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A 1000-year chironomid-based salinity reconstruction 
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arid Northwest China, and its palaeoclimatic        
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A 1000-year high-resolution (~10 years) chironomid record from varved sediments of Sugan Lake, 
Qaidam Basin on the northern Tibetan Plateau, is presented. The chironomid assemblages are mainly 
composed of the relatively high-saline-water taxa Psectrocladius barbimanus-type and Orthocladius/ 
Cricotopus, and the relatively low-saline-water taxa Procladius and Psectrocladius sordidellus-type. 
Variations in the chironomid fauna and inferred salinities suggest that over the last millennium, the 
Sugan Lake catchment has alternated between contrasting climatic conditions, having a dry climate 
during the period 990―1550 AD, a relatively humid climate during the Little Ice Age (LIA) (1550―1840 
AD), and a dry climate again from 1840 AD onwards. At the decadal to centennial scale, a wet event 
around 1200―1230 AD, interrupting the generally arid period (990―1550 AD), and a dry event around 

1590―1700 AD, punctuating the generally humid period (1550―1840 AD), are clearly documented. 
Trends in the chironomid-based salinity time series indicate a highly unstable climate during the LIA 
when salinity fluctuations were of greater magnitude and higher frequency. The effective moisture 
evolution in the Sugan Lake catchment during the last millennium reconstructed by chironomid 
analysis is in broad agreement with previous palaeo-moisture data derived from other sites in arid 
Northwest China (ANC). The LIA, characterized by generally humid conditions over the wester-
ly-dominated ANC was distinctly different from that in monsoonal China, implying an “out-of-phase” 
relationship between moisture evolution in these two regions during the past 1000 years. 

Sugan Lake, arid Northwest China, sub-fossil chironomid, effective moisture, last millennium 

High-quality palaeoclimate data are essential for under-
standing climate variability, and provide the requisite 
background knowledge for increasing the reliability of 
climate models[1]. Arid Northwest China (ANC), located 

in the innermost center (35°―50°N, 75°―105°E) of the 

Eurasian continent, is of considerable significance with 
regard to regional responses to global climatic change. 
Chen et al.[2] have recently proposed an “out-of-phase” 
relationship between the evolution of Holocene moisture  

in ANC and the monsoonal region of China. Shi et al.[3] 
have suggested that the climate changed from warm-dry 
to warm-wet in 1987 in ANC as a consequence of global 
warming and an enhanced water cycle. It has also been 
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suggested that humid climatic conditions prevailed in 
this region during the Western and Eastern Han Dynas-

ties (206 BC―220 AD)[4], and the Little Ice Age 

(LIA)[5]. However, in general, a detailed understanding 
of moisture variations in ANC over the past millennium 
has not yet been acquired for lack of well-dated palaeoc-
limate archives and sensitive climate proxies. The an-
nually laminated sediments of Sugan Lake, a hydrologi-
cally-closed saline lake in the northern part of the Qai-
dam Basin, northern Tibetan Plateau, afforded us a 
unique opportunity to investigate the moisture evolution 
in ANC over the last 1000 years at a relatively high res-
olution, using sub-fossil Chironomidae (Insecta: Diptera) 
as an indicator of past water salinity. 

In the last two decades, chironomids have been in-
creasingly used and recognized as sensitive indicators of 
past climatic and environmental change[6]. As in other 
Diptera, chironomids have four life stages: egg, larva, 
pupa and adult. The chitinous head capsules of the 3rd 
and 4th instar aquatic larvae are usually well-preserved 
in lake sediments, and can be identified to at least ge-
neric level[7]. There are several key attributes that make 
chironomids suitable as environmental indicators. They 
are ubiquitous, abundant, species-rich (a total of 339 
genera, 4147 species of aquatic Chironomidae have been 
described worldwide[8]), stenotopic and respond rapidly 
to environmental change[9,10]. Temperature is most sig-
nificant in driving the broad-scale geographic distribu-
tion and abundance of chironomids[9]. Nevertheless, in 
saline lakes of arid and semiarid regions, chironomid 
assemblages usually reflect the salt concentration fluc-
tuations within the lake basin[11]. Given that changing 
salinity in closed-basin lakes is commonly used as a 
proxy for effective moisture (precipitation+runoff/    
evaporation), the chironomid assemblages are thus 
linked to climate[12]. Chironomid-based palaeosalinity 
studies have been carried out in Equatorial Africa[1315] 
and southwestern Canada[16,17], and the effective mois-
ture changes have been convincingly reconstructed. In 
China, Zhang et al.[18] developed the first chironomid- 
salinity inference model from 38 Tibetan Plateau lakes 
(including Sugan Lake). Subsequent work further indi-
cated that fossil chironomids could be a sensitive proxy 
for salinity fluctuations in Sugan Lake at the 50 to 
100-year scale[19]. Here, using the chronological frame-
work provided by varve dating[20,21], we present a 
high-resolution (~10 years) chironomid-based salinity 
reconstruction covering the past millennium from Sugan 

Lake, to explore the variability of regional effective 
moisture in detail. 

1  Materials and methods 

The Sugan Lake (38°51′N, 93°54′E) is located in Sugan 
Basin in the northern margin of Qaidam Basin on the 
northeastern Tibetan Plateau (Figure 1). Most of the Su-
gan Basin lies between 2800 and 3200 m a.s.l., higher 
latitudes being located in the southeast rather than the 
northwest. The catchment, covering an area of 19854 
km2[22], is hyper-arid (annual precipitation 18.7 mm, 
potential evaporation >2900 mm) and has a mean annual 

temperature of 2.75℃[23]. The Sugan Lake is mainly 

fed by two rivers (Big Harteng River and Small Har-
teng River), which originate in the high mountains to 
the southeast, infiltrate into the Gobi-desert zone in 
the piedmont plains and then either seep out as 
springs and small surface streams subsequently flow-
ing into the lake, or move downward, recharging the 
groundwater inflow along the lake shoreline[24]. The 
Sugan Lake is a hydrologically closed kidney-shaped 
lake having a maximum length of 20.9 km, a maxi-
mum width of 7.9 km and an area of 103.68 km2. The 
mean depth is 2.84 m and the maximum depth is 6 
m[25]. The lake water chemistry is of the Cl-SO4-Na-    
Mg type, with a mean salinity of 31.83 g/L and a 
conductivity of 27.7 mS/cm[20]. 

Several cores were retrieved from various water dep- 
ths through the frozen lake surface with a piston corer in 
the winters of 2000 to 2004[21,23]. The laminated upper 
5.5 m of a 7.9 m core (SG03I), taken from a depth of 4.5 
m in the central part of the lake, have proved to be 
varved sediments, based on detailed mineralogical, 
structural and biological examinations and in compari-
son to a 210Pb chronology on parallel core (SG00E)[20]. 
Varve counting was therefore used to establish a chro-
nology extending back to 670 BC[21]. Chironomid analy-

sis was applied to the upper 3.8 m, spanning 300 AD―

2000 AD. However, the chironomid-based salinity re- 
construction presented here only covers the last millen-

nium (990 AD―2000 AD, 0―2.7 m). A total of 95 

samples were analyzed, with a mean sample interval of 
~3 cm, equivalent to a temporal resolution of ~10 years. 

Sediments were processed for chironomid analysis ac-

cording to standard methods[9,10]: (1) 0.5―4 g freeze- 

dried subsamples were deflocculated for 5―10 min in 
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Figure 1  (a) Location of Sugan Lake catchment and surrounding area (framed by red), Qaidam Basin (shaded area), northern Tibetan 
Plateau, China, and the dominant circulation systems of the Westerlies (Wl), the Indian summer monsoon (ISM), and the East Asian summer 
monsoon (EASM). Dashed line indicates modern Asian summer monsoon limit[26,27]. (b) Landsat ETM satellite image of Sugan Lake catch-
ment and surrounding area. (c) Bathymetry of Sugan Lake[20]. Red dot indicates location of core SG03I. 

 
10% KOH heated to 75℃; (2) the sediment was passed 

through 212 and 90 μm mesh sieves; (3) the chironomid 
head capsules were hand picked a 40× stereo microscope. 
Given the relatively high carbonate content (~40% on 
average) of our samples, 5% HCl was used to eliminate 
the carbonates after the first round of head capsule 
picking. Step (2) and (3) were subsequently repeated to 
guarantee that all the chironomid remains were picked 
out. The head capsules were slide mounted in Hy-
dro-Matrix®, or dehydrated in 100% ethanol and 
mounted in Euparal®. Identification was performed un-
der a compound microscope at 400× magnification, with 
reference to Brooks et al.[9], Wiederholm[28], and an on-
line photographic guide by Walker 
(http://www.paleolab.ca/wwwguide/). Most of the spe-
cimens were identified to genus level, and, in some cas-
es, to species-morphotype level. Fragments that con-
sisted of more than half the mentum were counted as a 
whole head capsule, fragments that consisted of half the 
mentum were counted as half a head capsule, and small-
er fragments were excluded. A minimum of 50 head 
capsules was counted per sample, enough to provide 
reliable environmental inferences[29]. 

The chironomid percentage diagram was constructed 
using the computer program TGView v. 2.0.2[30]. Zones, 
defined by major changes in the composition of chiro-
nomid fauna, were identified by constrained incremental 
sum-of-squares (CONISS) cluster analysis[31]. The sta-
tistical significance of these zones was evaluated by a 
broken stick model[32]. Palaeosalinity was estimated for 
each fossil assemblage using a chironomid-salinity 
transfer function for Tibetan Plateau lakes developed by 
Zhang et al[18]. This calibration data set was based on 
surface-samples from 38 lakes on the Tibetan Plateau, 

spanning a modern salinity (TDS) range of 0.24―56.59 

g/L. The Weighted Averaging-Partial Least Square 
(WA-PLS) TDS inference model used in this study has a 
coefficient of determination (R2) of 0.77, a root mean 
square error of prediction (RMSEP) of 0.3082 and a 
maximum bias of 0.5317. The WA-PLS model was im-
plemented using the computer program C2 v. 1.5.1[33]. 
The same program was also used to derive sam-
ple-specific error estimates for the reconstructed salini-
ties from Sugan Lake. The wavelet analysis was per-
formed using the computer program Matlab v. 7.4.0[34]. 
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2  Results and discussion 
2.1  Chironomid assemblages 

In all, five chironomid taxa were recorded from the 95 
core samples: Psectrocladius barbimanus-type, Orthoc-
ladius/Cricotopus, Procladius, Psectrocladius sordidel-
lus-type and Chironomus anthracinus-type. Most of 
these taxa are common in Tibetan Plateau lakes with 
TDS>10 g/L, except Chironomus anthracinus-type, 
which was not in the training set. However, given the 
only occurrence of Chironomus anthracinus-type in the 
sequence at depth 52.6 cm, it is not shown in the strati-
graphic diagram (Figure 2) and was omitted from the 
zonation analysis. Three major zones and nine subzones 
were distinguished based on a cluster analysis of the 
assemblage. All these zones and subzones were assessed 
to be statistically significant by the broken stick model. 

Zone SG-Ch1 (268.4―130.0 cm, 990―1550 AD). 

This zone was largely dominated by Orthocla-
dius/Cricotopus (72.2% of the fauna), but there was also 
a portion of Psectrocladius barbimanus-type (17.8%). 
The Psectrocladius sordidellus-type was present at a 
low percentage (6.7%), while Procladius only sporadi-
cally occurred. Generally, the variations in chironomid 
assemblages in this zone seemed rather slight except for 
the short section around 234.4 cm (1210 AD). SG-Ch1 
was divided into three subzones (SG-Ch1a, SG-Ch1b 

and SG-Ch1c). 
On one hand, the species assemblage of SG-Ch1a 

(268.4―240.5 cm, 990―1200 AD) was similar to that 

of SG-Ch1c (228.8―130.0 cm, 1230―1550 AD), cha-

racterized by the overwhelming dominance of Orthocla-
dius/Cricotopus at an abundance of 91.5% and 69.5%, 
respectively. Psectrocladius barbimanus-type was the 
second dominant taxon in SG-Ch1c (21.4%). Psectroc-
ladius sordidellus-type appeared sporadically in 
SG-Ch1a, and was present in a relatively low percentage 
of 6.7% in SG-Ch1c. The abundance and occurrence of 
Procladius were both quite low in SG-Ch1a and 
SG-Ch1c. On the other hand, it was the relatively    
high abundance of Psectrocladius sordidellus-type 
(23.1%) and Procladius (19.4%) that made the SG-Ch1b 

(240.5―228.8 cm, 1200―1230 AD) distinct from the 

other two subzones. Specifically, Procladius reached its 
greatest abundance (35.8%) throughout the entire se-
quence at the depth of 2.34 m (1210 AD). 

Zone SG-Ch2 (130.0―22.9 cm, 1550―1880 AD). 

This zone was distinguished by a dramatic increase in 
Psectrocladius sordidellus-type (26.7%). Orthocla- di-
us/Cricotopus declined to levels below 40%, although 
remained the predominant taxon (39.4%). Psectrocla-
dius barbimanus-type was still an important element of 
the fauna (28.7%). Procladius showed its highest occur- 

 

 

Figure 2  Chironomid stratigraphy of Sugan Lake. Chironomid taxa are given as percentages of the total number of head capsules (hc), the 
count sum in number of hc per sample, and the chironomid concentration in number of hc per gram dry sediment.
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rence during this zone, and its percentage moderately 
increased as well (4.9%). Comparing to SG-Ch1, the 
chironomid assemblages fluctuated much more consi-
derably in this zone, which could be divided into four 
subzones. 

In subzone SG-Ch2a (130.0―112.8 cm, 1550―

1590 AD) and SG-Ch2c (61.7―30.4 cm, 1700―1820 

AD), Psectrocladius sordidellus-type appeared at rela-
tively high levels, becoming the most abundant taxon 
in SG-Ch2a (57.3%) for the first time in all the sub-
zones, and the second most abundant in SG-Ch2c 
(28.5%). Additionally, SG-Ch2c was marked by con-
sistently relatively high values of Procladius, with an 
average percentage of 6.6%. The abundance of Or-
thocladius/Cricotopus decreased drastically to 4.6% in 
SG-Ch2a. And Psectrocladius barbimanus-type had 
only an abundance of 13.6% in SG-Ch2c. However, 
distinct from SG-Ch2a and SG-Ch2c, Orthocla-
dius/Cricotopus resumed its dominance in SG-Ch2b 

(112.8 cm― 61.7 cm, 1590― 1700 AD) (37.3%). 

Meanwhile, Psectrocladius barbimanus-type increased 
to a level just slightly lower than Orthocladius/ Crico-
topus (34.7%). Psectrocladius sordidellus-type ap-
peared at a smaller percentage than that in SG-Ch2a 
and SG-Ch2c (22.2%). Procladius showed extremely 
variable abundances in this subzone, with three readily 
discernible high values greater than 15% and other   
zero or low values. Similar to SG-Ch2b, SG-Ch2d 

(30.4―22.9 cm, 1820―1880 AD) was also characte-

rized by dominance of Psectrocladius barbimanus-type 
(49.3%) and Orthocladius/Cricotopus (32.8%). Psec-
trocladius sordidellus-type appeared at relatively low 
abundance (17.1%) and underwent a sharp fall across 
this subzone, while Procladius was present for the only 
time at 0.26 m. 

Zone SG-Ch3 (22.9―0 cm, 1880―2000 AD). This 

zone was defined by the restored clear dominance of 
Orthocladius/Cricotopus (68.0%), but Psectrocladius 
barbimanus-type also made up a significant portion 
(23.2%). The abundance of Psectrocladius sordidel-
lus-type declined to 8.2%, and Procladius only occurred 
sporadically with an extremely low percentage (0.5%). 
SG-Ch3 was divided into two subzones. 

SG-Ch3a (22.9―11.2 cm, 1880―1960 AD) was 

overwhelmingly dominated by Orthocladius/Cricotopus 
(81.8%) but there were also some numbers of Psectroc-
ladius barbimanus-type (12.4%). Psectrocladius sordi-

dellus-type decreased in abundance to 4.9%, and Proc-
ladius was only present in three samples. SG-Ch3b 

(11.2―0 cm, 1960―2000 AD) was distinguished by a 

steep fall of Orthocladius/Cricotopus (45.9%) and a si-
multaneous rise in Psectrocladius barbimanus-type 
(40.4%). The abundance of Psectrocladius sordidel-
lus-type slightly increased to 13.6% but showed a de-
clining trend towards the end of the subzone. In addition, 
Procladius was absent from SG-Ch3b. 

2.2  Comparison of chironomid-based salinity 
records with other proxy data 

Referring to the salinity optima of taxa in the Tibetan 
Plateau training set[18] and the relevant ecological 
knowledge from the literature[17,35], the four major chi-
ronomid taxa identified from SG03I were found to re-
spond sensitively to changes in lake salinity. Psectroc-
ladius barbimanus-type and Orthocladius/Cricotopus 
are indicative of relatively high-saline waters, whereas 
Procladius and Psectrocladius sordidellus-type are in-
dicative of relatively low-saline waters. The salinity 
preferences of these taxa were confirmed by chironomid 
assemblage analysis of two modern surface samples 
from Sugan Lake[19]. Therefore, overall variation in the 
chironomid fauna throughout the sequence can be gene-
ralized as changes in relative percentages of high-sa-    
line-water taxa (HSWch, %) and low-saline-water taxa 
(LSWch, %) (Figure 3), indicating palaeosalinity fluctua-
tions and ultimately, effective moisture evolution. 

The chironomid-inferred salinities (Salch, g/L) for the 

last millennium (Figure 3) ranged between 23.0―53.4 

with a mean value of 42.0 and an average error of ± 2.0. 
The time series was divided roughly into three main 

stages when salinities were high (990―1550 AD and 

1840―2000 AD) or low (1550―1840 AD). 

Studies of modern process have shown that carbonate 
contents (CaCO3) and carbonate oxygen isotope values 

(18Ocarb) of Sugan Lake sediments were both good in-
dicators for effective moisture changes in the catchment 
area[21]. Therefore, we compared the Salch and LSWch 

data with CaCO3 and 18Ocarb data to examine the validity 
of the chironomid-based salinity and effective moisture 
reconstruction from Sugan Lake. As shown in Figure 4, 
the Salch and LSWch curves agree closely with the Ca-

CO3 and 18Ocarb curves by visual inspection. Further-

more, the correlation coefficients of Salch and 18Ocarb, 
and LSWch and CaCO3 were both significant at  
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Figure 3  Percentages of high-saline-water taxa (HSWch) and 
low-saline-water taxa (LSWch), and chironomid-inferred salinities at 
Sugan Lake during the past millennium. Thick solid lines indicate 
LOESS smoothers (span = 0.95). Dash lines indicate averages of 
series. Inferred wet event is marked by shaded column and dry 
event by dotted column. 

 
the 95% level, and those of Salch and CaCO3, and LSWch 

and 18Ocarb were significant at 99% level. After remov-
al of high-frequency components by a low-pass filter, it 
was evident that all four time series shared a common 
feature on the multi-centennial scale, namely a relatively 
humid LIA from the late 15th century to early 19th cen-
tury (Figure 4). In addition, preliminary results from 
pollen analysis demonstrate that the pollen accumulation 
rate dramatically increased during the LIA, implying the 
prevalence of humid conditions during that interval1). 
Consequently, other physical, geochemical, and biolog-
ical proxies from the same core corroborated our chiro-
nomid-based salinity reconstruction. This demonstrates 
that chironomid analysis can reliably reconstruct the 
effective moisture evolution in the Sugan Lake catch-
ment over the past millennium. 

2.3  Effective moisture evolution in the Sugan Lake 
catchment during the past millennium 

According to the chironomid stratigraphy (Figure 2) and  
the chironomid-based salinity records (Figure 3), the  
effective moisture evolution in the Sugan Lake catch- 
ment was broadly divided into three periods at the  

 

Figure 4  Comparison of chironomid inferred salinity (Salch) and 
low-saline-water taxa (LSWch) data with carbonate content (CaCO3) 
and carbonate oxygen isotope (18Ocarb) data derived from the 
same core SG03I. All series have been standardized. Smooths 
were generated using a 320-year low-pass filter[36]. 

 

multi-centennial scale. (1) 990―1550 AD. This period  

was characterized by the overwhelming predominance  
of HSWch (90.5%), the sporadical presence of LSWch,  
and the high value of Salch, which together indicate a  
low inflow/evaporation ratio and thus an arid climate in  
the catchment area. Previous works have proposed that  
there was a warm interval from the 9th century to 12th  
century in ANC[37], largely coincident with the Medieval  
Warm Period (MWP) in China[38]. Therefore, the catch- 
ment area probably experienced a warm and dry climate  

over this period. (2) 1550―1840 AD. This stage was  

distinguished by a significantly increased LSWch (34.2%)  
and generally the lowest Salch within the whole  
sequence, suggesting that a sharp rise in the inflow/ 
evaporation ratio occurred and relatively wet climatic  
conditions prevailed during this interval. Roughly syn- 

chronous with the so-called LIA in China (1400―1920  

AD)[38], the humid period we identified here was proba-
bly characterized by a cold temperature regime as well.

                   
1) Zhang K. Personal communication.
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(3) 1840―2000 AD. This stage was marked once more  

by a clear dominance of HSWch (90.8%) and a  
persistently higher Salch than in the preceding interval,  
indicating the re-establishment of highly saline condi-
tions and thus decreased effective moisture in the cat-
chment area. Previous studies suggest that the Tibetan 
Plateau was highly sensitive to global warming[39,40] and, 
therefore, the implication that a warm and dry climate 
prevailed throughout this period once again. 

On the decadal to centennial time scale, the chi- 
ronomid-based salinity records document two remark- 
able climatic events. (1) A relatively wet oscillation oc- 
curred in 1200―1230 AD, interrupting the generally dry  

period (990―1550 AD). This ~30-year effective mois- 

ture anomaly was marked by an abrupt increase in  
LSWch (1.8%―42.5%) and a considerable decline in  

Salch. The rapid rise in the inflow/evaporation ratio may  
represent a multi-decadal humid event against a long-      
term, arid climatic context. This wet interval is not only  
reflected in other proxy data from SG03I (Figure 4), but  
is also consistent with a period of high precipitation  
(1207―1260 AD) in Delingha (37°22′N, 97°22′E) re-

constructed from tree rings from northeastern part of 
Qaidam Basin[41]. The Delingha precipitation record  
provides some valuable information concerning climatic  
conditions in the headwater area of the Sugan Lake  
drainage basin. However, this humid event is neither  
documented in the tree-ring inferred precipitation record  
from Dulan (36°10′N, 98°00′E) to the southeast of De- 
lingha[42], nor in the ice-core accumulation record  
from Guliya (35°12′N, 81°30′E) on the northwestern  
Tibetan Plateau[43]. Therefore, its climatic significance  
for the wider region still remains to be tested by more  
high-resolution palaeo-data. (2) A comparatively dry  

oscillation occurred in 1590―1700 AD, punctuating the  

generally humid LIA. This ~110-year effective moisture  
anomaly is indicated by the increase in HSWch  

(46.1%―72.0%) and moderately increased Salch. The  

intensity of this dry event was not as great as that of the  

two arid periods (990―1550 AD, 1840―2000 AD) re- 

vealed at the multi-centennial scale. Cross-site com- 
parison shows that the occurrence of this relatively arid  
interval is in general agreement with a period of low  

precipitation (1634―1741 AD) indicated by Delingha  

tree-ring record[41], and with a dry period 1580―1710  

AD suggested by high microparticle concentrations in  
the ice-core from Dunde (38°06′N, 96°24′E) just ~120  

km away from Delingha[44]. In Qinghai Lake (37°N,  
100°E) to the east, Zhang et al.[45] also reported an arid  
interval from 1560 AD to 1650 AD. However, the rela- 
tively dry event identified here is not documented in the  
palaeoclimatic records from Guliya[43] and Bosten Lake  
(42°05′N, 87°03′E)[5], which are located in the western  
and central part of ANC, respectively. Therefore, we  
postulate that the decadal to centennial wet and dry events  
revealed by our chironomid-based salinity reconstruc- 
tion from Sugan Lake are just of local climatic signifi- 
cance, and could be related to moisture anomalies in the  
headwater area of its drainage basin. 

As far as the trends in the inferred salinity time series  
are concerned, it is evident that the magnitude of salinity  
fluctuation was greater, and the frequency higher, in the  

relatively humid LIA (1550―1840 AD) than in the pre- 

ceding and following dry periods (Figure 3), implying a  
highly unstable LIA climate in the catchment area of  
Sugan Lake. In particular, the standard deviation (SD) of  
inferred salinities indicates a significant rise to 6.3 g/L  
from 4.7 g/L. And the increased frequency of salinity  
fluctuations during the LIA is clearly demonstrated by  
the considerably higher values of the real Morlet wave- 
let coefficients over the 20 to 100-year band (Figure  

5(a)). Morlet wavelet transform of the 18Ocarb time se- 
ries derived from SG03I shows a similar pattern (Figure  
5(b)). In Delingha, the magnitude of variation in recon- 
structed precipitation increased to 30 mm between 1430  
and 1850 AD, from 15 mm between 1000 and 1430 AD,  
and declined after 1850 AD[41]. A recent tree-ring based  
1436-year reconstruction of soil moisture from north- 
eastern Qaidam Basin indicates that greater high-fre-      
quency and low-frequency variations were apparent  
during the LIA, while fluctuations were damped over the  
period before 1500 AD[46]. Furthermore, it is noteworthy  
 

 

Figure 5  The Morlet wavelet transform of Salch time series (a) and 

18Ocarb time series (b). Solid line rectangles indicate increased 
high-frequency fluctuations during the LIA. 
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that increased climate instability during the LIA was  
also reflected in the Guliya accumulation record[43]. The  
SD of accumulation reached 51.6 mm in the generally  

humid period 1500―1830 AD, whereas the magnitude 

of variation in accumulation was comparatively low 

during the dry period 900―1500 AD (SD = 36 mm). In 

view of this, these results suggest that the unstable LIA 
climate revealed by our chironomid-based salinity re-
construction from Sugan Lake might have a wider re-
gional significance, rather than only prevailing on the 
northeastern Tibetan Plateau. 

2.4  Comparison of moisture evolution in the wes-
terly-dominated ANC and monsoonal China during 
the past millennium 

The effective moisture evolution in the Sugan Lake cat-
chment during the past millennium has been reliably 
reconstructed using chironomid analysis, and features a 
generally humid LIA (Figure 6(c), (d)). The available 
palaeo-moisture records from other sites in the wester-
ly-dominated ANC can be summarized as follows. 
Proxy records from Guliya (western Kunlun Mts.)[43] 
and Bosten Lake (Tianshan Mts.)[5] suggest that precipi-
tation was high in the mountains during the LIA (Figure 

6(a), (b)). Accordingly, the discharge of big endorheic 
rivers such as those on the fringe of Tarim Basin    
increased[47,48] and the areas of terminal lakes in the 
desert expanded, for example, at Aibi Lake (44°53′N, 
83°00′E)[49] and Juyan Lake (42°06′N, 101°15′E)[50]. 
The groundwater recharge rates in the Badain Jaran   

desert (39°20′―41°30′N, 99°48′―104°14′E) also incre- 

ased in the LIA[51]. In addition, palaeoclimate recon-
structions from arid central Asia to the west of ANC 
also suggested a prevalence of wet conditions in the 
LIA[37,52,53]. Taken together, all these records demon-
strate that the generally humid LIA climate documented 
in the chironomid-based salinity records from Sugan 
Lake is at least of an ANC-wide regional significance. 
However, apart from the decade-scale accumulation se-
ries from Guliya, the climatic instability during the LIA 
evident in the Sugan Lake catchment has not been de-
tected in previous records due to insufficient temporal 
resolution. 

The precipitation variability in monsoonal China 
over the last 1000 years has been well-recorded in pre-
cisely-dated cave deposits[54,55] (Figure 6(e), (f)) and his-
torical documents[56] (Figure 6(g)). For this region, we 
can roughly divide the LIA into two climatically distinct  

 

 
Figure 6  Comparison between moisture evolution in the westerly-dominated ANC and that in monsoonal China over the last millennium. (a) 
Guliya, glacial accumulation record[43]; (b) Bosten Lake, carbonate content record[5]; (c) Sugan Lake, LSWch record; (d) Sugan Lake, Salch 
record; (e) Dongge Cave, stalagmite 18O record[54]; (f) Heshang Cave, stalagmite 18O record[55]; (g) Eastern China, dry/wet index record[56]. 

All series have been standardized. Thick solid lines indicate LOESS smoothers (span = 10%×N, where N stands for number of samples). Wet 

periods within the LIA are marked by shaded band and dry periods by dotted band. The general timing of the LIA in China (1400―1920 AD) 

follows Yang et al.[38]. 
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periods: the first half marked by relatively low precipi-
tation and thus a relatively weak Asian monsoon; the 
second half characterized by positive precipitation ano-
malies and an intensified Asian monsoon. The transition 
of the climatic regime from relatively dry to wet oc-
curred around the mid-17th century. Comparison of the 
effective moisture (or precipitation) variability in the 
westerly-dominated ANC with that in monsoonal China 
during the past millennium, focusing on the LIA, de-
monstrates that the timing of moisture evolution was 
significantly different between the two regions (Figure 
6). The rise of effective moisture in ANC commenced in 
the early 16th century whereas, in monsoonal China, the 
humid period started from ~1700 AD onwards. The ter-
mination of the generally wet interval in ANC occurred 
around 1840 AD, while the proxy data from monsoonal  
China suggest relatively high precipitation rates at that 
time. On the basis of these findings, we conclude that 
the “out-of-phase” relationship between moisture evolu-
tion in ANC and monsoonal China suggested by Chen et 
al.[2] for the Holocene probably also pertained during the 
last millennium. 

Several possible mechanisms for the relatively humid 
conditions during the LIA over the westerly-dominated 
ANC are possible. First, the southward shift of the wes-
terlies and the stronger pole-equator thermal gradient, 
associated with low temperatures during the LIA, could 
have resulted in an increase of cyclonic activity over the 
mid-latitudes and thus more precipitation[57,58]. Second, 
the predominantly negative NAO winter index during 
the LIA[59] could have lead to an increase in precipita-
tion at mid-latitudes of continental Asia. This inverse 
association was suggested by statistical analyses of me-
teorological data from relevant hydro-climatic sta-
tions[60]. Third, the reduction in evapotranspiration due 
to the cold LIA climate may also have contributed to the 
increased effective moisture in ANC. However, to test 
and validate these and other possible explanations, more 
modeling efforts are required. 

3  Conclusions 

(1) Decade-scale analysis of the chironomid fauna in the 
upper 2.9 m of the annually laminated sediments of core 
SG03I from Sugan Lake revealed significant variations 
in HSWch and LSWch during the last millennium. The 
chironomid stratigraphy can be divided into three major  

zones and nine sub-zones. Chironomid-based salinity 
records are consistent with CaCO3 and δ18Ocarb data from 
the same core in terms of general trends and the magni-
tude and frequency of the variability, confirming the 
reliability of the effective moisture reconstruction by 
chironomid analysis for the Sugan Lake catchment. 

(2) The chironomid-based salinity records revealed 
the effective moisture evolution in the catchment of Su-
gan Lake during the past millennium. From 990 AD to  
1550 AD, the climate was generally arid, as suggested 
by the predominance of HSWch and the high value of 

Salch. During the period 1550―1840 AD, LSWch con-

siderably increased and Salch dramatically declined, in-
dicating relatively humid conditions. This wet period 
was roughly synchronous with the cold LIA in China. 
After 1840 AD, the HSWch and Salch both rose to a high 
level, implying that the dry climate prevailed in this area 
once again. At the decadal to centennial scale, a wet 

event at around 1200―1230 AD and a comparably dry 

event at around 1590―1700 AD were documented by the 

chironomid-based salinity reconstruction. In addition, the 
climate became more unstable during the relatively hu-
mid LIA, as reflected by the greater magnitude and higher 
frequency of salinity fluctuations during that period. 

(3) The generally humid LIA climate documented, in 
the chironomid-based salinity reconstruction from Su-
gan Lake, was of an ANC-wide regional significance, 
whereas the decadal to centennial wet and dry events 
were only associated with moisture anomalies in the 
headwater area of the Sugan Lake drainage basin. The 
increased climatic instability during the LIA revealed by 
our chironomid record might have a wider regional im-
portance, rather than being limited to the northeastern 
Tibetan Plateau. 

(4) The moisture evolution in the westerly-dominated 
ANC during the last millennium had an “out-of-phase” 
relationship with that in monsoonal China at the mul-
ti-centennial scale. The relatively humid LIA climate in 
ANC can be plausibly attributed to the increased preci-
pitation resulting from equatorward westerlies and nega-
tive NAO index, and the reduced evapotranspiration due 
to lower temperatures. 
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to JHC. We thank Prof. Zheng Jingyun and Ge Quansheng, IGSNRR,   
CAS, for kindly providing the dry/wet index data of eastern China. The 
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ous reviewers. 
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