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a b s t r a c t

Marine Isotope Stage 3 (MIS 3, at 60e25 ka B.P.) was a short interstadial within the Last Glacial period. A
generally warm and wet climatic condition during the MIS 3 period has been suggested by many pre-
vious studies. Quantitative climatic reconstruction and studies of seasonality, however, have been seldom
attempted given the scarcity of useful proxy indicators. A full understanding the climatic characteristics
during this period is hampered by their absence. This is especially the case in the East Asian monsoon
region in North China, which is very sensitive to climatic change. To help fill this knowledge gap, we have
determined the stable carbon (d13C) and oxygen isotope (d18O) compositions of tooth enamel from fossil
mammals (Bubalus sp [buffalo] and Cervus elaphus [red deer], dated at ~33e31 ka B.P.) recovered from
Longquan Cave in North China. We use these data to constrain ecology, local air temperature and pre-
cipitation amounts during the late MIS 3. The average d13C (VPDB) of tooth enamel (�14.4‰ and �8.8‰,
respectively for buffalo and red deer) indicate that C3 plants comprised the main diet of animals living in
this area. Pollen assemblages demonstrated that vegetation mainly consisted of grasses and herbs (~64%)
with trees only accounting for about 26%. These results indicate a landscape of open steppe with sparsely
distributed trees. The reconstructed climate derived from tooth enamel d18O was relatively colder and
drier than present-day condition, with mean annual air temperature ranging from 4 to 13 �C and mean
annual precipitation ranging from 360 to 670 mm. Moreover, the inferred summer and winter half-year
temperatures were respectively 8e24 �C and �2 to 5 �C, which represents either similar or weaker
seasonality than at the present time. The inferred cold and dry climate suggested by our study contrasts
with the warm and wet conditions previously reconstructed using proxy indicators from bulk soil
samples in North China. In comparison to the long-term, time-averaged climatic condition reflected by
those soil proxies, the stable isotope compositions of fossil more likely recorded climatic conditions at
annual or seasonal time-scale. The inferred annual cold/dry climate at Luanchuan Cave suggested by our
data may indicate a short climatic cooling event from Greenland Interstadial (GIS) 5 to its following
stadial. Mean annual temperature fluctuated by ~8 �C during this interstadial-stadial cycle.

© 2021 Elsevier Ltd. All rights reserved.
ng), ssdu@bnu.edu.cn (S. Du).
1. Introduction

Marine Isotope Stage 3 (MIS 3), spanning 60e25 ka B.P., was a
short interstadial stage within the Last Glacial period (Imbrie et al.,
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1984). The climate during this stage was extremely unstable as
reflected in the occurrence of millennial-scale climatic events, i.e.,
Dansgaard-Oeschger cycles and Heinrich stadials (Dansgaard et al.,
1984, 1993; Heinrich, 1988; Johnsen et al., 1992; Stuiver and
Grootes, 2000). Previous studies of MIS 3 have mainly focused on
regional comparison of millennial-scale climatic variability and the
mechanisms causing the abrupt climate events (S�anchez Go~ni et al.,
2002; Jim�enez-Moreno et al., 2010; S�anchez Go~ni and Harrison,
2010; Van Meerbeeck et al., 2011; Sionneau et al., 2013; Gibb
et al., 2014). Quantitative reconstruction of regional climate (i.e.,
temperature and precipitation) and study of climate seasonality,
however, have seldom been undertaken, in part due to the scarcity
of useful proxy indicators or suitable materials to study. This is
especially the case for the East Asian monsoon region in North
China. This region is ideal for reconstructing paleoclimate and
investigating the mechanisms of paleoclimatic evolution because it
is more sensitive to abrupt climatic changes and seasonal variations
(e.g., Wu et al., 2012).

The carbon (d13C) and oxygen (d18O) isotope compositions of
tooth enamel (bioapatite) frommammals record information about
the food and water consumed by animals (Longinelli, 1984; Bryant
et al., 1994; Koch et al., 1998; Wang and Deng, 2005). Tooth enamel
is very stable and hence resistant to carbon and oxygen isotope
exchange after its formation, particularly during post-mortem and
diagenetic processes (Quade et al., 1992). Hence, the isotopic in-
formation they recorded can directly reflect the climatic and
ecological conditions in the study area during the animal's life,
including vegetation type, temperature and precipitation (Wang
et al., 1994). For example, the d18O of bioapatite from fossil tooth
enamel has been used to quantitatively reconstruct air tempera-
tures in the geological past (Delgado Huertas et al., 1997; Fricke and
O'Neil, 1999; Tütken et al., 2007; Bernard et al., 2009; Amiot et al.,
2010; Fabre et al., 2011; Amiot et al., 2011; Amiot et al., 2015). The
d13C of structure carbonate from fossil tooth enamel has been
employed to infer paleodiet and hence ecological information, i.e.,
the relative abundance of C3/C4 vegetation (e.g., Cerling et al., 1997;
Koch,1998; Deng et al., 2002). More recently, the d13C of fossil tooth
enamel has also been employed to infer paleo-rainfall (Amiot et al.,
2015).

In this study, we have determined the carbon and oxygen
isotope compositions of bioapatite structural carbonate (d13CC and
d18OC, respectively) from tooth enamel along the growth bands of
fossil teeth of buffalo (Bubalus sp.) and red deer (Cervus elaphus),
excavated from the Longquan Cave Site, Luanchuan County, North
China (Fig. 1a). These samples were buried in situ at ~33e31 ka B.P.
during the late MIS 3 (Du et al., 2016). The oxygen isotope com-
positions of bioapatite phosphate (d18OP) were also measured and
compared with the corresponding d18OC to test for preservation of
original oxygen isotope signals in the tooth enamel. We then use
these data to quantitatively reconstruct temperature and rainfall,
with special attention to climatic seasonality at the study site.
These results provide insight into the MIS 3 climatic characteristics
of North China at ~33e31 ka B.P.

2. Geological setting

Longquan Cave (33�4702400N, 111�3602800E) is located in Long-
quan Mountain Park in Luanchuan County, Luoyang City, Henan
province (Fig. 1a). The climate of Luanchuan County is temperate
and humid, fitting within the warm temperate continental
monsoon climate classification. At present, the mean annual tem-
perature (MAT) at the site is 12 �C, with a summertime (June-
eAugust) mean temperature of 22.9 �C and winter
(DecembereFebruary) mean temperature of 0.6 �C. The site's mean
annual precipitation is 873 mm, and ~50% of the rainfall occurs in
2

summer, brought by the East Asian summermonsoon (Compilatory
Commission of Annals of Luanchuan County, 1994).

Longquan Cave faces east and is situated about 6 m above the
modern level of Yihe river. The cave is heavily damaged by erosion
and by recent quarrying of its limestone roof and walls. Preserved
layers were found at the back of the cave near the southern,
western and northern walls. The site was divided into zones A-D
and excavated within a grid of 1 m2 sections (Fig. 1b and c). Zone C
had the deepest stratigraphy, followed by zones B, A and D.
Deposition in the cave can be subdivided into three stratigraphic
layers, as described as below:

Layer 1 is uppermost, consisting of brownish-yellowish clay and
brownish-yellowish silty clay, with a thickness of 0.3e1.05 m in
zones A and C. In zone D, layer 1 was disturbed by modern human
activity and its lower part is brownish-reddish clay with the
thickness of only 0.05e0.15 m.

Layer 2 is hard, ~0.5e1.6 m thick and composed of reddish-
brown clay, with a few pebbles in some areas. Most of the lithic
artefacts and fossil animal bones recovered from the Longquan
Cave were in this layer. The lithic assemblage (stone tools) belongs
to the core-and-flake industry once prevalent in southern China
(Du et al., 2016). The foragers who temporarily camped in the
Longquan Cave used the simple core-and-flake technique to obtain
flakes with sharp cutting edges. The faunal remains may originate
from anthropogenic accumulations. A polished bone tool (i.e., a
bone awl) was also discovered in layer 2 from zone D, which marks
a significant innovation in tool-making technology. Two hearths
were uncovered in layer 2 in zone A at depth of 100 mm and
200 mm, respectively. Collectively, the Longquan Cave provides
evidence of traits regarded as similar to other modern human
behavior, notably the distinct zoning of domestic areas for specific
purposes, the use of hearths and rocks to store thermal energy, and
the use of polished bone tools (Du et al., 2016).

Charcoal samples for AMS 14C dating were collected from the
upper parts of layer 2 in zones A and D (Fig. 1b). A fossil bone
collected from sub-layer 7 of layer 2 in zone D was also dated and
had an age of ~33 ka cal BP. A total of eight radiocarbon dates were
obtained. These radiocarbon dates were presented by Du et al.
(2016), and showed that most of the depositional horizons span
~35 to 31 ka cal B.P. except for the lower hearth, which has a date of
~40 ka cal BP. It is therefore suggested initial human occupation
occurred at ~40 ka cal BP, followed by a second period of activity at
~35 to 31 ka cal BP. Hence, the Longquan occupation falls within the
MIS 3, a period that was generally marked by relatively rapid cli-
matic fluctuations from colder to warmer on a millennial scale (e.g.,
Dansgaard et al., 1984, 1993). However, the climatic conditions that
facilitated the Longquan occupation of the cave are not known.
Since fossil teeth of buffalo and red deer were excavated from the
lower part of layer 2 (i.e., sub-layers 5e7), they were assigned to an
age of ~33-31 ka cal BP based on the two AMS 14C age control points
in Zone D (Fig. 1b). Accordingly, the stable carbon and oxygen
isotope compositions of enamel from these fossil tooth samples
have been analyzed to help reconstruct the paleoclimate at this
time.

Layer 3 is yellowish silt inter-beddedwith brown-yellowish clay,
and is only exposed in zone C (Fig. 1b). This deposit was excavated
to ~0.7 m depth, but few lithics and fossil bones were found.

3. Materials and methods

3.1. Fossil teeth

Five fossil teeth of buffalo and two fossil teeth of red deer were
analyzed in this study (Fig. S1). These teeth were visibly well-
preserved. The teeth were all excavated from brown-reddish clay
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in the layer 2, with six of them from sub-layers 5, 6 and 7 in zone D
and one of them from sub-layer 5 in zone A (Table 1). Specifically,
LCMD2(5):34 and LCMD2(6):19 are the thirdmolar teeth (M3) from
the upper jaws of two individual red deer collected from the sub-
layer 5 and 6 of layer 2 in zone D, respectively. Tooth
LCMA2(5):66e3 is the fourth deciduous premolar from the lower
jaw of a buffalo, excavated from sub-layer 5 of layer 2 in zone A.
Sample LCMD2(5):16 consists of three sequential molar teeth M1,
M2 and M3 from the upper jaw of a buffalo unearthed from sub-
layer 5 of the layer 2 in zone D. LCMD2(7):23e2 is the second
molar tooth (M2) from the upper jaw of a buffalo, which was
excavated from sub-layer 7 of layer 2 in zone D.

The samples described above belong to different tooth types,
which would have had different formation times and growth rates.
Intra-tooth isotopic analysis can therefore provide a wealth of in-
formation about seasonal changes over the period of tooth enamel
development. For example, C. elaphus third molars (M3) erupt be-
tween 21 and 32 months, with enamel mineralization proceeded
between 9 and 26 months (Godawa, 1989; Brown and Chapman,
1991; Azorit et al., 2002). Since deer calves are born in spring, the
time sequence recorded in the M3 should therefore span early
spring/summer/autumn/winter/late spring (Stevens et al., 2011).

The tooth formation sequence of Bubalus sp. is assumed to be
similar to that of modern bison (Gadbury et al., 2000; Fricke and
O'Neil, 1996). This sequence starts with growth of M1 in utero at
the end of winter, followed bymineralization of M2 during the first
year of the animal's life (summer to summer), then by M3, P2, P3
and P4 during the next year (Bernard et al., 2009). In this case,
sample LCMD2(5):16, which contained M1, M2 and M3 in
sequence, may represent a continuous record of the d13C and d18O
of diet and drinking water for a period of at least two years. The
other samples (e.g., M2 and P4) probably documented one year's
variation in isotopic compositions. We note, however, that the first
molar (M1) forms, at least in part, in vitro from the body water of
the mother. Hence, its d18O is unlikely to reflect the value of local
meteoric water (Fricke and O'Neil, 1996). The second molar (M2)
may start to form prior to weaning and its d18O may be slightly
affected by isotopic composition of the milk the calf consumed
during nursing (Gadbury et al., 2000).
3.2. Sampling

The teeth were fi



Table 1
Mean stable carbon and oxygen isotope results for tooth enamel from red deer (Cervus elaphus) and buffalo (Bubalus sp.).

Sample No. Horizon Species Tooth
type

d13CC (‰,
VPDB)

d18OC (‰,
VSMOW)

Number of d13CC/d18OC

microsamples (n)
d18OP (‰,
VSMOW)

Number of d18OP

microsamples (n)
d18OC - d18OP

(‰)

LCMD2(5):34 2(5) Cervus
elaphus

aUP M3 �13.2 þ23.2 17 þ13.9 8 9.3

LCMD2(6):19 2(6) Cervus
elaphus

UP M3 �12.9 þ23.9 11 þ16.1 5 7.8

LCMA2(5):56-
3

2(5) Bubalus sp. LR dP4 �13.5 þ23.5 14 þ13.3 13 10.2

LCMD2(5):16 2(5) Bubalus sp. UP M1 �13.2 þ20.4 9 þ11.9 9 8.4
UP M2 �13.1 þ20.4 11 þ12.9 13 7.5
UP M3 �13.1 þ19.3 9 þ12.5 12 6.8

LCMD2(7):23-
2

2(7) Bubalus sp. UP M2 �10.3 þ22.4 34 þ16.6 32 5.8

Each isotopic result is the calculated mean for whole-tooth enamel from several microsamples (n). Individual data are tabulated in Supplementary Table S1.
a LR and UP represent lower and upper jaw, respectively; M denotes molar tooth and dP denotes deciduous premolar.
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and d18OC for this standard was better than ±0.1‰ and ±0.2‰ (1SD,
n ¼ 10), respectively. We also performed duplicate analyses of ten
enamel sub-samples to determine their isotopic reproducibility.
The maximum difference between duplicate enamel analyses was
0.2‰ for d13C and 0.25‰ for d18O. The oxygen isotope compositions
were then converted from the VPDB scale to the VSMOW scale
using the equation: d18OVSMOW ¼ 1.03091 � d18OVPDB þ 30.91
(Coplen et al., 1983).

Extraction of bioapatite phosphate consists of isolating the
phosphate anionic complexes using acid dissolution and anion-
exchange resin and its precipitation as silver phosphate, accord-
ing to a protocol reported by Crowson et al. (1991) and slightly
modified by L�ecuyer et al. (1993). Silver phosphate was quantita-
tively precipitated in a thermostatic bath set at 70 �C. The silver
phosphate was then recovered by filtration, washing with double-
deionised water, and then drying at 50 �C. Extraction of bioapatite
phosphate from one buffalo tooth (LCMD2(7):23e2) was carried
out at LEIG-IGGCAS and its d18OP measured using a high tempera-
ture conversion elemental analyzer (TC/EA) linked to MAT253
isotope ratio mass spectrometer (Thermo Scientific™). Extraction
and isotopic analysis of bioapatite phosphate from the other six
fossil teeth were performed at the Laboratory for Stable Isotope
Science, TheUniversity ofWestern Ontario, Canada (LSIS UWO). The
d18OP of those silver phosphate subsamples were measured using a
TC/EA coupled with a Delta™ Plus XL isotope ratio mass spec-
trometer (Thermo Scientific™).

Values of d18OP are reported relative to VSMOW, as calibrated
using IAEA-CH-6 (d18O ¼ þ36.4‰; Flanagan and Farquhar, 2014)
and Aldrich Silver Phosphatee98%, Batch 03610 EH
(d18O ¼ þ11.2‰; Webb et al., 2014). Silver phosphate precipitated
from standard NBS120c (Miocene phosphorite from Florida:
d18OP ¼ þ21.7; Amiot et al., 2011) was analyzed along with the
silver phosphate samples derived from the fossil teeth as a check on
the calibration. The reproducibility of d18O results for standards
(Aldrich, n ¼ 18; IAEA-CH-6, n ¼ 10; NBS120c, n ¼ 5) and duplicate
sample pairs (n ¼ 18) was better than ±0.3‰ (SD) in all cases.
3.4. Pollen analysis

A total of eight soil samples were collected from Longquan Cave
section for pollen analysis. The samples were processed using
standard methods, including treatment with HCl (10%), hot KOH
(10%) for 5e10 min, HF (64%), and fine sieving in an ultrasonic bath
(Faegri et al., 1989). At the beginning of the procedure one tablet of
Lycopodium spores was added to each sample to enable calculation
of the pollen concentration (Maher, 1981). The pollen concentrates
were mounted in glycerol and examined at � 400 magnification
5

using a Nikon optical microscope (Model: ECLIPSE-80i). Where
appropriate, magnifications of � 600 and/or � 1000 were used to
examine pollen surface sculpturing. Identification was aided by
reference to Wang et al. (1995), together with comparisons with
modern pollen reference collections. Pollen counts consisted of
~200e400 terrestrial pollen grains except for two samples at lower
part of the sequence where the pollen abundance was much lower.
Pollen percentages were calculated based on the sum of all
terrestrial pollen taxa present.
4. Results

All stable isotope data (d13CC, d18OC and d18OP) for each tooth are
listed in Table S1. Fig. 2 illustrates changes in d13CC (VPDB) and d18OC
(VSMOW) along the growth axis of each tooth. For the two fossil
teeth of red deer, d13CC ranges from �13.5 to �12.4‰ and d18OC
ranges from þ22.2 to þ24.5‰. Neither tooth for the red deer
recorded a full range of seasonal changes in isotopic composition,
possibly because the teeth were relatively short (<20 mm) and the
crowns were partially worn.

Larger variations are observed for d13CC (�14.3 to �8.8‰) and
d18OC (þ17.6 to þ25.1‰) of the five fossil buffalo teeth. These var-
iations can be attributed to seasonal changes. Tooth
LCMA2(5):56e3 is a deciduous premolar and documented a half
cycle of seasonal changes in its d18OC and d13CC. By comparison,
tooth LCMD2(7):23-2 measures ~70mm from cervix to apex and its
d18OC exhibits a sinusoidal pattern of variation attributed to a full
seasonal cycle. By contrast, the d13CC of this tooth showed more
frequent fluctuations about �10.3‰. Sample LCMD2(5):16 con-
tained 3 M teeth from the first to the third molar (designated as
LCMD2(5):16 M1, LCMD2(5):16 M2 and LCMD2(5):16 M3, respec-
tively). Their isotopic data can be combined to generate a composite
isotopic seasonal time series. Because the M1 tooth of cattle is
known to form prior to birth (Fricke and O'Neil, 1996), it must have
formed in vitro from the body water of mother. We assume that the
same tooth eruption schedule holds for its close relative, the buf-
falo. Therefore, its M1 tooth can be used to investigate seasonality
during the birthing period, followed by the M2 and M3 whose
isotopic data provide a good illustration of seasonal variations
(Fig. 2).

Fig. 3 compares intra-tooth variation in d18OP and d18OC for each
fossil tooth. Overall, d18OP generally describes the same pattern as
d18OC. The d18OP for the two red deer teeth range from þ12.6
to þ14.4‰ for LCMD2(5):34 and from þ13.9 to þ19.3‰ for
LCMD2(6):19. The latter tooth displays a sharp decrease in d18OP
from the apex towards the cervix, a pattern also observed for d18OC.

The d18OP of the LCMA2(5):56e3 pre-molar buffalo tooth (dP4)



Fig. 2. Intra-tooth variations in stable carbon and oxygen isotope compositions of bioapatite structural carbonate (d13CC in ‰, VPDB; d18OC in ‰, VSMOW) in tooth enamel of seven
fossil teeth versus distance (in mm) from the cervix.
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fluctuates widely (þ11.9 to þ14.8‰), while increasing overall with
decreasing distance from the cervix. The d18OP for the long buffalo
tooth LCMD2(7):23-2 shows a much more restricted range (þ15.7
to þ17.2‰; mean ¼ þ16.6‰). Its narrow range of d18OP neverthe-
less registers a full seasonal cycle of variation. The molar (M1~M3)
teeth set of LCMD2(5):16 show a larger oscillation in d18OP
from þ10.6 to þ17.9‰, which is suggestive of seasonal variation.
The M1 has very low d18OP showing little variation (þ11.3
to þ12.5‰), the M2 shows the largest variation in d18OP (þ10.6
toþ17.9‰), rising to maximumvalues near its center, followed by a
large decrease, and the M3 exhibits a gradual decrease from þ13.6
to þ10.7‰.

Table 1 lists mean values of d13CC, d18OC and d18OP for each tooth.
The mean d13CC varies from �13.5 to �12.9‰, except one more
positive value of �10.3‰ (buffalo tooth LCMD2(7):23e2). The
mean d18OC varies from þ19.3 to þ23.9‰. The mean d18OP ranges
from þ11.9 to þ16.6‰. The mean value of d18OC - d18OP varies
from þ5.8 to þ10.2‰, with no apparent inter-species differences.

The pollen samples were composed of 22 plant species, mainly
trees, shrubs, grasses and herbs, and a few ferns (Fig. 4). Trees
6

consisted of spruce (Picea), birch (Betula), elm (Ulmus), willow
(Salix), cypress (Cupressaceae) and a small quantity of poplar/aspen/
cottonwood (Populus) and comprise ~27% of the pollen count.
Shrubs included Elaeagnaceae, Ephedra and Rosaceae, but account
for only ~3% of the pollen count. Of the grasses and herbs, Ranu-
culaceae and Gramineae most frequently occurred, with sporadic
emergence of Chenopodiaceae, Artemisia, Cypereceae, Compositae,
Leguminoceae, and Typha. The grasses and herbs comprise ~64% of
the pollen count. Spores make up ~6% of the pollen count.
5. Discussion

5.1. Factors influencing stable carbon and oxygen isotope
compositions of mammalian tooth enamel

For herbivores like red deer and buffalo, their tooth enamel
d13CC is generally governed by the carbon isotope compositions of
their plant forage. Most modern plants photosynthesize using
either the C3 pathway (C3 plants) or the C4 pathway (C4 plants).
Modern C3 plants, which include trees,most shrubs and cool season



Fig. 3. Intra-tooth variations in oxygen isotope compositions of bioapatite phosphate (d18OP in ‰, VSMOW), compared to data for bioapatite structural carbonate (d18OC in ‰,
VSMOW) in tooth enamel of seven fossil teeth. The d18OP and d18OC show generally similar changing patterns in the same tooth. Seasons were assigned according to the peaks and
troughs of d18OP and d18OC curves, as shown by horizontal bars.
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grasses, have d13C ranging from about �35 to �20‰, with an
average of �27‰ (O'Leary, 1981; O'Leary, 1988; Farquhar et al.,
1989). By contrast, modern C4 plants, which are mostly warm
season grasses, have d13C ranging from about �17 to �9‰,
averaging �13‰. These isotopic signals are passed along the food
chain to animal tissues with further isotopic fractionation. The
average carbon isotope fractionation factor between bioapatite
structural carbonate and diet is ~14‰ for ungulate mammals
(Cerling and Harris, 1999; Passey et al., 2005). Therefore, a d13CC
of �13‰ would ideally indicate a dietary intake of modern pure C3
plants whereas a d13CC of þ1‰ would indicate a pure diet of
modern C4 vegetation (e.g., Wang et al., 2008). This provides a
guideline for inferring the proportions of C3 and C4 plants in a
herbivore's diet, as has been done in many previous studies (e.g.,
MacFadden et al., 1996; Cerling et al., 1997; Wang and Deng, 2005).
Other factors, however, such as soil moisture, aridity and atmo-
spheric pCO2 can induce a large variability (up to several per mil) in
the d13C of plants (e.g., Farquhar et al., 1989; Cerling et al., 1997),
7

which need to be considered when inferring the C3/C4 from d13CC.
In addition, because of the Suess Effect (e.g., Keeling, 1979; Marino
et al., 1992), the ranges and averages of vegetation d13C, and there-
fore d13CC, would have been higher by ~1.5e2‰ during MIS 3,
i.e.,�11.5‰ andþ2.5‰ for teeth of mammals ingesting pure C3 and
C4 plants, respectively.

The oxygen isotope composition of tooth enamel in mammals is
directly linked to the d18O of body water because mammalian tooth
bioapatite is formed at constant body temperature (Longinelli,
1984; Luz et al., 1984; Iacumin et al., 1996). Body water d18O is
controlled by several factors, including the d18O of drinking water
and water in food (i.e., plants for herbivores), physiological pro-
cesses and dietary or drinking behavior (Longinelli, 1984; Luz et al.,
1984; Kohn et al., 1996). Several studies have shown that the d18O
signal in tooth enamel from large animals (>1 kg) is dominated by
meteoric water (mw) becausemost ingestedwater comes from that
source (Longinelli, 1984; Luz et al., 1984; Bryant et al., 1996).
Because d18Omw correlates with climatic variables including



temperature, seasonality of rainfall and rainfall amount
(Dansgaard, 1964; Rozanski et al., 1993), the d18O of enamel can be
used to reconstruct paleoclimatic conditions during tooth growth
(e.g., Longinelli, 1984; Bryant et al., 1994; Bryant et al., 1996; Wang
et al., 2008). The most common application of this d18OC and d18OP
proxy has been to infer local surface temperatures in the geological
past (e.g., Delgado Huertas et al., 1997; Fricke and O'Neil, 1999;
Wang and Deng, 2005; Tütken et al., 2007; Bernard et al., 2009;
Amiot et al., 2010; Fabre et al., 2011; Amiot et al., 2011; Amiot et al.,
2015).

Another significant use of tooth enamel d13CC and d18OC/d18OP
has been to trace seasonal variations in diet and climate during
tooth growth through analysis of serial enamel samples from an
individual tooth (e.g., Fricke and O'Neil, 1996; Dettman et al., 2001;
Bernard et al., 2009; van Dam and Reichart, 2009; Metcalfe et al.,
2011). This approach is undertaken because mammalian tooth
enamel forms incrementally from the crown to the cervix of the
tooth, recording a series of d13CC and d18OC/d18OP over time. These
isotopic compositionsmay vary by several per mil along the growth
axis within a single tooth and thus provide an excellent record of
dietary and/or climatic seasonality, albeit that the isotopic signal
might be attenuated due to the time-averaging effect induced by
the sampling technique (Passey and Cerling, 2002), as discussed
earlier. Migratory behavior can also make seasonal inferences from
such isotopic data more complicated. Red deer, however, are not a
migratory species (Fabre et al., 2011) and their tooth d18O has been
shown to record perfect seasonal variation (
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vegetation-dominated environment in this region could vary from
dense forest to steppe with sparse trees. The range of carbon
isotope compositions calculated here (range: �29.1 to �23.6‰) is
more typical of a steppe environment. Dense forest vegetation
typically has more negative d13C (as low as �34‰) due to the in-
fluence of soil respiration associated with the canopy effect
(Schleser and Jayasekera, 1985; Sternberg et al., 1989; Van der
Merwe and Medin, 1989; Drucker et al., 2008; Bonafini et al., 2013).

The possibility of a steppe-like environment is confirmed by the
pollen data for our study site (Fig. 4). Grasses and herbs comprised
the majority (~64%) of the pollen count, whereas trees and shrubs
were in a distinct minority (~30%). Collectively, the pollen data
indicate an open steppe landscape with a sparse distribution of
trees, suggestive of a relatively cold and dry climate (e.g., Jiang and
Ding, 2005). The inferred landscape is in accordance to red deer's
preferred ecological niche, red deer like a boreal forest-meadow
habitat, including alpine forest, shrub and grassland environ-
ments (Zhao, 1974).

5.3. Climate reconstruction and seasonality in North China during
the late MIS 3

5.3.1. Tooth enamel d13CC and paleorainfall reconstruction
Water availability is an important factor that influences plant

carbon isotope discrimination in plants (Deines, 1980; Francey and
Farquhar, 1982). A restricted soil water supply causes plants to close
their stomata to conserve water for photosynthesis. This process in
turn reduces the intercellular partial pressure of CO2, which causes
plant d13C to rise accordingly. Recent investigations of modern
ecosystems in northern China have shown that plant d13C shifts
toward more negative values with an increase in mean annual
precipitation (MAP) (Wang et al., 2003, 2013a; Liu et al., 2005).
Wang et al. (2003), for example, observed a 0.47‰ negative shift in
d13C of C3 plants with an annual 100mm increase in rainfall. Several
recent studies have used such correlations to infer precipitation
amount from the d13C of C3 plants (e.g., Wang et al., 2013a; Amiot
et al., 2015).

We initially attempted to adopt a previously established rela-
tionship between local MAP and the carbon isotope composition of
modern C3 plants in North China (Wang et al., 2013a) to estimate
local precipitations at our study site. However, a recent study has
shown that there is a strong positive correlation between the d13C
of C3 plants and mean annual temperature in north China (0.104‰
per �C; Wang et al., 2013b). We have corrected for this effect, after
removal of two outliers from the Wang et al. (2013a) dataset, to
obtain the following regression (Fig. 5):

MAP¼ 90.862(±14.050) xDleafe 1360.154(±270.574) (R2¼ 0.59)(1)

where Dleaf ¼ (d13Catm � d13Cleaf)/(1 þ d13Cleaf/103), d13Catm is d13C of
atmospheric CO2, and d13Cleaf represents the C3 plant d13C corrected
for the temperature effect.

Average local precipitation amounts calculated using equation
(1) are listed in Table 2, using d13Catm ¼�6.6‰, as estimated for the
late MIS 3 bases on CO2 trapped in EPICA Dome C ice core
(Lourantou et al., 2010), and the calculatedmean d13C of fossil tooth
enamel. All calculated values for our study site are below
670 ± 169 mm, with most of them ranging between 590 and
670 mm. Despite that the first molar (M1) of buffalo sample
LCMD2(5):16 was formed in utero and the second molar (M2) was
partly subject to nursing effects, their d13C generate MAP of
639 ± 161 mm and 627 ± 158 mm, respectively, very close to that
obtained from the third molar (M3: 633 ± 160 mm). Moreover, the
d13C for teeth of both red deer and buffalo from the sub-layer 5 yield
a consistent MAP of ~630 mm (Table 2). A comparable MAP
9

(596 ± 150 mm) was also determined for red deer tooth
(LCMD2(6):19) collected in sub-layer 6. However, the MAP inferred
from buffalo tooth LCMD2(7):23e2 collected in the sub-layer 7 was
substantially lower (363 ± 91 mm). This may reveal highly variable
fluctuations in precipitation amounts at different times during late
MIS 3. Collectively, inferred MAP are lower than the average annual
amount of modern precipitation (873 mm). This relatively dry
condition is consistent with the development of open steppe in the
region, as also suggested by the pollen assemblages.

5.3.2. Tooth enamel d18OP and paleotemperature reconstruction
As discussed earlier, d18OP and d18OC of mammal teeth are ulti-

mately controlled by d18Omw (e.g., Cormie et al., 1994; Kohn et al.,
1996; Kohn and Cerling, 2002; Straight et al., 2004). In the cur-
rent study, d18Omw has been estimated from the d18OP using various
phosphate oxygen isotope-water geothermometers. In the absence
of a buffalo-specific equation, the bison bioapatite enamel-water
geothermometer of Bernard et al. (2009), following Hoppe
(2006), was used, recognizing that buffalo and bison have similar
body size and physiology:

d18Omw ¼ 1.18(±0.07) � d18OP e 27.2(±1.1) (R2 ¼ 0.8) (2)

An oxygen isotope bioapatite enamel-water geothermometer
for red deer was developed based on the data of D'Angela and
Longinelli (1990):

d18Omw ¼ 0.879(±0.033) � d18OP e 22.50(±0.52) (R2 ¼ 0.99) (3)

Amiot et al. (2004) developed a transfer function of d18Omw to
mean annual air temperature (MAT) by analyzing the monthly av-
erages of temperature and isotopic data provided by the global
network of stations operated by the IAEAeWMO (International
Atomic Energy AgencyeWorld Meteorological Organization):

d18Omw ¼ 0.49(±0.03) � MAT-14.18(±0.52) (R2 ¼ 0.81) (4)

Using equations (2)/(3) and (4), the calculated MAT at our study
site ranged from 2.2 ± 0.9 �C to 13.3 ± 1.2 �C during this portion of
MIS 3 (Table 2). The lowest MAT value, however, was calculated for
the d18OP of the M1 tooth, which was influenced by the mother
body fluid and therefore is disregarded. The remaining range
(3.4 ± 0.9 to 13.3 ± 1.2 �C) still represents a very large inter-annual
variation in MAT. While the errors overlap, the mean MAT of
7.7 ± 4.0 (1SD) �C is likely diagnostic of temperatures lower than
the present-day annual value of ~12 �C.

The seasonality of air temperatures (Tair) at Longquan Cave site
during the late MIS 3 can perhaps be better estimated using linear
regression equations of d18Omw-Tair derived from data obtained
closer to the study area rather than from average values inferred
from global datasets. We calculated such annual and seasonal re-
gressions using a sub-dataset (1985e2003) for stations in China
available through the IAEA-GNIP/ISOHIS dataset (World Data
Center for Paleoclimatology, 2006) (Fig. 6a). Four stations were
excluded, however, either due to a strong, year-round amount ef-
fect (Guangzhou, Haikou and Hongkong) or altitude effect (Lasha).
Their exclusion improved the d18Omw-T correlation.

The annual and winter regression equations obtained were:
Annual:

d18Omw¼ 4.765(±0.548)� ln(MAT)e 19.578(±1.362) (R2¼ 0.75)(5)

Winter half-year (OctobereMarch):

d18Omw ¼ 0.681(±0.052)Tair e 12.689(±0.407) (R2 ¼ 0.87) (6)



Therewas no significant correlation of d18Omwwith summer Tair,
likely because of an apparent amount effect that produced a
lowering of d18Omw in the summer period. This effect is illustrated
in Fig. 6b for Zhengzhou City, which is located close to the study
area. Summer temperature (half year: April to September) was
therefore calculated from using the inferred winter half-year Tair



Fig. 6. (a) Monthly variations in air temperature (� C), rainfall d18O (‰, VSMOW) and rainfall amount (mm) in Zhengzhou city (~250 km from Luanchuan County). There is a negative
shift in the d18O of precipitation during summer months (MayeSeptember) because of the rainfall amount effect. (b) Correlation of rainfall d18O with annual temperature, summer
(AprileSeptember) and winter (OctobereMarch) temperatures. There is no significant correlation of rainfall d18O with summer half-year temperature due to the rainfall amount
effect.
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for modern buffalo from the Shunshanji archaeological site
(33�3405800N,118�100800E) in Sihong County (Tian et al., 2013), which
is located 700 km to the east. In that study, d13Cc and d18Oc were
measured for ten subsamples taken from a premolar tooth at an
interval of 5 mm along a growth band. The d13Cc values (�2.5
to �4.7‰) indicated that the buffalo had ingested a substantial
amount of C4 plants (Tian et al., 2013). As such, these results are
unfortunately not suitable for rainfall reconstruction. The d18Oc
values, however, showed typical seasonal variation (Fig. S2) and
were used to estimate MAT, winter half-year and summer half-year
temperatures. Before temperature reconstruction, d18Oc was
translated to d18Op using the average d18Oc-d18Op offset (7.7‰) for
buffalo obtained in our study (Table 1). The reconstructed MAT
using equation (4) is 13.0 �C (Table S2), which is comparable to the
present mean annual temperature of 14.6 �C at that site. The
inferredwinter half-year temperature is 4.0 �C, which is ~2 �C lower
than measured directly. The inferred summer half-year tempera-
ture of 22.1 �C is very close to the measured value (22.9 �C)
(Table S2). The general comparability between the inferred and
measured temperatures provides ameasure for the reliability of the
temperature equations presented here. The negative offset of ~2 �C
for the inferred temperatures provides a useful reference when
comparing inferred paleotemperatures with present temperatures
at our study site.

The winter and summer d18OP, reconstructed d18Omw and
resulting average seasonal temperatures are listed in Table 3. The
reconstructed winter (OctobereMarch) half-year temperatures
varied from �2.5 ± 0.8 �C to 5.3 ± 0.7 �C (mean: 0 ± 3 (1SD) �C),
with the general condition being lower than the present temper-
ature of ~5 �C during the same months, notwithstanding the ~2 �C
offset observed for the winter temperature reconstruction using
the modern buffalo tooth enamel. The inferred summer
(AprileSeptember) temperatures showed a large range of variation
from 8.4 ± 1.3 to 23.6 ± 1.2 �C (mean: 15 ± 6 (1SD) �C). The inferred
mean summer temperature is below the present average summer
temperature of ~20 �C for the same period in Luanchuan County.

If we examine the temperature data by sub-layer, a possible
reason for the large variations becomes apparent. The inferredMAT,
winter and summer temperatures for sub-layers 6 and 7 were
Table 3
Calculated winter and summer average temperature based on mean tooth enamel d18OP

Sample No. Species aWinter d18OP

(‰,VSMOW)

aSummer d18OP

(‰, VSMOW)

bWinter d18OP

corrected (‰,
VSMOW)

bSumm
correct
VSMOW

LCMD2(5):34 Red
deer

þ12.6 (n ¼ 1) þ14.4 (n ¼ 1) þ11.7 (n ¼ 1) þ15.3

LCMD2(6):19 Red
deer

þ13.9 (n ¼ 1) þ19.3 (n ¼ 1) þ11.2 (n ¼ 1) þ22.0

LCMA2(5):56-3 Buffalo þ12.2 ± 0.4
(n ¼ 4)

þ14.6 ± 0.1
(n ¼ 2)

þ10.4 ± 0.4 (n ¼ 4) þ16.4

LCMD2(5):16M1 Buffalo e e e e

LCMD2(5):16M2 Buffalo þ11.3 ± 0.5
(n ¼ 3)

þ14.1 (n ¼ 1) þ9.2 ± 0.5 (n ¼ 3) þ16.2

LCMD2(5):16M3 Buffalo þ11.4 ± 0.7
(n ¼ 3)

þ13.4 ± 0.3
(n ¼ 3)

þ9.9 ± 0.7 (n ¼ 3) þ14.9

LCMD2(7):23-2 Buffalo þ16.0 ± 0.2
(n ¼ 5)

þ17.1 ± 0.1
(n ¼ 9)

þ15.2 ± 0.2 (n ¼ 5) þ18.0

a The mean winter and summer d18OP were respectively calculated based on the lowes
The ± on each average stands for actual range.

b Winterd18OP corrected¼ (Summer d18OPþWinter d18OP)/2 - (Summer d18OP -Winter
d18OP - Winter d18OP)/2df. Values of df are 0.5 for red deer and 0.6 for buffalo.

c Winter and summer d18Omw were calculated based on winter d18OP corrected and sum
red deer.

d Winter Tair was calculated winter d18Omw using equation (6). The ± represents an o
equation (6) into consideration.

e Summer Tair was calculated by subtracting the winter Tair from 2MAT (eq. (4)). The

12
11.3 �C and 13.2 �C, 0 �C and 5.3 �C, and 23.6 �C and 21.3 �C,
respectively. In contrast, the inferred MAT, winter and summer
temperatures for sub-layer 5 were 3.4 �C to 7.9 �C, �2.5 �C to 0.7 �C,
and 8.4 �Ce15.1 �C, respectively. The inferred temperatures for sub-
layers 6 and 7 are much higher than those for sub-layer 5. More-
over, the inferred temperatures show a decreasing trend from sub-
layer 7 to 5. Assuming a normal age-depth model, this change may
represent a transition from interstadial to stadial mode, possibly
Greenland Interstadial (GIS) 5 to its following stadial during ~33-
31 cal ka BP as recorded in the d18O records of Chinese stalagmites
and the GISP2 ice core (Wang et al., 2001). If so, GIS 5 had tem-
perature conditions similar to today whereas the stadial was
characterized by a mean annual temperature drop of ~8 �C. Our
calculations also suggest that the climatic seasonality in Luanchuan
County during the late MS 3 was variable, i.e., GIS 5 possessed a
seasonality similar to present-day whereas the stadial had weaker
seasonality than today.
5.4. Late MIS 3 paleoclimate estimates using different proxies in
North China

Only a few previous studies have attempted to quantify paleo-
climatic during the MIS 3 in North China. Li et al. (2011) recon-
structed climatic change in Tangshan over the last 200 ka using a
pollen-climate transfer function; the inferred MAT and MAP dur-
ing 40e20 ka B.P. were lower by 5 �C and 150 mm, respectively,
than present conditions. By comparison, Lu et al. (2007) estimated
changes in MAT and MAP in Weinan in the southern part of the
Chinese Loess Plateau over last 136 ka B.P. using phytolith assem-
blages. Their estimated values for MAT and MAP during 46e23 ka
B.P. were 1e2 �C and 100e150 mm higher than those in the region
today. Ning et al. (2008) reconstructed paleorainfall in Weinan and
Lantian in Chinese Loess Plateau using the stable carbon isotope
compositions of soil organic matter. They obtained estimates of
MAP at 33 ka B.P. for both study sites that were >200 mm lower
than present conditions.

The difference in inferred MAP for Weinan obtained in the two
previous studies can likely be attributed to the use of different
proxy indicators, which have different sensitivities to temperature
of red deer and buffalo.

er d18OP

ed (‰,
)

cWinter d18Omw

(‰, VSMOW)

cSummer
d18Omw (‰,
VSMOW)

dWinter
Tair (Eq.
(6))
(�C)

eSummer Tair (from
2MAT-Winter T)
(�C)

(n ¼ 1) �12.2 �9.1 0.7 ± 0.5 15.1 ± 1.1

(n ¼ 1) �12.7 �3.2 0 ± 0.5 23.6 ± 1.2

± 0.1 (n ¼ 2) �13.4 ± 0.4 �8.1 ± 0.1 �1.0 ± 0.7 12.0 ± 1.2

e e e e

(n ¼ 1) �14.4 ± 0.5 �8.3 �2.5 ± 0.8 11.3 ± 1.3

± 0.3 (n ¼ 3) �13.8 ± 0.7 �9.4 ± 0.3 �1.6 ± 1.0 8.4 ± 1.3

± 0.1 (n ¼ 9) �9.1 ± 0.2 �6.7 ± 0.1 5.3 ± 0.7 21.3 ± 1.4

t and highest values of seasonal d18OP curve from each tooth (as indicated in Fig. 3).

d18OP)/2df; Summer d18OP corrected¼ (Summer d18OPþWinter d18OP)/2þ (Summer

mer d18OP corrected, respectively, using equation (2) for buffalo and equation (3) for

verall uncertainty that takes the variation in winter d18Omw and the uncertainty of

± was obtained according to error propagation equation for the calculation.



and rainfall. The pollen and phytolith assemblages both provide an
indication of changes in plant compositions, which tend to repre-
sent long-term changes in regional climate. These two proxy in-
dicators also reflect overall environmental conditions and cannot
be used to differentiate between the effects of temperature and
rainfall. By comparison, paleorainfall reconstructions using the
carbon isotope of soil organic matter should be relatively reliable
because the d13C of terrestrial higher plants is much more
responsive to changes in rainfall than temperature (Liu et al., 2005).
The work of Ning et al. (2008), therefore, which suggests a dry late
MIS 3, is likely more reliable than estimates from the pollen and
phytolith assemblages. That said, the inferred rainfall amounts
using soil organic matter d13C provides only a long-termmeasure of
local conditions due to the limited time resolution of samples from
loess-paleosol sections.

The d13CC and d18OP of tooth enamel are independent proxies
that can be used to reliably infer rainfall and temperature, respec-
tively, on an inter- or intra-annual basis, depending on sampling
resolution. In contrast to thewarm andwet conditions duringMIS 3
proposed in previous studies (e.g., Li et al., 2003; Lu et al., 2007;
Chen and Wu, 2008; Yang et al., 2011; Li et al., 2014), our results
indicate a generally colder and drier lateMIS 3 at our study location.
Such dry conditions are consistent with long-term records inferred
from soil organic carbon isotope records for the Chinese Loess
Plateau during late MIS 3 (Ning et al., 2008).

Solar insolation intensity and global ice volume are two main
forcing factors of Earth's climate. During the late MIS 3, average
solar insolation over the summer months (JuneeAugust) at 33�N,
where the Longquan Cave lies, was slightly higher (~10.1 W/m2)
than today (Berger, 1978; Laskar et al., 2004). This condition should
facilitate relatively warm overall conditions in the Northern
Hemisphere. That said, millennial-scale abrupt climatic events (i.e.,
Dansgaard-Oeschger cycles and Heinrich events) were common
during the MIS 3 and have been well documented in stalagmite
d18O records for Central China (Wang et al., 2001). In North China,
abrupt climatic events such as Heinrich 1 and 2, characterized by
cold and dry conditions, have also been recognized in studies of
loess deposits (e.g., Wang et al., 2012).

As aforementioned, the decrease in the inferred temperature
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