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Mammoth teeth have been widely investigated using stable-isotopic analysis for paleoenvironmental
and paleoecological reconstructions due to their large size and frequent discoveries. Many past in-
vestigations sampled the tooth enamel with the “bulk” method, which involves drilling one sample
from the occlusal surface to the root for each tooth. Some of the more recent studies applied the “se-
quential” method, with a sequence of samples drilled following the dominant enamel growth direction
to produce a time series of isotopic oscillations that reflects high-resolution environmental changes,
as well as changes in mammoth dietary behavior. Although both the bulk and mean sequential §'80
values are expected to represent the averaged signal over the time of tooth formation, it is uncertain
whether their paleoenvironmental records were formed during similar periods of time. In this study,
we applied both sampling methods (sequential drilling first followed by a thin layer of bulk drilling)
on the same enamel ridges of multiple mammoth teeth and compared their respective §'30 values.
The results indicated that, in most enamel ridges, the bulk samples have more negative §'80 values
compared to the average sequential values, and some of the bulk values even fall outside the range
of sequential values. The most likely explanation for the differences is the structure and formation
stages of enamel that caused uneven distributions of different seasons recorded in the samples. This
finding provides insights into current limitations of the two sampling methods and the applicability of
cross-method data comparison from past studies.

Aufgrund ihrer relativen Fundhéufigkeit und Grosse werden Mammuthmolare vielfach fiir paldookol-
ogische Zwecke und Umweltrekonstruktionen mit Hilfe von stabilen Isotopen herangezogen. Bei vie-
len der bislang publizierten Arbeiten wurde dabei Zahnschmelz mit der “Bulk”-Methode beprobt,
bei der fiir jeden Zahn eine einzelne Probe von der Kaufliche bis zur Wurzel gebohrt wird. Neuere
Studien wenden nun die “sequenzielle” Methode an, bei der eine Reihe von Proben entlang der
Hauptwachstumsrichtung des Zahnschmelzes gebohrt wird, um die Variation der Isotopenwerte iiber
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die Zeit zu bestimmen, welche sowohl hochauflosende Umweltverdnderungen als auch Verdnderun-
gen im Erndhrungsverhalten der Mammuts widerspiegeln kann. Obwohl sowohl “Bulk”- als auch die
gemittelten sequenziellen 8'80-Werte ein zeitlich gemitteltes Signal der Zahnbildung repriisentieren
sollten, ist bislang nicht klar, inwieweit diese Werte tatsdchlich den selben, direkt vergleichbaren
Zeitraum wiederspiegeln. In dieser Studie haben wir beide Methoden der Probenahme (zuerst sequen-
zielle Proben, dann eine diinne Schicht von “Bulk”-Proben) an denselben Schmelzkdmmen mehrerer
Mammutzihne angewandt und ihre jeweiligen 8'80-Werte verglichen. Die Ergebnisse zeigen, dass in
den meisten Schmelzkdmmen die “Bulk”-Proben im Vergleich zu den mittleren sequenziellen Werten
negativere §'80-Werte aufweisen, und einige der “Bulk”-Werte sogar auBerhalb der Variationsbre-
ite der sequenziellen Werte liegen. Die wahrscheinlichste Erklarung fiir diese Unterschiede liegt in
der Struktur sowie den Bildungsraten und -stadien des Zahnschmelzes, welche eine ungleichméBige
Verteilung der verschiedenen in den Proben erfassten Jahreszeiten verursachen. Die Ergebnisse geben
Einblick in die derzeitigen Grenzen der beiden Probenahmeverfahren und erméglichen damit einen
kritischeren und verbesserten methoden-iibergreifenden Datenvergleich.

ton et al., 2005; Bradtmoller et al., 2012; Prendergast and

Stable-isotopic analysis on mineralized tissues of animals
has added great knowledge to our understanding of past envi-
ronments and climates. Among all the animal tissues, Pleis-
tocene mammoth teeth and tusks are of special interest for
paleoenvironmental and paleoclimatic reconstructions over
the past decades due to their large size and frequent dis-
coveries. Oxygen-isotope ratios in mammoths can represent
their surrounding environmental properties because they are
directly related to the isotopic ratios of their ingested en-
vironmental water, which in turn primarily reflects regional
temperature and water balance (Dansgaard, 1964; Longinelli,
1984; Luz et al., 1984). Previous studies of oxygen iso-
topes in mammoth remains have provided paleoenvironmen-
tal records in Europe and North America from Marine Iso-
tope Stage (MIS) 5 to MIS 2 (130-22kacal BP). In most
previous studies, the sampling method has been drilling one
“bulk” sample from each tooth from the occlusal surface to
the root (Genoni et al., 1998; Tiitken et al., 2007; Ukkonen
et al., 2007; lacumin et al., 2010; Kovécs et al., 2012; Pryor
et al., 2013). The purpose of bulk sampling is to try to cover
the longest possible period of time of tooth formation (Pryor
et al., 2013), as the sample should represent an averaged
isotopic signal across the tooth formation time (Fricke and
O’Neil, 1996; Sharp and Cerling, 1998; Hoppe, 2004). Al-
though this method can effectively reconstruct the averaged
paleoclimatic conditions over several years, the temporal res-
olution of reconstruction is limited to decadal scale, and con-
sequently, a very small amount of data exist on sub-annual
environmental conditions and climatic variations during the
Quaternary from these regions. Such data, however, are cru-
cial in understanding how the highly variable climate of the
Late Pleistocene translated into regional- to local-scale envi-
ronmental conditions, ultimately affecting a range of animal—
environmental and human—environmental interactions (Den-
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Schone, 2017; Prendergast et al., 2018).

To address this issue, a “sequential” approach has also
been applied to mammoth and isotope research in some stud-
ies (Koch et al., 1989; Fisher and Fox, 2007; Metcalfe and
Longstaffe, 2012; Widga et al., 2021; Wooller et al., 2021).
Like most mammal species, mammoth tooth enamel has a
dominant growth direction from the occlusal surface to the
roots at a relatively constant rate (Metcalfe and Longstaffe,
2012). Therefore, it has the potential to yield highly re-
solved time series of paleoenvironmental information over
the course of tooth formation. In several recent studies, mul-
tiple sequential samples were drilled from the same mam-
moth tooth following its growth direction with a resolution
up to Imm per sample, forming a time series of isotopic os-
cillations that likely reflects paleoenvironmental changes at
sub-annual scales (Metcalfe and Longstaffe, 2012; Wooller
et al., 2021; Miller et al., 2022). The mean value of the se-
quential samples should therefore reflect the averaged iso-
topic signal during the period of time of tooth growth, which
is also what the bulk sample is expected to represent. How-
ever, this remains untested, and it is unknown whether the
mean sequential value and the bulk value obtained from the
same mammoth tooth yield similar isotopic compositions, as
well as whether they have recorded the environmental prop-
erties during approximately the same period of time. Due to
this limitation, it is still uncertain whether isotopic results
obtained from bulk and sequential sampling methods can be
directly compared, interpreted, and used for paleoenviron-
mental reconstruction.

In this study, we explored the potential differences be-
tween the sequential and the traditional bulk sampling meth-
ods. We obtained four mammoth teeth of MIS 3 age from
southwestern Germany and applied both sampling methods
on each tooth. The bulk and average sequential §'80 values
from the same tooth were then compared.

https://doi.org/10.5194/egqsj-71-227-2022
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Figure 1. A photograph and its corresponding schematic diagram
of a mammoth molar tooth used in this study (UW-1).

2 Background

2.1 Mammoth tooth growth

Similar to modern elephants, the woolly mammoths (Mam-
muthus primigenius) had six sets of teeth and a total num-
ber of 24 molar teeth throughout their lifespan. At any one
time only one tooth was fully in operation in each of the four
jaws (Maschenko, 2002; Lister and Bahn, 2007). Each mo-
lar tooth of M. primigenius is a combination of 22-24 molar
plates (Lister and Bahn, 2007), which are flat thin sections
of dentine folded in enamel. Each molar plate is adhered by
cementum (Ferretti, 2003). The apex of these molar plates
forms the occlusal surface for grinding food, and their lat-
eral outer surface is exposed, forming separate enamel ridges
(Fig. 1).

Within each molar plate, mammoth tooth enamel has pri-
mary and secondary stages of formation (Smith, 1998; Smith
and Tafforeau, 2008). During the secretory (primary) stage,
daily incremental features grow from the enamel-dentine
junction (EDJ) to the outermost surface, and these incre-
mental lines are parallel to the EDJ under microscopic view
(Metcalfe and Longstaffe, 2012). Tooth increments formed
during the primary stage take up only about 20 %-30 % of
the entire enamel weight (Passey and Cerling, 2002; Passey
et al., 2005). The maturation (secondary) stage starts after
the secretory stage ends, and it takes up most enamel weight
and formation time (approximately two-thirds of total forma-
tion time) (Smith, 1998). During this stage, enamel formation
starts at the apex (occlusal surface) near the EDJ side, grow-
ing dominantly along the tooth height to the root while ex-
tending to the outermost surface simultaneously. Secondary
daily incremental features captured by microscopic analysis
indicated that enamel growth direction is inclined at an angle
of 55-60° to the EDJ (Metcalfe and Longstaffe, 2012).

2.2 Oxygen isotopes and mammoth water source

Oxygen isotopic composition in animal bioapatite can be
used as an indicator of past climates and environmental
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conditions. For large-sized homeothermic animals (animals
which can keep a constant body temperature) such as the
mammoths, the §'80 values in their enamel carbonate are
solely determined by the §'80 values in their body water
(Longinelli, 1984; Luz et al., 1984). Mammoths were obli-
gate drinkers, with more than two-thirds of their body wa-
ter being obtained from direct consumption of environmen-
tal water (Koch et al., 1989; Ayliffe et al., 1992). Therefore,
their body water 830 values directly reflect those in their
ingested environmental water, which are in turn primarily
controlled by local- to regional-scale environmental factors
such as discharge, precipitation, and air temperature (Dans-
gaard, 1964). A cyclicity of oxygen isotopic variations is ex-
pected from the sequentially drilled mammoth enamel sam-
ples, since they should reflect regional surface water §'30
values, and nearly all natural water bodies, including streams,
estuaries, and lakes, experience seasonal oscillations of § 180
values due to seasonally differing water balances (Rozanski
et al., 2001; Theakstone, 2003). The surface water isotopic
content of any given water body is determined by the iso-
topic composition and amount of its water sources (input),
as well as those of the water output (Rozanski et al., 2001;
Benson and Paillet, 2002). In the context of the late Pleis-
tocene Rhine River catchment (Fig. 2), the main input water
sources for the catchment would have included groundwater,
precipitation sourced from the Atlantic ocean, and snow and
glacier melt, and output is primarily runoff and evaporation.
These input water sources have different effects on the §'30
values in surface water. Glacier and snow meltwater usually
have the most depleted '80/'°0 ratio (Theakstone, 2003),
and the '80/1°0 ratio in precipitation and groundwater is
usually more enriched than surface water (Theakstone, 2003;
Yeh and Lee, 2018; Bedaso and Wu, 2021). We also ana-
lyzed modern hydrological data of the Rhine River (for the
period 2005-2010 at Lobith, Netherlands) to better constrain
the mechanism of isotopic oscillations. In the modern Rhine
River, 8130 values show seasonal variations, with 8§30 val-
ues being approximately 1 %o more negative during summer
than in winter months (Rozanski et al., 2001). Under inter-
glacial (Holocene) climatic conditions, the summer 18O/ 160y
depletion is caused by increased contributions of meltwater
from alpine glaciers (Rozanski et al., 2001). Therefore, in
the sequential 8180 records from the mammoth teeth, local
troughs (minima) in a curve are expected to correspond to
the summer months when glacier melt is highest, and local
peaks (maxima) are the coldest winter month. A cycle of iso-
topic variation should thus closely approximate the range of
climatic variability throughout a year, with the distance be-
tween two neighboring maxima (or minima) corresponding
to one “hydrological year” of tooth growth (Metcalfe and
Longstaffe, 2012; Prendergast and Schone, 2017).

E&G Quaternary Sci. J., 71, 227-241, 2022



230

(a) Glacier melt

s Snowmelt

@ Ingestion of river
water 520
Groundwater Rainfall

4 = /ﬁ

[
= ]

_—
% i Evaporation

(b)

o
in

SIB0 VEMOW [%o]

o
in

Month

Figure 2. (a) A schematic diagram of mammoth water source
model during the Late Pleistocene; (b) average modern monthly
water 8180 values of the Rhine River (Lobith, Netherlands, 2005—
2010). Error bars represent standard deviation. Data collected from
local IAEA stations and retrieved from https://nucleus.iaea.org/
wiser/index.aspx (last access: 24 March 2022).

3 Methodology

3.1 Study location and materials

Three complete molar teeth (one M1 and two M3 molars) and
one fragmentary molar of woolly mammoths (Mammuthus
primigenius) were recovered from a gravel quarry called
Hardtsee, which is located in Ubstadt-Weiher, Upper Rhine
Graben, southwestern Germany (49.17694° N, 8.622163° E;
Fig. 3). The quarry lake where the teeth were discovered
is approximately 2km east of the Rhine River, and gravel
mining occurs underwater via dredging at controlled depths.
The teeth were recovered from various depths between 5 and
15m, and they stem from fluvial sediments that were pre-
dominantly transported to the Upper Rhine Graben by melt-
water discharge from an upstream alpine glacier advance
(Preusser et al., 2021). The enamel on the outermost sur-
face was preserved with no indication of erosion, which sug-
gests they were not likely transported over long distances.
Therefore, we essentially interpret the Hardtsee location as
the death location of the mammoths and the Rhine catch-
ment as their primary water source. The teeth were radiocar-
bon dated, and the resulting ages fit into four different time
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windows during Marine Isotope Stage 3, approximately 43—
34 kacal BP (Table 1).

3.2 Analytical methods

A 1 mm cylindrical diamond-coated drill bit attached to a low
speed hand drill and a state drill model were used to drill the
enamel and collect its powder. Two sampling methods were
applied. The first method was bulk drilling, which involves
taking one sample from one enamel ridge by scraping down
the entire enamel length, and only a thin layer (< 1 mm) of
powder was collected. The second method is sequential sam-
pling. For this, we drilled each enamel ridge by taking suc-
cessive samples along a horizontal line perpendicular to the
tooth height at a resolution between 1.5 and 2 mm, starting
from the occlusal surface and moving downward (Fig. 4).
Both methods were applied to all available enamel ridges of
the four samples. We first used the drill bit to remove the out-
ermost surface of all enamel ridges, followed by sequentially
sampling the enamel, and finally we took one bulk sample
from each enamel ridge in the same trench as the sequen-
tial sampling. The mass of each sample was approximately
15mg.

We then conducted chemical pretreatment, following the
protocol developed by Snoeck and Pellegrini (2015), which
involves soaking the samples in acetic acid (1 M, buffered
with sodium acetate, pH = 4.5) for 30 min and rinsing in dis-
tilled water before drying overnight at 40°C. Pretreated sam-
ples were analyzed using an Analytical Precision AP2003
continuous-flow stable-isotope ratio mass spectrometer at
the SGEAS, University of Melbourne. Containers were first
placed on a hot plate set to 70 °C. Then they were purged
with ultrapure helium gas, followed by injection of 0.5—-1 mL
of 104 % orthophosphoric acid with syringes. Samples were
left to react with the acid for 30 min, and the headspace CO;
gas produced was introduced to the mass spectrometer for
analysis. Results are presented in delta (§) notation and in
units of per mil (%o0) in relation to the Vienna Pee Dee Belem-
nite (VPDB) standard. The AP2003 mass spectrometer ana-
lyzed both §'30 and 8'3C values for each sample; however,
our main focus is only the oxygen isotopic values in this
study. Three inorganic standards, NEW1, NEW12, and NBS
18, were used to set the calibration scale. The analytical pre-
cision was approximately 0.12 %o for 8'80 and 0.08 %o for
813C, which was the standard deviation calculated based on
the replicate analysis of in-house standards.

3.3 Statistical analysis

The similarity of bulk and mean sequential values was first
assessed by their offset. If the offset is less than the analyti-
cal precision of the mass spectrometer (0.12 %o), the two val-
ues are considered the same, and 7 tests were also performed
to examine the statistical differences between the bulk and
mean sequential values in each tooth.

https://doi.org/10.5194/egqsj-71-227-2022
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Figure 3. (a) Geographic context of the Rhine catchment during MIS 3 and MIS 2 (Ehlers et al., 2011; Hughes et al., 2015; Seguinot et
al., 2018). (b) Topographic map of the Rhine catchment highlighting of study location site at Ubstadt-Weiher at a resolution of 15 arcsec

(Tozer et al., 2019).

Table 1. Information on the mammoth teeth used in this study. Radiocarbon dating was undertaken at the Research School of Earth Science,
Australian National University, and calibrated with Calib (http://calib.org/calib/calib.html, last access: 27 August 2020). Samples were dated
to stadial/interstadial phases by comparing their ages with Greenland ice-core records (GISP2) (Grootes and Stuiver, 1999).

Sample name  Depth  Radiocarbon dates ~ Radiocarbon dates ~ Phase in No. of enamel

(m) (kacal BP, median) (kacalBP,95% CI) MIS 3 ridges assessed
UW-1 5 337 34.6-32.7 Stadial 6
Uw-2 10 36.4 38.0-34.7 Interstadial 10
UW-3 15 39.7 40.8-38.2 Interstadial 7
UW-3b 15 423 45.1-40.2 Uncertain 1

In addition to offsets, we also used a “modified seasonal
method” to analyze where the bulk value sits in relation to
the range of values from the sequential samples. This method
is based on the season of mollusk collection method from
Prendergast et al. (2016), in which four seasons can be dif-
ferentiated from the sequential records by generating quar-
tiles in the range of 8'30 values. However, in this study we
applied this method not for reconstructing seasons; instead
it is being adapted as a way of comparing the data distri-
butions of bulk and sequential values. We differentiated the
sequential 880 values from each enamel ridge into four
quartiles with equal data distributions. Based on the Late
Pleistocene hydrological model we built in Fig. 2a and by
reference to seasonal variations in §'80 values in the cur-
rent Rhine River, we defined the lower quartile (< 25th per-
centile) in the sequential results to reflect the warmest sum-
mer months when an increased amount of glacier meltwa-
ter was mixed in the river discharge; consequently, the up-
per quartile (> 75th percentile) reflects the coldest winter
months, and the middle quartiles (25-75th percentile) re-
flect intermediate environmental conditions during autumn
or spring. Although this method can effectively analyze vari-

https://doi.org/10.5194/egqsj-71-227-2022

ous paleoenvironmental aspects (e.g., seasonality and season
of death) in the sequential records (Koch et al., 1989; Fisher
and Fox, 2007; Prendergast and Schone, 2017), it may be in-
appropriate for the comparison between bulk and sequential
values due to two arguments. First, the bulk value is not from
the same dataset as the sequential results, and consequently it
has the possibility of falling outside the sequential data dis-
tribution. Also, the four seasons interpreted from the quar-
tiles are based on the sequential §'30 values within 1 year
of records. One enamel ridge of a mammoth tooth may hold
several either complete or incomplete years of records. The
median and quartile values may skew when an incomplete
year was recorded. For instance, if the enamel ridge contains
2.5 years of records, there are unequal numbers of warming
and cooling seasons, which may skew the data distribution to
one direction.

To address the two issues, this seasonal method was fur-
ther modified, and we decided to calculate a “relative per-
centile” of bulk values compared to sequential data distribu-

E&G Quaternary Sci. J., 71, 227-241, 2022
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Figure 4. (a) A schematic diagram of an enamel section showing the difference between bulk and sequential sampling methods. Vertical
dashed lines represent primary incremental lines of enamel, and black curves represent secondary incremental lines of enamel, with the arrow
indicating the growth direction. (b) Photograph of sampled tooth UW-2 as an illustration of the sequential sampling technique. White arrows

highlight the drilling spots.

tions with the following equation:

Relative Percentile (%)
Bulk Value — Min (Seq. Value)

= 100.
Max (Seq. Value) — Min (Seq. Value)

In this equation, we defined the minimum and maximum se-
quential values along one enamel ridge to be between 0 %
and 100 %, respectively, and this range was equally divided
into 100 units. Within this range, we still divided the data into
four quartiles. The bulk value is expected to fall within the
middle quartiles, as the averaged signal over several years is
unlikely to reflect environmental conditions during extreme
summer or winter months.

4 Results

4.1 Data distribution

In total, 24 bulk and 1114 sequential samples were drilled
out of 24 enamel ridges. The results for each enamel ridge
are summarized in Table 2 and plotted in Fig. 5. In the se-
quential results, we removed the outliers with boxplots. The
data distributions of each tooth were box-plotted separately,
and values that are smaller than the 25th percentile minus
1.5 interquartile ranges and greater than the 75th percentile

E&G Quaternary Sci. J., 71, 227-241, 2022

plus 1.5 interquartile ranges were considered as outliers and
removed (n = 16). After removing outliers, the bulk § 180
values range from —10.4 %o to —7.6 %o, and sequential val-
ues are between —11.3 %o and —5.7 %o. Both the bulk and
sequential values for all teeth are significantly different to
each other based on ¢ tests (p < 0.05). The fragmentary mo-
lar UW-3b is excluded from bulk comparison since there is
only one value.

For both bulk and average sequential values, more posi-
tive 180 values were found in teeth UW-2 and UW-3, which
are dated to interstadials, compared to tooth UW-1, which is
dated to a stadial period (Fig. 4a). Tooth UW-1 is also the
youngest sample; therefore, the three complete molar teeth
show progressively more negative mean §'80 values from
the oldest to the youngest between 39 and 33 kacal BP. The
bulk §'30 value of UW-3b is more positive than the younger
UW-1 and UW-2, and it is intermediate to those of UW-3.
The mean sequential 8180 value of UW-3b, however, is the
most negative value among all four teeth.

4.2 Intra-enamel isotopic variations

The cyclicity of all enamel ridges was assessed to identify
features of seasonal environmental changes. For UW-1, UW-
2, and UW-3, the intra-tooth sequential 8180 exhibits mul-

https://doi.org/10.5194/egqsj-71-227-2022
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Table 2. The list of results of the study, including the length, number of identifiable years, and the bulk and sequential 8180 values of all

sampled enamel ridges (outliers removed).

Enamel Length No. of Bulk Seq. Offset Seq. Seq. Relative

ridge (mm) years value value mean (bulk seq. mean) value min value max percentile

identified (%0) (%0) (%0) (%0) (%0) (%)

UW-1 1 136 5 -9.90 -9.27 —0.64 —10.46 —8.3 25.78
2 150 6.5 —10.41 -9.39 —1.02 —10.55 -8.1 5.93

3 150 8 -9.72 —-9.25 —-0.47 —10.44 —8.51 37.41

4 160 8 —10.03 —-9.23 —0.81 —10.12 —8.17 4.51

5 152 9.5 —-9.49 —9.46 —0.03 —10.29 —8.52 45.10

6 146 7.5 —9.66 -9.35 —0.31 —10.32 —8.38 34.09

UW-2 1 32 2 —8.54 —7.88 —0.66 -89 —7.45 24.93
2 42 1.5 —8.77 —8.09 —0.68 —8.67 —7.68 —10.06

3 54 3 —8.64 —8.1 —-0.54 —8.76 —7.43 9.01

4 54 4 —-8.70 —8.43 —0.28 —8.96 =79 24.23

5 72 5 —8.50 —8.38 —0.12 —9.11 —7.54 39.01

6 74 6 —8.36 —8.49 0.13 —8.98 —-7.92 58.41

7 80 6 —8.63 —8.24 —0.39 -9.22 —7.48 34.21

8 84 6.5 —8.44 —8.29 —0.15 —9.14 —7.52 43.07

9 92 8 —8.57 —8.33 —-0.24 -9.12 —7.63 37.19

10 100 8 —8.41 —8.61 0.20 -9.35 —7.88 63.88

UW-3 1 60 25 —8.31 —6.93 —1.38 -7.9 —6.03 —21.80
2 78 3.5 —8.19 —6.98 —1.21 —7.63 —6.07 —36.28

3 78 35 —8.50 —7.12 —1.38 —8.06 —6.03 —-21.77

4 82 35 —8.54 —7.28 —1.26 -84 —6.49 —7.20

5 90 3.5 —7.86 —7.15 —0.71 —8.15 —6.1 14.17

9 112 5 —8.19 —7.1693 —1.02 —8.17 —6 —1.06

10 108 5 —7.63 —7.13 —-0.50 —7.98 —6.31 20.56

UW-3b 1 375 NA —8.25 -9.6 1.35 —11.29 —8.14 96.63

NA: not available.

tiple local maxima and minima along the entire ca. 100-
150 mm of enamel length, and examples are plotted in Fig. 6.
The data resemble cyclic oscillations, with the 8180 values
of maxima being approximately 0.8 %o to 1.1 %o higher than
those of the minima. Among these three teeth, the sequen-
tial values of UW-3 show the clearest oscillations, with five
complete cycles of similar incremental lengths identified. In
teeth UW-1 and UW-2, however, the cyclicity is more diffi-
cult to identify, as both selected enamel ridges have a reduced
amplitude of isotopic variation in the middle of the enamel
ridge. The enamel ridge of the fragmentary molar UW-3b has
the most difficult isotopic variation to interpret. Although we
can identify one maximum and minimum (and potentially a
second maximum), it is uncertain whether these data cover
a full year of records considering the incremental length is
only 37.5mm. The number of cycles in each enamel ridge
ranges from one to eight, and they are correlated to the in-
cremental length of enamel ridges (r2 =0.60, n = 23), with
longer enamel ridges generally containing more interpreted
hydrological years.
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4.3 Comparison of bulk and sequential values

Significant differences (p < 0.05) were detected between
bulk and mean sequential §'30 values in all complete teeth
based on ¢ tests (i.e., UW-1, UW-2, UW-3), with the dif-
ference varying from 0.03 %o to 1.35 %o. One enamel ridge
from UW-1 has a difference of less than 0.12 %¢. The differ-
ences of three enamel ridges from UW-2 are between 0.1 %o
and 0.15 %o. All other samples have differences greater than
0.2 %o (Table 2). Overall, the mean differences in the younger
teeth UW-1 (0.54 %0) and UW-2 (0.34 %o) are smaller com-
pared to the older UW-3 (1.06 %0) and UW-3b (1.35 %o). For
all enamel ridges of teeth UW-1 and UW-3, the bulk values
are more negative than the mean sequential values. The bulk
values of most enamel ridges (8 out of 10) of UW-2 are more
negative, and the other two are slightly more positive. The
bulk value of UW-3b is 1.35 %0 more positive than the se-
quential value, which is the greatest among all enamel ridges.

The relative percentile values were also analyzed and
shown in Table 2 and Fig. 7. The bulk values of most enamel
ridges of teeth UW-1 (4 out of 6) and UW-2 (6 out of 10) are
located between the 25th and 75th percentiles within the mid-
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Figure 5. Data distribution of the four teeth and comparison between bulk and sequential results. Each cross represents the 8180 value of
one sequential spot, and dots are bulk (x axis) and averaged sequential (y axis) 8180 values of different enamel ridges. The diagonal line
represents data points for which bulk and sequential means are equal; if a dot is located above this line, the mean sequential § 180 value of

this enamel ridge is more positive than the bulk value, and vice versa.
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Figure 6. Examples of 8180 variations along one enamel from each tooth with expected years. Local maxima (winter) and minima (summer)

are highlighted with blue and orange dots, respectively.

dle quartile with the remaining values falling below the 25th
percentile including one value for UW-2 being more nega-
tive than the minimal sequential value. The bulk values of all
enamel ridges of tooth UW-3 are below the 25th percentile,
with the majority (5 out if 7) being more negative than the
minimal sequential value. The relative percentile of UW-3b
is 96.3 %, the only data point above the 75th percentile.
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5 Discussion

5.1 Sample preservation

It is essential to evaluate whether physical and chemical
transformations of sample materials may lead to isotopic ex-
change and loss of primary isotopic signal (Keenan, 2016;
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Figure 7. The plot of relative percentiles of bulk values from all the
enamel ridges of the four teeth.

Goedert et al., 2016). The preservation condition of our
mammoth teeth was assessed, and based on three pieces of
evidence, at least part of their original materials seems to
have been preserved. The first piece of evidence is the se-
quential §'80 values which show variations that mimic sea-
sonal patterns. The §'80 values of all sequential samples
would likely be homogenized if all material had been com-
pletely recrystallized (Metcalfe and Longstaffe, 2012; Goed-
ert et al., 2016); therefore, this supports the point that at least
some of the primary enamel material is preserved and still
holds records of paleoenvironmental changes, but it is not a
full proof. The carbon isotopic compositions, although not
analyzed in detail in this study, provide additional evidence
of primary material preservation. Carbon isotopes of her-
bivorous animals are incorporated from the vegetation they
consumed (Arppe and Karhu, 2006; Kovacs et al., 2012;
Prendergast and Schoéne, 2017), with the 813C values of an-
imals which forage upon C3 and C4 plants to be —20 %o to
—8 %o and from 0 %o to +5 %o, respectively (Kohn and Cer-
ling, 2002). The 8'3C values of the four teeth range between
—13.13%0 and —11.21 %o (Liu, 2020), which falls within
the Csz foraging range, and this agrees with mammoth di-
etary behavior observed from their fecal remains (Kirillova
et al., 2016). Therefore, both oxygen and carbon isotopic
results suggest that at least some primary isotopic signal is
preserved. In addition, we drilled additional enamel pow-
der from each tooth, and the powder was sub-divided into
pretreated and non-pretreated groups. The isotopic values of
both groups were tested, and no statistically significant dif-
ferences were detected between the §'30 values of these two
groups.

Although there is still a possibility of diagenetic alteration,
all samples were pretreated with acetic acid to remove any
secondary carbonates. Additionally, due to its low porosity
and low organic contents, tooth enamel is one of the most
resistant materials to diagenetic alteration and is capable of
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preserving primary isotopic signals for millions of years.
Based on all the above considerations, we assume our mam-
moth teeth have at least partially preserved their original iso-
topic signals, and the acquired 680 values reflect their living
environmental properties.

5.2 Comparison between bulk and mean sequential
values

Differences between bulk and sequential results are present
in all four mammoth teeth, with the bulk values being gen-
erally more negative than the mean sequential values. There
is only one exception, which is the enamel ridge of UW-3b,
with the bulk value being 1.35 %o more positive. This may be
caused by the absence of a complete annual cycle, as only
37.5mm of material was sampled. The incomplete hydro-
logical year in the records of UW-3b could also cause the
data distribution of sequential samples to taper. Older tooth
samples also have generally greater offsets. Only one enamel
ridge from UW-1 has a difference less than 0.12 %o, which
is within the precision of the mass spectrometer. Therefore,
the bulk and sequential values for this sample can be consid-
ered as equal. Three enamel ridges from UW-2 show slightly
greater offsets between 0.12 %o and 0.15 %o, which may still
be considered as similar. Most other enamel ridges in teeth
UW-1 and UW-2 (n = 11) have offsets between 0.2 %o and
0.81 %o, with only one enamel ridge from UW-1 having a
difference value over 1 %o. All enamel ridges from teeth UW-
3 and UW-3b have difference values of at least 0.5 %o, and
most of them (6 out of 8) are greater than 1 %o.. The relative
percentiles for all UW-3b enamel ridges are located in the
lower quartile, while most enamel ridges from teeth UW-1
and UW-2 are within the middle quartile. However, even if
some samples are located within the middle quartile, most
of them in UW-2 and all samples in UW-1 are more nega-
tive than the median. The uneven distributions suggest that
bulk and sequential samples reflect different environmental
conditions in these two teeth.

One explanation for the difference is the geometry of in-
cremental lines. Our two sampling methods each predomi-
nantly cover one growth direction: a bulk sample covering
the entire enamel height with only a thin layer of enamel
collected, whereas each sequential sample includes a deeper
sampling pit covering the majority of the enamel thickness
but with only a small proportion of the enamel height. Nei-
ther of the two methods followed the exact enamel growth di-
rection: the incremental lines of mammoth secondary enamel
material are inclined at an angle of 55-60° to the enamel-
dentine junction (EDJ). The inconsistency between drilling
orientation and enamel growth direction can cause “damp-
ing” of the isotopic signal due to time averaging (Passey
et al., 2005; Metcalfe and Longstaffe, 2012). A simplified
model is presented in Fig. 8 to illustrate how the angle of
incremental lines can cause potential isotopic damping. In
this model, although we assumed the four seasons in a year
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have the same incremental distance in a section of the enamel
ridge, the seasonal distribution in the bulk sample is uneven
with an incomplete representation of increments formed dur-
ing the last summer and autumn. The sequential samples
have the same issue, with the first autumn incompletely rep-
resented in our model. Therefore, this may result in bulk re-
sults more similar to the isotopic signals near the occlusal
surface and mean sequential values more similar to those
near the root. However, the seasonal distribution of the com-
bination of all sequential samples is slightly more even as
they occupy more enamel thickness (and much more enamel
material overall). If only one method is applied and it covers
the entire enamel thickness, then the obtained samples would
theoretically have even distributions of the four seasons.
This problem may be more significant in enamel ridges of
shorter lengths. In Fig. 9, we plotted the difference values
against the incremental lengths of each enamel ridge. Teeth
UW-2 and UW-3 have enamel ridges of different lengths,
varying from 32 to 112 mm, and both of them show strong
negative relationships between enamel length and difference
value. No correlation was detected from the enamel ridges
of UW-1. This could be due to their similar lengths (136—
160 mm). Inter-tooth comparison also indicates that enamel
ridges with longer lengths generally have smaller differences
between bulk and mean sequential values: greater difference
values (> 1 %o) predominantly occurred in enamel ridges less
than 100 mm in length. When the bulk sample recorded un-
even distributions of seasons, it mainly occurred at the apex
and root of the enamel (Fig. 8); therefore, a longer enamel
ridge with more annual records in the middle would theo-
retically reduce this impact. However, despite the correlation
between the offsets and incremental lengths, the primary de-
ciding factor of the offsets is still inter-tooth difference given
that (1) the inter-tooth difference of values is greater than
intra-tooth variations especially between UW-2 and UW-3
and (2) the offset values of UW-1 have a variation of nearly
1 %o, although all of its enamel ridges are more than 100 mm.
The geometry of incremental lines may have another con-
sequence, which is reduced seasonal amplitude in sequential
isotopic records (Passey et al., 2005). In Fig. 8, one sequen-
tial sample may contain increments formed during more than
one season, especially those formed during seasonal transi-
tions. In fact, oxygen and carbon isotopic cyclicity has been
detected from the EDJ to the outer surface, indicating that
there was tooth growth through the enamel thickness, al-
though the growth rate was much slower compared to the
growth along tooth height. Therefore, each sequential sample
obtained in this study may hold an averaged isotopic signal
of one or multiple seasons, and the isotopic variation in en-
vironmental water would have potentially greater amplitude.
Another possible explanation for the difference between
bulk and sequential results is that the two methods collect
enamel formed during different times. Reade et al. (2015)
sampled the tooth enamel of Barbary sheep (Ammotragus
lervia) with both bulk and sequential sampling strategies.
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They also found different bulk and mean sequential §'30 val-
ues. The main difference between the two studies is that the
locations of the two sampling methods are the opposite: their
bulk samples were taken before the sequential samples and
therefore are closer to the outer surface. They proposed an
explanation, which is that the bulk samples in their study con-
tain a greater proportion of enamel mineralized later because
the enamel mineralization process at their sampling locations
(outer surface) is slower than the sequential samples obtained
near the EDJ (Suga, 1979, 1982). In our case, the bulk sam-
ples are then expected to contain more enamel mineralized
earlier, and this argument agrees with the impact caused by
the angle of incremental lines (Fig. 8). Therefore, there could
be an offset in the formation time of the material collected
by the two methods, and in turn this caused differences in
isotopic compositions due to different time averaging in the
samples.

A third explanation is the mixture of primary and sec-
ondary enamel increments in the samples. We primarily sam-
pled the secondary incremental lines in the teeth. However,
there was also a primary mineralization phase in mammoth
tooth formation, although it only took up 20 %-30% of
the total enamel mass (Passey and Cerling, 2002; Passey et
al., 2005). Primary mineralization forms vertical incremental
lines under microscopic view, indicating the material grows
from the EDJ to the outer surface (Metcalfe and Longstaffe,
2012). Therefore, the thin layer of enamel powder collected
by the bulk sampling method may also contain primary min-
eralized material formed during a short period of time. This
period of time could be during any season; consequently,
if the collected primary increments were formed during ex-
treme summer or winter months, the mixture of primary and
secondary enamel material might skew the isotopic signal
to one direction. This could be the cause of the bulk values
of several enamel ridges falling outside the data distribution
of sequential values, since primary increments were formed
during a different time to the secondary increments. If the
collected primary increments were formed during spring or
autumn months with the isotopic signal in environmental wa-
ter closer to the annual average, there is less impact from
primary material, and the bulk and mean sequential values
would be more similar. The sequential samples again are less
influenced by the primary mineralization, as more enamel
thickness is sampled, covering primary increments formed
during a longer period of time and maybe including multiple
seasons.

5.3 Comparison of sampling methods

The bulk and mean sequential results obtained in this study
show both similar and different values. Here we discuss how
these differences may help us decide the optimal sampling
methods for future research. The bulk samples, at least those
obtained through the method applied in this study, do not al-
ways reflect an averaged isotopic signal at decadal scales.
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Figure 9. Plot of difference values against incremental lengths of all enamel ridges.

Instead, it is more likely a reflection of either extreme sum-
mer/winter environmental conditions or spring/autumn iso-
topic compositions which are close to the annual mean value.
In comparison, the sequential method is less influenced by
the primary increments and the geometry of secondary in-
cremental lines. We do not suggest the sequential sampling
method itself can more accurately reflect paleoenvironmen-
tal conditions. The main reason it does in this study is that
with our drilling method, the combination of all sequential
samples covers the entire enamel length and the majority of
enamel thickness, which included increments formed during
a longer period of time than the thin layer of the bulk sam-
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ple. Reade et al. (2015) suggested sampling the entire tooth
height, as well as the enamel thickness, to reduce isotopic
damping caused by the enamel growth pattern. We also rec-
ommend that future studies which involve surface sampling
on mammoth teeth drill all available enamel material in both
directions, regardless of which sampling method will be ap-
plied.

However, this means we can only apply one method
to each enamel ridge. We suggest the sequential sampling
method is more optimal because it provides not only an av-
eraged multi-annual-scale isotopic composition (mean se-
quential value) but more importantly a time series of high-
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resolution paleoenvironmental records. Such records are cru-
cial for understanding the highly variable climatic con-
ditions of the Late Pleistocene and deciphering human—
environmental interactions (Denton et al., 2005; Bradtmoller
et al., 2012; Prendergast et al., 2018). In addition, the se-
quential §'30 variations that reflect seasonal environmental
changes can also indicate whether there is a complete an-
nual cycle, and if so, how many of them are recorded in each
enamel ridge. A fragmentary enamel ridge without one an-
nual cycle may not provide an accurate annual mean §'30
value, so the temporal duration of the record is unsuitable
for the bulk sampling method. This also indicates that the
completeness and size of mammoth teeth should be impor-
tant criteria considered during sample selection. Mammoth
teeth with complete and long enamel ridges should have the
highest priority because long enamel ridges generally con-
tain more annual cycles of §'80 oscillations. Although off-
sets between bulk and mean sequential values may still be
detected in long ridges, the difference value is likely smaller
than those of short enamel ridges, as the long sequence of
isotopic records reduces the impact of uneven seasonal dis-
tributions in both bulk and sequential samples.

Although we recommend using complete and large-sized
mammoth molar teeth as the preferred study material, we are
aware that such samples are not always available at certain
sites. Mammoth teeth may have been weathered and trans-
ported by surrounding environments, and consequently they
may break into fragments and lose enamel thickness through
erosion. Due to this limitation, it is unclear which part of
the enamel and how much enamel thickness and tooth height
were sampled in many past stable-isotope studies on mam-
moth teeth, especially those which employed bulk sampling
methods. Given that the bulk values in some of our samples
fall outside the range of sequential values, we recommend
only comparing results obtained from sequential sampling
methods with other sequential sampling studies. If results ob-
tained from two different methods are compared directly, the
potential isotopic offset between bulk and sequential samples
may be falsely concluded to reflect different environmental
conditions.

5.4 Limitations and future research

The main limitation of this study is the different locations
of the two sampling methods. Although the sampling spots
are from the same trenches, bulk and sequential samples are
powder from different parts of the enamel ridge. A possible
improvement in further studies is to use only part of the pow-
der in each sequential sample and combine all the remaining
powder along one enamel ridge to form the bulk sample. In
this case, enamel powder taken from the two methods would
have covered roughly the same incremental length of enamel
thickness and tooth height. Another possible improvement is
applying the two methods on the enamel ridges at two sides
of the same molar plate. However, this method assumes that
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enamel ridges on both sides grow simultaneously. Nonethe-
less, this study has provided insights into the degree to which
we can compare past studies, as it is likely that different parts
of enamel ridges were sampled in different studies, and some
studies might have only sampled a thin layer of enamel ma-
terial as the bulk samples.

Another limitation is that we considered primary enamel
mineralization as a factor that caused differences in bulk and
sequential results, but we are uncertain about the proportion
of primary mineralization collected in each sample and its
degree of impact. These questions require further investiga-
tions into mammoth dental morphology and separate isotopic
analysis of primary and secondary incremental materials.

In addition, although the sequential samples provide high-
resolution records of likely seasonal environmental changes,
they are not perfect reflections of paleoenvironments. The
geometry of secondary incremental lines potentially caused
several different seasons recorded in one sequential sample,
averaging the isotopic signal and in turn reducing the am-
plitude of isotopic oscillations. In future sequential sampling
of mammoth teeth, we may section the teeth to expose the
enamel thickness, identify incremental features under micro-
scopic views so that we can perform spot-drilling on each
incremental line to avoid seasonal averaging.

6 Conclusion

We applied both bulk and sequential sampling methods to
mammoth enamel and compared the results. Both similar
and different §'30 values between bulk and mean sequen-
tial results were discovered, and in most samples, they are
different, with the bulk samples having more negative §'30
values. Multiple potential factors might have jointly caused
the offsets, including the geometry of secondary incremental
lines, the mixture of primary increments, and different pe-
riods of time formation near the EDJ and outer surface. In
this study, the mean sequential values may be more accurate
reflections of decadal-scale paleoenvironmental conditions
because their samples include most material in both tooth
height and enamel thickness direction. A thin layer of enamel
material collected by the bulk sampling method may have un-
even distributions of different seasons, and consequently the
8180 values may reflect either an annual average or condi-
tions in only a certain season. Choosing long enamel ridges
that contain more annual cycles as study materials may re-
duce the impact of uneven seasonal distribution caused by
incremental line geometry. Therefore, we recommend that
future isotopic analysis on mammoth teeth selects complete
and large-sized samples and drills the entire tooth height and
enamel thickness if possible. Considering that the sampling
locations are unknown in many past studies, a cross-method
data comparison is not recommended.

We also effectively obtained high-resolution paleoenvi-
ronmental records of sub-seasonal resolution. These records
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hold the potential of reconstructing paleo-climate and paleo-
hydrology for various aspects, such as seasonality and inter-
annual differences, in future studies. However, we must be
aware that the amplitude of isotopic signal obtained from
this sequential sampling method might be reduced, since the
drilling direction has an angle against the incremental lines
so that enamel materials formed during more than one season
could be mixed in each sample. This issue may be improved
by combining the sequential sampling method with micro-
scopic analysis on mammoth dental morphology to achieve
spot-drilling on each incremental line in future research.
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