pattern for animals born in
the fall (Bryant et al., 1996a,b—this issue).

4.3, Seasonal changes in 6”0;-and ¢80, valties.
With the exception of the ml §%0,, values which

are influenced by.other factors, the tooth enamel
data for shecp and bison are a good illustration
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of the influence seasonal variations have on the
810, values of hypsodont species. Such variations
in local precipitation occur due to changes in local
ternperature, humidity/evapotranspiration flux, or
air mass source in non-tropical areas during the
course of a year {e.g. Dansgaard, 1964; Rozanski
et al., 1993), and result in lower 3'*Q,, values in
winter relative to summer. The ingestion of both
drinking water and water contained in plants can
play an important role in how the sheep and bison
record such seasonal variations in 81%0Q,,.

In the case of the sheep, a cyclic variation in
the 3!¥0, values of the m3 samples is mirrored by
a trough- “tike variation of the 5180, values of m2
samples. These intra-tooth vanahons suggest that
the animal periodically ingested water with a rela-
tively low 518Q value. One possible source of the
variation is the drinking water provided to the
sheep from a shallow groundwater well. It is
unlikely, however, that well waters record seasonal
variations in the 5*?Q,, (¢.g. Wenner et al.,, 1991},
an hypothesis that is supported in part by the fact

" that seven samples from five different teeth have

880, values within the narrow range of 0.8%.
(Fig. 1).

A morc plausible source of water with low
5130 values is plant water from grasses lthat grow
in response to winter runefl and spring raios.
These grasses will incorporate rain water during
their growth and should therefore have 80,
which reflect that of the winter/spring precipitation
with a slight positive fractionation. Evapo-
transpiration effects in arid areas are known to
increase 50y, values, but the fact that the spring
season is wet, t and that the 8180, values of the
sheep ml and m3 are lower than expected indicaie
that evapotranspiration did not play a critical role
in influencing §*Q,,,,. The dominant food of shesp
in spring is grass, thus the water contained in it
should play an important rols in influencing
810, values of its enamel phosphate grown during
that period of the vear.

The analysis of tooth enamel from wild mam-
mals such as bison invelves substantially more
unknowns of animal behavior than those that
characterize demesticated mammals, particularly
with regard to sources of water and food. For
example, bison are likely to drink from a variety

of water sources such as small streams, ponds, and
puddles either as a result of behavior, migration,
or simple availability. There is, however, a pro-
nounced cyclic pattern to the §'*0, values of the
bison m3. Such patterns are strong indications
that seasonal changes in 5'#Q,, are being preserved
in the oxygen of tooth enamel phosphate (Fig. 1).
Because all the water sources mentioned have low
residence times, this preservation is neot unex-
pected. Rapid volume turnover reduces the effect
of evaporation on the 520 values of small water
bodies, and better allows them to “track” seasonal
changes in the 580, value of precipitation (e.g.
Koch et al., 1989).

Plant water was noted to have an effect on the
50, value of the sheep m2 and m3, and couid
also have an effect on the 580, values of the
bison m3. If so, the effect does not appear to be
random, as a cyclic/seasonal trend in the $'*0,
values is maintained {Figs, 1 and 2). It is possible
that the oxygen isotope coraposition of plant water
may have played a role in attenuatiug or dampen-
ing the seasonal intra-tooth signal in E‘BOP, but
the extent of the effect is unknown.

Inter-tooth variation in §®0, values for the
bison can also be imterpreted as reflecting seasonal
changes in the §%0,. In the case of sheep, it is
argued that the small 0.4%0 difference between
premolars is the result of enamel formation that
occurs primarily during non-spring seasons when
the 5'%0,, value is thought to be relatively con-
stant because the water is supplied to the animals
from a uniform reservior, The larger 3.2%o varia-
tion in bison premolar &%0, values, however,
implies that the bison was ingesting waters that
were influenced by seasonal precipitation through-
put the year. For a given individual, it appears
that a significant amount of inter-tooth variation
in 3'80), vaines can occur if the isotopic composi-
tion of its drinking water varies seasonally.

Finally, seasonal migration of the bison would
effect the enamel 3**0, values becuuse these ani-
mals ingest water from differing locations through-
out the yeur (although the lack of modern herds
of wild bison make it difficult to determine whether
bison did indeed migrate in the past; J. Speth,
pers. comm.). Typical migrational pateerns involve
a change in elevation and altitude, where water at

et et e * 8 = i




Sep 12 04 03:53p

3, and
ation,
. pro-
of the
itions
erved
ig. 1).
€ low
unex-
effect
waler
sonal

1 {e.g.

m the
could
of the
to be
BJBOP
ssible
waler
npen-
,, DUt

T the
sonal
, 1t is
tween
1 that
when
" con-
imals
varia-
vever,
3 that
g
|pﬂars
iation
1posi-

vould
= ani-
ough-
herds
1wether
speth,
volve
ter at

Furness

71396842296 e./

H.C Fricke, J.R. O'Nellf Palaeogeography, Palaecclimatology, Palacoecology 126 (1995} 91-99 97

high elevations/high latitudes have lower 50,
values than water from low elevations/low lati-
tudes (Pansgaard, 1964; Rozanski et al., [993).
Thus if a bison migrates to lower elevations/
altitudes’ in the winter, it will ingest water with
relatively higher §'%Q0,, values, the reverse being
true with summer migrations to higher cleva-
tions/altitudes. The result would be 8'*0, values
that are seasonal, but do not reflect the real chm—
atic conditions of one single location.

4.4. Biology, behaviur, and 5'° O, values

The most important biological factor that will
effect the extent to which 3'*0, values of hypso-
dont teeth vary in & given environment is the rate
of enamel growth. This variable controls the
amount of enamel that will form over the course
of the seasons, and thus controls the “sensitivity”’
of 31°0, to seasonal variations in §'90 of ingested
water. In addition, the age at which an animal is
weaned relative to m1 enamel formation plays an
important role in influencing 8'%0, values, Both
of these factors should not be difficult to quantify
by analyzing samples from modern populations of
a given species, and take them into account when
interpreting 580, data for palecbiological or
paleoclimatological research.

More difficult to characterize are behavioral
factors that effect §'%0,, including season of birth
and dietary, drinking, and migratory habits. The
analysis of enamel from species that are or are not
domesticated, that do or do not migrate, that have
differing djets, or that have known seasons of
birth, however, could provide control groups with
which to compare populations collected from
archaeological and geological deposits. If the intra-
populational variations in 670, associated with
each factor are thus delineated, they will facilitate
the characterization and comparison of temporally
separate populations for paleoclimatic, as well as
paleoecological, research.

4.5, 50, values as a proxy for seasonality and
climate change

The most important paleoclimatic information
that can be retrieved from the %0, values of

hypsodont teeth of different ages is the temporal
change in the average 5'*0,, value, and the extent
of seasonal variations in &'90,,. Given adequate
knowledge of mammalian biclogy and behavior,
specific sampling strategies can be employed to
increase the chances of obtaining meaningful infor-
mation. Any study will require teeth from a
number of individuals from each archaeological or
geological deposit be sampled so that intra-popula-
tional variations in 310, values can be determined
and compared with those from different deposiis
and a modern analog. In addition, all the sampling
should focus on the late-forming premolars or the
third molars in order to avoid the isotopic contri-
butions of mother’s milk associated with the earli-
est formed teeth. - ‘

The investigation of long-termn climate change
requires that enamel from temperally separated
individuals of the same species form over a similar
season. If the individuals are born in the same
season, enamel from the cervical margin {Fig. 2)
may meet this requirement. This enamel is the last
to form, and is likely to have formed during
roughly the same interval of a ysar. Alternatively,
3180, of the smaller teeth, such as the premolars,
mjght prove to be good proxies for 8'%0, over
the short term simply because there is not as much
enamel present. Enamel from these teeth will either
(1) form at least at the same rate as on the larger
molars, in which case the enamel will reflect the
3180, from only a small part of the interval over
which a larger tooth forms, or (2} the enamel will
form at a slower rate, in which case it will be
representative of a longer term average value for
5180,,. Either way, large amounts of enamel with
wide variations in §'®Q, do not form, thereby
reducing the cffects of intra-tooth variation associ-
ated with larger teeth.

Investigations of seasonalify reqmre multiple
samples to be taken from single teeth with the
greatest crown height, such as the third molar, so
that all the variation in 50, values that occur
during enamel formation ¢an be recorded.
Seasonality is a measure of the difference in
380, values between summer and winter in a
given Jocation. Assuming $'*0, is an accurate
reifection of $*Q,,, it can be estimated by measur-
ing the difference between the highest and lowest




Sep

12 U4 Ud:o4ap

Furness

V168422906 -

98 H.C Fricke, J.R O'Neil/ Palacogeography, Palgeoclimatology, Palacoecoiogy 126 ¢ 1996) 9199

50, values (Fig. 2). The “average seaonality”
for a population can then be compared between
samples from different strata to look for an
enhancement or reduction of seasonality over time.
The analysis of third molars has the additional
advantage of providing absolute SJOP values so
that longer term changes in the %0, can be
resolved as well as seasonal changes. Both variables
are important in the characterization of paleocli-
mates, and it is a significant advantage of the
oxygen isotope techmigque to obtain information
on both from the same archaeclogical or geological

material. The most fruitful paleoclimatic investiga-

tions would therefore focus on the analysis and
interpretation of samples from the third molar.
Finally, it must be stated again that much of
what is described above will only be vaiid if a
mammal is ingesting water with a strong seasonal
isotopic signal. For example, groundwater, weil
water, Jake water, and other large reserviors with
long residence times, are unlikely to undergo sea-
sonal change in 3O values. In this case, the
8'*0, values wouid still provide climatic informa-
tion on decadal or greater timescale fluctuations
in oxygen isotope composition of meteoric water,
but not on seasomality, season of birth, etc.
Similarly, in cases where all the enamel of a tooth
is ground up and analyzed, §'¥0, values should
be a reflection of average 5'%Q, values over the
time period of enamel growth, and will still be
useful in determining long-term climate change.

5. Conclusion

Because large inter- and intra-tooth variations
in '*0,, can occur in one hysodont tooth, its use
as a paleoclimate record is not simply a matter of
the random sampling of a given species’ tecth
through time. The §*°0, value of enamel will vary
depending on the time of year in which it is
formed, the primary source of ingested water, and
the species’ bebavioral habits. As u result, it is
important to delineate the effect that these different
biological and behavioral factors will have on
81%Q,, values by studying modern populations, and
W use this information to characterize sample

populations from archacclogical and geological -

deposits, This characterization should provide a
more accurate interpretation of §'*0, change in
relation to climate change. In particular, maltiple
samples of the large third molars shounld be able
to supply important informatien on both long-
term change in $'%Q,, and on the extent of
880, seasonality,
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