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We investigate the distribution of archaeal lipids in a 5.8-m-long sedimentary core recovered from Lake Qinghai
to extract regional hydroclimate and temperature signals since the last deglaciation for this important region. The
paleohydrology was reconstructed from the relative abundance of thaumarchaeol (%thaum) and the archaeol
and caldarchaeol ecometric (ACE) index. The %thaum-inferred lake-level record was extended to deglaciation,
showing three periods (11.9–13.0, 14.1–14.7 and 15.1–17.2 cal ka BP) with relatively higher lake levels than
those during the early Holocene. The ACE record demonstrates three periods (10.6–11.2, 13.2–13.4 and
17.4–17.6 cal ka BP) of elevated salinity when the lake was shallow. Filtered TEX86 record based on archaeal
lipid distributions corresponded to relatively higher lake levels, implying that a certain lake size is required for
using the TEX86 paleothermometer. At 1–4 cal ka BP, the reconstructed temperature fluctuated significantly
and correlated negatively with inferred lake level, indicating that lake temperature and hydrological change
might be coupled during this period. We attribute this co-variance to the importance of summer temperature
in controlling evaporation for this arid/semi-arid region. Moreover, our results indicate that archaeal lipids
have potential in reconstructing paleoclimate patterns from lacustrine sedimentary cores, but the data should
be interpreted with care.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Understanding past terrestrial climate variation is important
for assessing modern and future climate variability. Lipid biomarkers
preserved in dated lacustrine deposits are generally valuable indicators
of past climate change, especially for the Quaternary (Castañeda and
Schouten, 2011; Sinninghe Damsté et al., 2012a). Molecular proxies
have, however, been less commonly applied to lacustrine sedimentary
records than their wide use in marine systems, due to the complex
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physical and chemical properties of lakes and the limited fundamental
research aimed at developing molecular proxies for use in lacustrine
settings (Castañeda and Schouten, 2011).

Isoprenoid glycerol ethers (Fig. 1), the membrane lipids of Archaea,
are one group of the most abundant and ubiquitous lipids on earth.
They have been increasingly used in paleoenvironmental reconstruc-
tions since they are easy-to-analyze and their relative abundance is
sensitive to environmental variables (Castañeda and Schouten, 2011;
Schouten et al., 2013). A few years ago, Schouten et al. (2002) found
that the TEX86 index, representing the relative distribution of
cyclopentane rings in isoprenoid glycerol dialkyl glycerol tetraethers
(iGDGTs) biosynthesizedmainly by aquatic Thaumarchaeota (previously
called mesophilic Crenarchaeota, Brochier-Armanet et al., 2008), had a
l lipid-inferred paleohydrology and paleotemperature history of Lake
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Figure 1. Structures of archaeal lipids and internal standard discussed in the text.
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linear relationship with sea-surface temperature in core-top marine
sediments. However, despite the successful application of TEX86 to
marine sediments (e.g., Schouten et al., 2003; Zachos et al., 2006; Liu
et al., 2009; Pearson and Ingalls, 2013), subsequent lacustrine studies
indicated that the index might only serve as a paleothermometer in
limited lacustrine systems (Powers et al., 2004, 2010; Blaga et al.,
2009), predominately certain large African lakes (Powers et al., 2005;
Tierney et al., 2008, 2010a; Woltering et al., 2011; Berke et al., 2012a,
b; Ménot and Bard, 2012). For other lakes, it might be applicable only
when the influence of GDGTs originating from soil archaea and/or
other groups of archaea living in the lake (e.g., methanotrophic or
methanogenic archaea) was excluded (Blaga et al., 2009; Sinninghe
Damsté et al., 2012a).

The distributions of archaeal lipids also have potentials in
paleohydrological studies. Thaumarchaeol (also named crenarchaeol),
a unique GDGT specific for Thaumarchaeota (Sinninghe Damsté et al.,
2002; Brochier-Armanet et al., 2008; Pitcher et al., 2010; Spang et al.,
2010), has recently been proposed as a potential tool for evaluating
lake-level changes, particularly for lakes with medium size and depth
(Wang et al., 2014). This is based on the empirical relationship between
thaumarchaeol abundance (%thaum) and in situ lake water depth ob-
served for core-top sediments collected from East African lake groups
(Tierney et al., 2010b) and Lake Qinghai (Wang et al., 2014), and is
supported by the consistency of the %thaum record with the carbon
isotope of bulk organic carbon (δ13Corg, a water depth indicator in
Lake Qinghai) record in sediment cores. Since the four TEX86-related
GDGTs (if TEX86 works) and thaumarchaeol are both produced by
Thaumarchaeota, it seems promising to retrieve paired information on
changes in temperature and hydrological conditions in the same sedi-
ment core, unaffected by chronology uncertainty.
Please cite this article as: Wang, H., et al., Deglacial and Holocene archaea
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In addition, Turich and Freeman (2011) proposed the ACE index as a
tracer of water salinity, because the relative abundance of archaeol to
caldarchaeol (also called GDGT-0) reflected changes in archaeal com-
munity structure in response to variations in salinity inmodern settings.
This was corroborated by a similar study (Wang et al., 2013) of modern
inland lakes on theQinghai–Tibetan Plateau (QTP). BecauseArchaea can
survive and thrive over a broad salinity range, the ACE index might be
promising for paleosalinity reconstruction, especially for hypersaline
waters with few haptophyte algae and other planktons (Turich and
Freeman, 2011; Wang et al., 2013). Currently, however, the ACE index
has not been applied in paleoenvironmental studies of inland lakes.

Lake Qinghai (Fig. 2), located at the transition from the arid to the
semi-arid climate zones, is the largest interior plateau lake in Central
Asia (Fu et al., 2013). Due to the sensitivity of its regional climate to
monsoon variation and global change (Shi et al., 1958; Zhang et al.,
1989; Ji et al., 2005; Shen et al., 2005; An et al., 2012; Liu et al.,
2013a), paleoclimate reconstructions from Lake Qinghai are of wide
interest for understanding how complex forcing mechanisms could
affect the regional climate (Liu et al., 2006; An et al., 2012). This is
also reflected by the recent deep drilling of the lake as part of the
International Continental Scientific Drilling Program (Henderson and
Holmes, 2009). Numerous paleoclimate records from Lake Qinghai
have been published during the past three decades (e.g., Zhang et al.,
1989; Lister et al., 1991; Ji et al., 2005; Shen et al., 2005; Yu, 2005;
Colman et al., 2007; Henderson et al., 2010; Liu et al., 2011a; Lu et al.,
2011; An et al., 2012; Li and Liu, 2014). However, the paleoclimate his-
tory and climate pattern for the lake is still controversial on both short
and long timescales, mainly due to uncertainties in age models and
over proxy interpretations (Henderson and Holmes, 2009). Moreover,
our knowledge of the quantitative paleotemperature history of Lake
l lipid-inferred paleohydrology and paleotemperature history of Lake
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Figure 2. The map of coring site (QH-2011) with atmospheric circulation patterns of the Lake Qinghai region. Core 1F (An et al., 2012; Liu et al., 2013a) in the southwestern sub-basin is
also indicated. EASM, EAWM,WWand SWMare abbreviations for East Asian SummerMonsoon, East AsianWinterMonsoon,WesterlyWind, and SouthwestMonsoon, respectively (after
Wang et al., 2014).

Figure 3. The chronology for core QH-2011, based on converted age of this core (Wang
et al., 2014) and core QH-2005 (Wang et al., 2011). Two regression lines were built for
the first 8 ages and last 4 ages, respectively. They cross at 312–313 cm (modified from
Wang et al., 2014).
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Qinghai ismainly based on the alkenone unsaturation index (U37
k′ ) and is

limited to the past 3.5 ka (Liu et al., 2006).
Given the potentials of archaeal lipids in paleoclimate reconstruc-

tions on the QTP (Wang et al., 2012, 2013, 2014; Günther et al., 2014),
we investigate the distribution of iGDGTs in a 5.8-m-long core from
Lake Qinghai, covering the past ca. 18 ka. The aim is to provide further
insight into the paleohydrological history and extract reliable
paleotemperature signals for this geologically important region since
the late glacial period. The lake-level and salinity changes were recon-
structed from the %thaum and the ACE index, respectively. The TEX86

temperature signals were extracted by applying an approach similar
to that of Sinninghe Damsté et al. (2012a). Finally, the regional climate
pattern (i.e., temperature–moisture association) of the late Holocene is
discussed by comparing the extracted temperature signals with the
%thaum-inferred lake-level variation.

Materials and methods

Study site and sampling

Lake Qinghai (36°32′ to 37°15′N, 99°36′ to 100°47′E; Fig. 2) is a
brackish to saline (14–16 g/l, dominated by Na and Cl), alkaline
(pH 8.8–9.3; Xu et al, 2010) and closed-basin lake on the northeastern
QTP, China. The lake is surrounded by mountains such as Datongshan,
Riyueshan and Nanshan (Liu et al., 2011b). It has an altitude of
3193 m, surface area of 4400 km2 and average water depth of 21 m.
The maximum water depth (ca. 27 m) occurs in the south basin
(Henderson and Holmes, 2009). A cold and semi-arid continental
climate prevails in the entire lake basin. The wind blows onshore in
the day and offshore at night, with an average speed of 4–6 m/s
(Colman et al., 2007). Based on a 10-yr (1994–2004) instrumental
record from a meteorological station 50 km to the north of the lake,
mean annual air temperature is 0.24°C (Liu et al., 2008). In summer,
weak thermal stratification occurs (thermocline at 10–15 m), with the
epilimnion at 12–15°C and the hypolimnion at 6°C (Lister et al., 1991;
Williams, 1991). The mean July lake surface temperature (JLST) is
ca. 14.3°C (Fan et al., 1994). The freeze-up period is ca. 3 to 4 months
Please cite this article as: Wang, H., et al., Deglacial and Holocene archaea
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(December–March) each year, with a maximum ice thickness of 0.8 m
(Colman et al., 2007). The mean annual precipitation is 250–400 mm
for the region (Shen et al., 2005; Wang et al., 2012), most of which
falls in summer, showing a clear seasonality of monsoonal precipitation
(An et al., 2012). However, evaporation (800–1200 mm) is 3–4 times
greater than precipitation. Rivers draining to the lake lie mainly on the
north and northwest, with Buha River the largest (LZBCAS, 1994). The
residence time of the lake water is ca. 33.4 yr (Lister et al., 1991).

A 5.8-m-long core (QH-2011) was retrieved from the southeastern
sub-basin of the lake in August 2011 at a water depth of ca. 24 m
(Wang et al., 2014). An age–depth model was established by Wang
et al. (2014; Fig. 3), based on six converted calendar years (using the
IntCal13 calibration curve, Reimer et al., 2013) framed by reservoir
effect-corrected AMS 14C ages for bulk organic carbon samples, in
addition to 6 calendar ages from core QH-2005 retrieved from a similar
site in the southeastern sub-basin (Wang et al., 2011). Approximately
l lipid-inferred paleohydrology and paleotemperature history of Lake
oi.org/10.1016/j.yqres.2014.10.003
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190 samples were used for GDGT analysis, resulting in an average
sampling resolution of ca. 100 yr.

Lipid analysis

Briefly, 1–5 g freeze-dried samples were extracted ultrasonically
using MeOH, MeOH/dichloromethane (DCM) (1:1, v/v), DCM, MeOH/
DCM (1:1, v/v) and MeOH, respectively (Wang et al., 2012), following
the method modified from Schouten et al. (2007). A known amount of
C46 GDGT internal standard (IS, Huguet et al., 2006) was added to the
combined extract, which was then dried under N2, re-dissolved in
hexane/isopropanol (99:1 v/v) and filtered through a 0.45 μm PTFE
syringe filter prior to injection for GDGT measurement.

GDGTs were analyzed using high performance liquid chromatogra-
phy/atmospheric pressure chemical ionization–mass spectrometry
(HPLC–APCI–MS) with an Agilent 1200 HPLC instrument connected to
a QQQ 6460 mass spectrometer as described by Zhang et al. (2012),
slightly modified from Hopmans et al. (2000) and Schouten et al.
(2007). Scanning was performed in selected ion monitoring (SIM)
mode to target specific m/z values for archaeol and each GDGT.
Structures and [M + H]+ m/z values for these lipids are shown in
Figure 1.

The %thaum values were calculated as follows:

%thaum ¼ thaum= GDGT−0þ GDGT−1þ GDGT−2þ GDGT−3þ thaumþ thaum0� �
:

ð1Þ

The ACE index was calculated according to Wang et al. (2013):

ACE ¼ archaeol=10ð Þ= archaeol=10þ GDGT−0ð Þ � 100: ð2Þ

The methane index (MI) was calculated following Zhang et al.
(2011):

MI ¼ GDGT‐1þ GDGT‐2þ GDGT‐3
GDGT‐1þ GDGT‐2þ GDGT‐3þ Thaumþ Thaum0 : ð3Þ

TEX86 was calculated according to Schouten et al. (2002):

TEX86 ¼ GDGT‐2þ GDGT‐3þ Thaum0

GDGT‐1þ GDGT‐2þ GDGT‐3þ Thaum0 : ð4Þ

TEX86-inferred lake surface temperature (LST) was calculated using
the global lake calibration of Powers et al. (2010):

LST ¼ 55:231� TEX86−13:955: ð5Þ

Results

A wide variety of iGDGT composition was found. The %thaum index
ranged from 0.6% to 66.6%. Besides the reported late Holocene high
%thaum stage (Wang et al., 2014), relatively higher %thaum values
also occurred at 11.9–12.9, 14.1–14.8 and 15.3–17.3 cal ka BP during
the deglacial period (Fig. 4a).

The ACE record exhibited a negative relationship with the %thaum
record. ACE values ranged from 0.1 to 65.8, with three pulses of high
values (N5) at 10.5–11.2, 13.2–13.3 and17.5–17.6 cal ka BP, respectively.
Moreover, two periods with the lowest ACE vales (b0.5) were found at
0–3.5 and 15.2–17.0 cal ka BP, respectively (Fig. 4b).

The abundance of GDGT-0 relative to thaumarchaeol (GDGT-0/
thaum) ranged from 0.36 to 148. The ratio was b2 from 0 to 5 cal ka
BP, mostly N2 with significant fluctuation within 5–12 cal ka BP,
0.70–1.33 at 12–13 cal ka BP, 1.78–6.92 at 13–14 cal ka BP and mainly
b2 from 14 to 18 cal ka BP (Fig. 4c; note the log scale). In particular,
two periods with lowest GDGT-0/thaum ratio were found at 4.7–5.0
and 15.6–16.8 cal ka BP (Fig. 4c).
Please cite this article as: Wang, H., et al., Deglacial and Holocene archaea
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The MI index varied between 0.07 and 0.95 (Fig. 4d). About half of
the samples analyzed between 6.9 and 11.5 cal ka BP (18 of 41) are
not reported for MI values, as GDGTs 1–3 used for the calculation
were interfered by unknown peaks (early and late eluting lipids, most
likely their isomers; cf. Pitcher et al., 2010, 2011) in the HPLC chromato-
grams. Regardless of these samples, the highest MI values occurred
between 9 and 11 cal ka BP, while MI values were persistently lowest
in the recent 3.7 ka.

The %thaum isomer, defined as the relative amount of the
thaumarchaeol isomer to the sum of thaumarchaeol and its isomer,
showed rather similar variation to that for the GDGT-0/thaum ratio,
with lower %thaum isomer (b1%) at 4.7–5, 8.4, 14.1–14.4 and 15.7–
17.0 cal ka BP (Fig. 4e; note the log scale); 17 samples, mostly at
6.9–11.5 cal ka BP, are not reported for their %thaum isomer values, as
a result of low thaum isomer abundance.

The TEX86 values also exhibited significant variability, ranging from
0.34 to 0.76 (Fig. 4f). They decreased from 0.54 to 0.34 at 17.5–
16.4 cal ka BP, increased to 0.71 from 16.3 to 10.8 cal ka BP, varied
between 0.37 and 0.76 from 10.8 to 5.0 cal ka BP and fluctuated at
around 0.5 from 0 to 5 cal ka BP. Again, about half of the samples
analyzed between 6.9 and 11.5 cal ka BP (18 of 41) are not reported
for TEX86 values, owing mainly to the inadequate separation of
co-eluting isomers for TEX86-related GDGTs 1–3, as well as the low
abundance of thaum′.
Discussion

Paleohydrology of Lake Qinghai

Lake-level variation based on %thaum
Preliminary application of the %thaum proxy to the upper 4.35 m of

the core revealed an expanding lake from the early to the late Holocene,
in good agreement with the lake-level history inferred from δ13Corg

values (Figs. 5a, b; Liu et al., 2013a; Wang et al., 2014). There is,
however, no report of a continuous lake-level history for the lake during
deglaciation. In the following, we further explored the pre-Holocene
relative lake-level history according to the positive %thaum–depth
relationship presented by Wang et al. (2014).

It appears that the lake was deeper during much of the time in the
deglaciation (ca. 11.7–17.7 cal ka BP) than at the early Holocene
(Fig. 5a). The lake was shallow at the start of this record but expanded
rapidly within ~400 yr. After a highstand between 15.1 and 17.3 cal ka
BP, it was decreasing to the early-Holocene lowstand interrupted by
two periods of relatively higher lake level at 14.1–14.8 cal ka BP and
11.9–13.0 cal ka BP (Fig. 5a). It might be argued that archaeal GDGTs
in the lake could come from eolian dust during the pre-Holocene period,
provided that the regional climate were cold and dry as a result of the
weak Asian summer monsoon and strong westerly (Shen et al., 2005;
An et al., 2012). If this was the case, %thaum might fail to indicate lake
level variations due to the substantially external thaumarchaeol input
from soils. However, some fine-grained layers with a significant
decreases in the content of N25 μm fraction (an indicator of the eolian
contribution to the sediments of Lake Qinghai; An et al., 2012) have
actually been observed for the pre-Holocene sediments of cores 1A
and 1F, suggesting that some humid intervals with low eolian input
during deglaciation might exist for this region (An et al., 2012). More
importantly, we also note that the distributions of archaeal GDGTs
(TEX86, Fig. 6a; %thaum isomer, Fig. 6b) at the three pre-Holocene
periods with relatively higher inferred lake levels (11.9–12.9, 14.1–
14.8 and 15.3–17.3 cal ka BP) were quite different from that in modern
soils surrounding the lake (Wang et al., 2012) and on nearby Mt.
Xiangpi (Liu et al., 2013b). This indicates that archaeal lipids were
mainly produced in situ in the lake during these intervals. Therefore,
we think that a medium to large Lake Qinghai during certain deglacia-
tion periods was possible.
l lipid-inferred paleohydrology and paleotemperature history of Lake
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Figure 4. Multi-proxy records from core QH-2011 at Lake Qinghai: (a) %thaum (0–12 cal ka BP: Wang et al., 2014); (b) ACE; (c) GDGT-0/thaum ratio; (d) %thaum isomer; (e) MI and
(f) TEX86.
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The highstand for the lake at 15.3–17.3 cal ka BP would be caused
either by low water loss or by high water input. For the closed basin
Lake Qinghai, the main cause to water loss is evaporation. Therefore,
the regional cold climate at that time (as inferred from the low TEX86

values, section 4.2) would have resulted in a low evaporation rate and
thus high moisture condition. Alternatively, high precipitation or runoff
caused by snow/glaciermeltingwould be potentially responsible for the
pre-Holocene highstand. High precipitation at this period, however,
seems less likely when viewed in the context of the continuously
weak Asian summer monsoon prior to the Holocene (An et al.,
2012). On the other hand, continental temperature reconstructions
from the western QTP (Thompson et al., 1997) and the nearby Chinese
Loess Plateau (Peterse et al., 2011; Gao et al., 2012; Jia et al., 2013;
Yang et al., 2014) both indicate that the rapid deglacial warming
might have started at least since ~19 ka and lasted until ~14 ka.
Considering that the lake was surrounded by several high mountains
that might have been covered by massive glaciers and snow during
the last glacial maximum, the input of meltwater resulting from
increasing land temperature may account for the highstand at
15.3–17.3 cal ka BP. More evidences from other aspects (e.g., the
local land temperature record or evidence for snow melting) would
further constrain the pre-Holocene lake status of Lake Qinghai and its
causes.
Please cite this article as: Wang, H., et al., Deglacial and Holocene archaea
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Salinity variation based on ACE
Changes in lake-water salinity during short timescales generally

correspond to lake-level variations at a specific closed-lake system
(e.g., De Deckker and Forester, 1988 and Mischke et al., 2008).
As shown previously, the lake level of Lake Qinghai might have
fluctuated severely since the deglaciation. Such abrupt fluctuations
in lake level could, in consequence, induce profound changes in
water chemistry for this closed-basin lake. Therefore, the newly
proposed ACE index (Turich and Freeman, 2011) was also utilized
to reconstruct relative changes in salinity in the same period, in
an effort to test its applicability for ancient lake deposits and to
obtain a more comprehensive hydrological evolution history at Lake
Qinghai.

The ACE record revealed pronounced variability in paleosalinity. The
remarkable high ACE values at 10.5–11.2, 13.2–13.3 and 17.5–
17.6 cal ka BP in Figure 5c indicated the three saltiest episodes for the
past 18 ka, which were in accord with the inferred relatively lower
lake levels at 10.1–11.4, 13.2–13.8 and 17.5–17.6 cal ka BP, respectively.
On the other hand, two periods with lowest ACE values (0–3.5 and
15.2–17.0 cal ka BP) represented relatively fresher water stages, coin-
ciding with the inferred relatively higher lake levels at both intervals
(Figs. 5a, c). Such a correspondence between the two hydrological
proxies supports the application of ACE as a salinity indicator when
l lipid-inferred paleohydrology and paleotemperature history of Lake
oi.org/10.1016/j.yqres.2014.10.003
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Figure 5. Paleohydrology of Lake Qinghai recorded in core QH-2011 and QH-16A. (a) Relative lake-level history inferred from %thaum (0–12 cal ka BP: Wang et al., 2014). (b) A 12-ka
relative lake-level history inferred from δ13Corg (Wang et al., 2014). (c) Relative salinity history inferred from the ACE index. (d) Reconstructed salinity record of core QH-16A based on
Sr/Ca of fossil ostracods (Zhang et al., 1994). Periodswith lower salinity and higher lake level are highlightedwith green shadings, while orange shadings indicate 3 periodswith relatively
higher salinity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Figure 6. Comparison of TEX86 and %thaum isomer values between the three pre-
Holocene intervals (11.9–12.9, 14.1–14.8 and 15.3–17.3 cal ka BP) with relatively higher
lake levels and the nearby modern surface soils of Lake Qinghai (Wang et al., 2012; Liu
et al., 2013b). The box-and-whisker plots show the 25th (bottom of the box) and 75th
(top of the box) percentile (the lower and upper quartiles), while the line in the middle
of the boxes represents the median (50th percentile). The whiskers (error bars) above
and below the box indicate the 90th and 10th percentiles, respectively. The minimum
and maximum values are indicated as small grayish tick marks.
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the salinity variedwithin a large range (Turich and Freeman, 2011), and
confirms the %thaum-inferred relative lake-level history.

Our ACE record is also in reasonable agreement with the trend in
Holocene salinity history reconstructed from the trace metals (Sr/Ca)
(Zhang et al., 1994; Fig. 5d) and species composition (Li and Liu,
2014) of fossil ostracods, considering differences in age model and
sampling resolution. All records show that the lake water had a much
higher salinity in the early Holocene and gradually became fresher
towards the mid- and late Holocene. Moreover, the fluctuations in
ACE values generally resembled lake-level variations inferred from the
%thaum index and δ13Corg at periods with relatively lower ACE values
in core QH-2011 (Figs. 5a–c). However, we observed some inconsis-
tencies between lake-level and salinity reconstructions during 7–
10 cal ka BP. This is possibly because that the ACE index is not so sensi-
tive to salinity in small, fresh and fresh-to-brackish lakes. Indeed, in
modern marine and lacustrine environments, it seems that the correla-
tion between water salinity and the ACE index is less obvious at lower
salinity range (Turich and Freeman, 2011; Wang et al., 2013; Günther
et al., 2014), compared with the significant correlation over the whole
salinity range. Therefore, small variation of ACE at low values in a single
sediment core should be interpreted with care as salinity changes.

Extracting the paleotemperature signals for Lake Qinghai

The proper application of TEX86 as a lacustrine paleotemperature
proxy is critically based on the premise that the four TEX86-related
l lipid-inferred paleohydrology and paleotemperature history of Lake
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GDGTs are derived predominantly from Thaumarchaeota living in
the water column (Sinninghe Damsté et al., 2012a). However,
iGDGTs originating from other groups of archaea within the lake
(e.g., methanotrophic or methanogenic archaea), and/or the input of
soil-derived iGDGTs, could complicate the application of TEX86 for
many lakes (Blaga et al., 2009; Sinninghe Damsté et al., 2009, 2012a;
Powers et al., 2010; Pearson et al., 2011; Schouten et al., 2013). There-
fore, careful screening was required before applying TEX86 to core QH
2011, as the hydrological status of Lake Qinghai (and thus the sources
of iGDGTs) may have changed greatly in the past 18 ka.

First, the relative distribution of iGDGTs might be biased by
methanotrophic Euryarchaeota since they appear to produce not only
GDGT-0 but also substantial amounts of GDGTs 1–4 (Pancost et al.,
2001; Wakeham et al., 2003; Zhang et al., 2003, 2011; Blumenberg
et al., 2004; Schouten et al., 2013). The imprint from methanotrophic
Euryarchaeota can be assessed by the so-called MI (Zhang et al.,
2011), which varies within the range 0 to 0.3 in normal marine condi-
tions, with the majority of values between 0.03 and 0.24 (Kim et al.,
2010; Zhang et al., 2011). Extrapolated from the MI–temperature
relationship for normal marine surface sediments derived in Zhang
et al. (2011), a hypothetical 40°C high temperature could only give a
MI value of 0.26. Therefore, high MI values may point to a contribution
of GDGTs from methanotrophic Euryarchaeota in lake sediments.

Methanogenic Euryarchaeota, which could potentially generate
some of the same iGDGTs as Thaumarchaeota (Schouten et al., 2013
and references therein) but lack the appropriate relationship with
temperature, are likely to affect TEX86 as well in lacustrine systems.
GDGT-0 is a common membrane lipid of Archaea, whereas
thaumarchaeol is considered specific for Thaumarchaeota (Brochier-
Armanet et al., 2008; Pitcher et al., 2010; Spang et al., 2010) which pro-
duce relatively lower GDGT-0 (e.g., Pitcher et al., 2011). Therefore, the
GDGT-0/thaum ratio, generally between 0.2 and 2 for Thaumarchaeota
(Schouten et al., 2002), can be used as an empirical criterion for evalu-
ating the influence of methanogenic Euryarchaeota or methanotrophic
Euryarchaeota, where a ratio N2 indicates a substantial methanogenic
or methanotrophic archaea origin (Blaga et al., 2009; Pearson et al.,
2011).

Furthermore, the application of TEX86 is also problematic for lakes
with a significant input of GDGTs from catchment soils (e.g., Blaga
et al., 2009; Powers et al., 2010; Schouten et al., 2012), because iGDGTs
used to calculate TEX86 are also present in various amounts in soils
(Weijers et al., 2006; Huguet et al., 2010; Wang et al., 2012; Xie et al.,
2012; Yang et al., 2012; Liu et al., 2013b). Interestingly, %thaum isomer
is obviously different between soil GDGTs and those produced by
aquatic Group I.1a Thaumarchaeota (Sinninghe Damsté et al., 2012a,
b). The %thaum isomer for enrichment cultures of Group I.1a aquatic
Thaumarchaeota is 3% on average (Pitcher et al., 2011). In contrast,
Group I.1b Thaumarchaeota, which is generally abundant in soil,
produces GDGTs with %thaum isomer values typically N20% (Pitcher
et al., 2010; Sinninghe Damsté et al., 2012b). Consequently, %thaum
isomer values for soils are generally higher than those produced by
Group I.1a aquatic Thaumarchaeota. For example, the average %thaum
isomer value for global soils and soils around Lake Qinghai is N9% and
7%, respectively (Weijers et al., 2007; Sinninghe Damsté et al., 2012a;
Liu et al., 2013b). This indicates that %thaum isomer could potentially
be used to distinguish terrestrial soil iGDGT input. However, it should
be noted that high %thaum isomer values in lakes are not necessarily
a direct signature of terrestrial iGDGT input, since Group I.1b
Thaumarchaeota can also live in lakes (e.g., Sinninghe Damsté et al.,
2009). Therefore, high %thaum isomer values for lakes could indicate
either a significant input from terrestrial iGDGTs or the presence of
Group I.1b Thaumarchaeota, both of which could introduce bias in
TEX86 values.

For Lake Qinghai, the GDGT-0/thaum ratio, MI index and %thaum
isomer values all exhibited significant variations with time (Figs. 4c, d,
e), suggesting a substantial input of iGDGTs from other sources during
Please cite this article as: Wang, H., et al., Deglacial and Holocene archaea
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certain periods (In particular, early to mid-Holocene). Consequently,
TEX86 at these time intervals might be inapplicable for temperature
reconstructions. Applying an approach similar to that used by
Sinninghe Damsté et al. (2012a) in extracting reliable TEX86

paleotemperature from an equatorial African lake (Lake Challa), we
critically excluded samples with GDGT-0/thaum N 2, MI N 0.24, or
%thaum isomer N 2 for core QH-2011. About 110 data points with
TEX86 ranging from 0.34 to 0.58 remained after filtration (Fig. 7a).
Notably, these samples were mainly in the late Holocene and during
15–17 cal ka BP, when the lake was inferred to be relatively deeper
and larger (Figs. 7a, b). This is in agreement with previous observations
that the TEX86 paleothermometer appears valid primarily for large lakes
(Powers et al., 2005, 2010; Tierney et al., 2008, 2010a; Woltering et al.,
2011; Berke et al., 2012a, b). This is possibly because large lakes may
provide a habitat suitable for aquatic Thaumarchaeota that prefer living
in the relatively deeper zone in lacustrine systems, where both com-
petition of ammonium (the substrate) from other microbes and light
intensity are probably low (Tierney et al., 2010b; Schouten et al.,
2013 and references therein). On the other hand, small lakes may
receive much more input of terrestrial organic matter and nutrients
and the hydrology of these lakes are generally unstable, causing
much complexity in the origins of iGDGTs. Therefore, TEX86 might
be only applicable for relatively larger lakes with a certain size, where
iGDGTs might predominantly originate from Group I.1a aquatic
Thaumarchaeota.

We tentatively apply the global lake calibration (Powers et al., 2010)
to generate JLST of Lake Qinghai due to the lack of a regional calibration
for TEX86 vs. temperature. The average reconstructed temperature for
the top ~10 cm of the core (mean 15°C, n = 2) is consistent with the
inferred surface water temperatures based on the Uk′

37 index (mean
15°C; Liu et al., 2008, 2011b) and the instrumental data of JLST
(ca. 14.3°C; Fan et al., 1994). In fact, the warm bias in reconstructed
LST based on iGDGTs has been observed for some other lakes on the
QTP (Günther et al., 2014) and inNewZealand (Zink et al., 2010). There-
fore, it seems reasonable to assume that the Thaumarchaeota in high-
land lakes grow mainly in warm months, when the lake temperature
is higher, similar to the cases for other microorganisms such as the
producers of long chain alkenones (Liu et al., 2008) and branched
GDGTs (Sun et al., 2011; Wu et al., 2013).

Based on TEX86, a dramatic drop in JLST (from 13°C to 5°C) occurred
at 17.3–16.4 cal ka BP and the water temperature was coldest during
16.9–15.4 cal ka BP (TEX86 b 0.4). Such a cold-water event coincides,
within dating uncertainty, with the cold event documented at
ca. 15.8 ka on the adjacent Chinese Loess Plateau (in the Mangshan
section; Peterse et al., 2014) and might be linked with the Heinrich 1
event widely recorded in numerous archives and proxies in the
Northern Hemisphere (e.g., Heinrich, 1988; Bard et al., 2000; Wang
et al., 2008). Alternatively, the cold lake water at that time was possibly
due to a large proportion of melting water coming down from the
surrounding mountains, as discussed above. Currently, therefore, we
suggest that the cold lake temperature and highstand for Lake Qinghai
at 16.9–15.4 cal ka BP may have been caused either by the low regional
temperature or by inpouring of meltingwater resulting from increasing
land temperature.

Continuous TEX86-inferred JLST records for the lake were also
available at the late Holocene. During this period, the temperature
(14.3 ± 1.6°C) was substantially higher than that at 15.1–17.3 cal ka
BP (8.4 ± 3.1°C), with several multi centennial-scale fluctuations
(Fig. 7a). Due to relatively large uncertainties in our chronology, the
short term fluctuations cannot be discussed in detail at present.
Interestingly, we note that the TEX86-inferred temperature range for
Lake Qinghai during the late Holocene (9°C) is larger than that obtained
for other large lakes (Lake Turkana, 2–3°C, Berke et al., 2012a; Lake
Tanganyika, 4°C, Tierney et al., 2008, 2010a; Lake Malawi, 4°C, Powers
et al., 2005, 2011). Such large discrepancies are possibly due to the
‘lake volume effect’ which could potentially amplify or dampen the
l lipid-inferred paleohydrology and paleotemperature history of Lake
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Figure 7. Temperature–hydrology association at Lake Qinghai. (a) TEX86 values vs. sediment age for core QH-2011 filtered via GDGT distributions (GDGT-0/thaum ratio, %thaum isomer
andMI values), showing two continuous paleotemperature records at 15.1–17.3 cal ka BP and the late Holocene (the thick red lines represent the 3-pointmoving average). The axis on the
right provides JLST estimates according to Powers et al. (2010). (b) Variation in the %thaum recordwith 3-pointmoving average. Higher %thaumvalues indicate higher lake levels. Periods
with possibly reliable TEX86 values are indicated by gray shading. Generally, relatively lower lake status corresponded towarmer lakewater and vice versa during the late Holocene, except
for the recent 1 ka. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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temperature signal recorded in lake waters (He et al., 2013a). As Lake
Qinghai is not so deep as large lakes in East Africa, the oscillation in its
water temperature was likely amplified. If this is the case, the quantita-
tive estimation of late Holocene warming and cooling events from our
TEX86 record would be challenging. However, this may not influence
the temporal trend in temperature reconstructed from the TEX86

index, but suggests that the TEX86 record retrieved from Lake Qinghai
might be more sensitive to regional climatic variation.

Late Holocene temperature–hydrology association for Lake Qinghai region

Because of a dearth of paleoclimate records that generate both
temperature and moisture information from the same samples, inde-
pendently of chronology uncertainties, our understanding in the nature
of the Holocene climate pattern for the Lake Qinghai region is limited
(Liu et al., 2006). The available extracted TEX86 record and the
%thaum record for core QH-2011 during the late Holocene enable
archaeal lipids to be of potential for providing further insights into the
temperature–hydrology association for this region.

The two records based on archaeal lipids suggest that lake tempera-
ture and hydrological changeswere generally coupled during 1–4 cal ka
BP, with relatively lower lake status (presumably drier climate) corre-
sponding to warmer lake water and vice versa (Fig. 7). This indicates a
millennial-scale to centennial-scale warm–dry and cold–wet associa-
tion during the 1–4 cal ka BP for the region. One might argue that
when water depth reaches a threshold, %thaummay not sensitively re-
cord the water depth but may be primarily controlled by other factors
such as temperature, an important factor determining TEX86. However,
the coupling between TEX86 and %thaumduring 1–4 cal ka BP cannot be
caused by the effect of temperature on the two indices, as they both
show an increase with SST in core-top marine sediments (Kim et al.,
2010), but are in an anti-phase relationship in Lake Qinghai sediments
during this period.

The anti-phase relationship between lake level and temperature at
Lake Qinghai possibly indicates a negative influence of temperature on
effective moisture during 1–4 cal ka BP. On a larger timescale, lake
level and salinity reconstructions based on multiple proxies for the
lake have revealed that Lake Qinghai was shallower and more saline
Please cite this article as: Wang, H., et al., Deglacial and Holocene archaea
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at the early Holocene and became deeper and less saline towards the
late Holocene (Zhang et al., 1989; Yu, 2005; Liu et al., 2013a; Wang
et al., 2014), whereas local summer insolation/temperature and precip-
itation decreased from the early Holocene to the late Holocene (Laskar
et al., 2004; An et al., 2012; Thomas et al., 2014). This phenomenon
was attributed to the overweight of temperature-induced evaporation
than precipitation in this region (Yu, 2005; Liu et al., 2013a; Wang
et al., 2014). Additionally, the warm–dry and cold–wet association of
the Holocene climate or a dry early Holocene has been widely reported
from other sites on the northeastern QTP (Mischke et al., 2008;
Herzschuh et al., 2009; He et al., 2013b; Zhao et al., 2013) and for
arid/semi-arid China (Herzschuh, 2006; Liu et al., 2011c). Overall, for
arid/semi-arid regions, the coupled temperature and hydrological vari-
ations onmultiple timescales collectively support the idea that summer
temperaturemay have played an important role in affecting regional ef-
fective moisture by controlling evapotranspiration loss (Herzschuh,
2006; Mischke et al., 2008; Herzschuh et al., 2009; Liu et al., 2013a; He
et al., 2014).

For the recent ca 1 ka (particular during 0.5–0.9 cal ka BP), the
climate pattern appeared different from that at 1–4 cal ka BP (Fig. 7).
For instance, during the cold interval when TEX86 was low, the recon-
structed lake level also appeared relatively low. This is possibly due to
the greatly reduced rainfall during this cold interval (presumably the
Little Ice Age) as a result of weakened Asian monsoons (Liu et al.,
2006), despite the suppressed evapotranspiration loss resulting from
low temperature. For the arid/semi-arid monsoon boundary region,
therefore, hydrological response to monsoon/climatic variation could
be more complex than that in monsoon-influenced humid regions,
since evapotranspiration loss (induced by temperature) and precipita-
tion are both very important factors.
Conclusions

A 5.8-m-long core from the southeast sub-basin of Lake Qinghai was
investigated for the distribution of archaeal lipids, including the %thaum
index, the ACE index and the TEX86 index, in order to extract regional
hydrology and temperature signals since the late Pleistocene.
l lipid-inferred paleohydrology and paleotemperature history of Lake
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The lake-level history inferred from %thaum was extended to the
deglaciation, showing relatively higher lake levels at 11.9–12.9, 14.1–
14.8 and 15.3–17.3 cal ka BP, except for the reported late Holocene
highstand (Liu et al., 2013a; Wang et al., 2014). The reconstructed rela-
tive paleosalinity history correlated negatively with the %thaum-
inferred relative lake-level record, with three periods of high salinity
(10.6–11.2, 13.2–13.4 and 17.4–17.6 cal ka BP) occurring when the
lake was relatively shallower. Moreover, the archaeal lipid records
indicate that the 15.3–17.3 cal ka BP and the late Holocene were two
periods when Lake Qinghai was relatively deeper and fresher.

The TEX86 paleothermometer was filtered by the distributions of
GDGTs to extract reliable TEX86 values. Periods with the extracted
TEX86 values are all intervals when lake levels were relatively higher,
suggesting that TEX86 might be potentially applicable predominantly
for large lakes. Based on the extracted TEX86, two continuous
paleotemperature records were available at 15.1–17.3 cal ka BP and
the late Holocene. For the 1–4 cal ka BP, we observed a strong co-
variation of TEX86 and %thaum records, showing a cold/wet and
warm/dry climate association on millennial to centennial scale. This
supports the concept emphasizing the importance of summer tempera-
ture, in addition to monsoon precipitation, in controlling effective
moisture for arid/semi-arid regions.

Overall, this study shows potential for the application of archaeal
lipids in reconstructing paleoclimate and its patterns from inland
lakes. However, it should be noted that the paleoenvironmental
information inferred in this study was mainly based on our current
knowledge of the environmental controls on the distribution of archaeal
lipids. Further studies on other indices are still needed for a more
comprehensive understanding of the temperature/hydrology evolution
history of Lake Qinghai.
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