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Abstract Paleolimnological analyses can be used to

evaluate limnological responses to changing climate

over decadal to centennial timescales, especially in

regions with sparse lake monitoring data. We used a

training set with 90 lakes to develop a diatom-based

conductivity transfer function and address climate-

driven changes in lakes on the Qinghai-Xizang Plateau,

Tibet. This new training set is an expanded version of a

previous model (Yang et al. in J Paleolimnol 30:1–19,

2003) and shows improved performance statistics for

the conductivity model. The expanded training set also

contains diatom species not previously identified from

the region, such as Stephanodiscus sp. and Cyclotella

sp., which are common eutrophic indicator species in

other regions, but can also be influenced by water

column conductivity. The new conductivity transfer

function was applied to Lakes Nam Co and Chen Co in

Tibet. Recent conductivity inferences were compared

with climate data from the Dangxiong weather station

and water level records from Yangzhuyong Co, which

show increasing temperature and lower water levels,

respectively, since AD 1960. Other studies showed that

the water balance for many lakes on the Qinghai-

Xizang Plateau is complex, affected by both evapora-

tion and glacial melting. Our paleolimnological recon-

structions, which include sediment particle size data,

indicate that over relatively short timescales glacial

meltwater can influence lake hydrology, but over

decadal timescales, increases in evaporation, driven by

rising temperatures, dominate. Our findings suggest

that regional warming is lowering water levels at these

sites and will continue to do so given predicted future

climate warming.

Keywords Nam Co � Chen Co � Qinghai-Xizang

Plateau � Diatoms � Conductivity � Water balance �
Glacial melting � Regional warming

Introduction

Xizang is located on the southern Qinghai-Xizang

Plateau, Tibet (Fig. 1), an area dominated by a semi-

arid/arid alpine climate, along a geographic gradient

from the southeast to northwest. The Plateau region

exerts a profound influence on the local weather and

climate (Kutzbach et al. 1993; Manabe and Terpstra

1974; Yanai et al. 1992), making it an ideal location
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to test responses to recent climate change. Studies

show that most of the Plateau has experienced

significant temperature increases during the last few

decades (Chen et al. 2003; Liu and Chen 2000). The

Plateau is also one of the most sensitive areas to

recent temperature increases, as the linear rate of

temperature rise between 1955 and 1996 has been

about 0.16�C per decade (Liu and Chen 2000), while

the global linear warming trend over the 50 years,

from 1956 to 2005, has been about 0.13�C per decade

(IPCC 2007). IPCC AR4 (2007) suggests that warm-

ing of more than 4�C will most likely occur over the

Tibetan Plateau by the end of the twenty-first century.

Along with rising temperatures, many lakes in the

Plateau region have shrunk to varying degrees,

causing an increase in water column ion concentra-

tion (Wang et al. 2007; Wang and Dou 1998).

Remote sensing studies, however, show that a

number of lakes on the middle of the Plateau have

expanded recently (Wang et al. 2007; Wu and Zhu

2008; Ye et al. 2007, 2008). Some have argued that

the expansion is due to increased glacial melting

associated with rising temperatures (Wu and Zhu

2008; Ye et al. 2008), while others have suggested

that the balance between precipitation and evapora-

tion (P-E), or Asian summer monsoon variability, is

the main reason for the change in lake area (Morrill

2004; Ye et al. 2007). More information is required to

understand the relationships among climate, glaciers

and lake hydrology, particularly over long time

scales. Unfortunately, there are few instrumental

climate datasets from the Qinghai-Xizang Plateau.

In the absence of regular monitoring data, paleolim-

nology can be an effective tool for understanding past

environments (Smol and Cumming 2000). A number of

paleolimnological projects have been conducted on the

Plateau (Fan et al. 1996; Fontes et al. 1993; Gasse et al.

1991, 1996; Shen et al. 2005; Vancampo and Gasse

1993; Zhu et al. 2009). The majority focused on

Holocene/Quaternary hydrologic changes, typically

using a combination of diatoms, pollen and geochem-

istry (Gasse et al. 1991, 1996). Few paleolimnological

studies have focused on the recent historical record

(Yang et al. 2004), which is crucial to fully understand

hydrologic changes in glacially fed lakes over the last

century, under rapidly rising temperatures.

Fossil diatom assemblages in lake sediments have

been employed to reconstruct past environmental

change, and the development of transfer functions has

enabled quantitative inferences of climate and hydro-

chemical variables (Battarbee 1986; Fritz et al. 1991;

Gasse and Fourtanier 1991; Gasse et al. 1995; Reed

1998; Stoermer and Smol 1999; Yang et al. 2003).

This approach has been used to infer past lake levels

and salinity changes (Fritz 1990; Gasse and Fourtanier

1991; Kashima 2003; Roberts and McMinn 1996;

Fig. 1 Location of the study sites on the Qinghai-Xizang Plateau
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Yang et al. 2004). Such inferences depend on first

analyzing a suite of lake surface sediment diatom

assemblages and water samples within a geographic

region (a training set) to calibrate the diatoms to the

environmental variable of interest. Forty lakes on the

eastern Tibetan Plateau that represent a broad salinity

gradient (0.1–91.7 g/l), were investigated by Yang

et al. (2003). Weighted Averaging Partial Least

Square (WA-PLS) and Weighted Averaging (WA)

regression and calibration models were used indepen-

dently to establish diatom-based conductivity and

water-depth transfer functions (Yang et al. 2003),

which were applied to fossil diatom assemblages in a

sediment core from Chen Co (Yang et al. 2004).

This paper presents an expanded diatom training set

from the Qinghai-Xizang Plateau, based on 90 lakes.

The data were used to develop new transfer functions.

The transfer functions were applied to the short core

from Chen Co again, and a core from Nam Co.

Instrumental data were collected close to both sites.

Water level records from Yangzhuyong Co and

weather data from the Dangxiong station were com-

pared with the down-core reconstructions. Nam Co is

the second largest lake on the Qinghai-Xizang Plateau

and possesses important pasture lands for the Xizang

Autonomous Region within its catchment. Thus,

understanding the causes of recent water level changes

in Nam Co is crucial for catchment management.

Study region

The new diatom dataset was developed using surface

sediment samples from 90 lakes on the Qinghai-

Xizang Plateau, which are located between 28� and

39�N and 87�200 and 102�300E (Fig. 1; Appendix 1—

Electronic supplementary material). Their altitudes

range from 2,797 to 5,180 m and they are distributed

throughout most of the Qinghai-Xizang Plateau

(Fig. 1). The Plateau is a high-altitude, arid steppe,

interspersed with mountain ranges. It contains thou-

sands of lakes, many of which are large and brackish

(Lu et al. 2005; Wang et al. 2007), and is considered

one of the most important lake districts in China.

Annual precipitation ranges from 278 to 1,158 mm,

depending on local elevation and the influence of the

Asian summer monsoon (Lu et al. 2005).

Nam Co (30�300–30�560N, 90�160–91�030E, 4,718 m

a.s.l) is the largest lake in the centre of Tibet (Fig. 1).

Regional geology is composed of Mesozoic-group

metamorphite, limestone, granite and Mid-Cenozoic

petrosilex. The lake’s surface area is *1,961 km2,

average depth is 13 m, and maximum depth is[100 m.

The lake is brackish and alkaline with a conductivity of

1,800 lS/cm in 2003, pH 9.5, main anion HCO3
- and

cation Na? (Wang and Dou 1998). The average annual

air temperature is\0�C, with mean monthly temper-

atures [0�C for only 5 months of the year. The

catchment area is about 10,610 km2. The lake lies in

the hinterland of the Tibetan Plateau. Nyainqentanglha

Mountain, to the southeast, provides the main hydro-

logical input from seasonal meltwater. The average

elevation of Nyainqentanglha Mountain is about

5,500 m a.s.l., with the highest peak at 7,162 m.

According to the Digital Elevation Model (DEM) and

satellite images, the glacial area in the catchment

was *167.6 km2 in 1970 and *141.8 km2 in 2000.

The speed of glacier retreat is about 0.86 km2/a (Wu

and Zhu 2008).

Chen Co (28�520–28�580N, 90�280–90�350E,

4,438 m a.s.l.) is an intermontane basin in Langkazi

County on the north slope of the Himalayas, southern

Tibet (Fig. 1). The lake has an area of 39.1 km2, with

a drainage area of 148 km2 and is fed by the

Kaluxiongqu River. A survey in 1999 showed the

deepest part of the lake is [28 m, with pH 9.1 and

conductivity 1,024 lS/cm, putting it in the oligosa-

line range. The lake is adjacent to Yangzhuyong Co,

and together these lakes once formed a much bigger

water body, with lake terraces dating to before 3.0 ka

BP (Li et al. 1982). Climate is thought to have dried

thereafter, and the two lakes were separated due to

exposure of an underwater delta of the Kaluxiongqu

River. The study area is alpine and semi-arid with

rainfall mainly concentrated from June to September

due to the influence of the summer Indian monsoon.

Average annual precipitation is about 370 mm, and

annual mean temperature is 2.4�C, while the mean

coldest month is January (-5.5�C) and the warmest

month is July (9.9�C) (Wang and Dou 1998).

Materials and methods

Diatom dataset

Figure 1 shows the distribution of the 90 study lakes on

the Qinghai-Xizang Plateau. Lake sediments and water

chemistry samples were collected in the summers of

J Paleolimnol (2011) 45:257–271 259

123



1998–2005. Sediments were collected from the deep-

est part of each lake using a Kajak gravity corer. The

uppermost 0.5 cm of sediment was subsampled and

was assumed to represent the contemporary diatom

community of each lake. Slides for diatom analyses

were prepared using standard procedures (Battarbee

et al. 2001). At least 500 valves were counted from

each lake, and diatom communities were described in

terms of relative species abundances, i.e. as a percent of

the total number of valves counted per lake. Only

species with abundance[1% and that appeared in[2

lakes were retained for statistical analysis. Nomencla-

ture and taxonomy mainly followed Krammer and

Lange-Bertalot (1988a, b, 1991a, b, 2000), and the

current equivalent taxonomy is listed in Appendix 2—

Electronic supplementary material.

Water samples (*2 l) were kept at \4�C until

analyzed. Chemical analysis included pH, conductiv-

ity (cond.), potassium (K?), sodium (Na?), calcium

(Ca2?), magnesium (Mg2?), chloride (Cl-), sulphate

(SO4
2-), carbonate (CO3

2-) and bicarbonate

(HCO3
-). pH and conductivity were measured in

the field, using a HANNA EC-214 pH meter and HI-

214 conductivity meter. No analyses of major nutri-

ents were undertaken. Further details of chemical

analysis are in Yang et al. (2003).

Sediment cores

In 2003, three short cores (17–25 cm long) were

retrieved from a site with water depth of 78 m in Nam

Co using a gravity corer. The core site was located in

the south-eastern part of the lake, 5 km from the

lakeshore to avoid the possibility of collecting slumped

deposits. Core stratigraphy was logged in the field (silt

throughout) and each core was sampled at 0.5-cm

intervals and samples were sealed in plastic bags. The

shortest of the three cores (17 cm) was analyzed for

diatoms at 0.5-cm intervals from 0 to 10 cm and at

1-cm intervals from 10 to 17 cm. Particle size and

organic carbon content were measured at 0.5-cm

resolution. Diatom analysis followed methods outlined

above for surface samples. Grain size was measured

using a laser particle-size analyzer (Master Sizer 2000,

Instruments Ltd.) after removal of organic matter with

10% hydrogen peroxide and carbonates with 10% HCl.

Medium-diameter (Md) and two other size fractions

were considered here: silt particles that represent

particle sizes\64 lm, and other particles that will be

considered sand. TOC changed little throughout the

profile and hence is not presented.

At Chen Co, a 2.16-m sediment core was obtained

from 8 m water depth using a Kajak gravity corer. The

core was collected from the gentle slope (*1.5�) on the

Kaluxiong River delta. The sediment core was sliced at

1-cm intervals in the field. The profile lithology was

comprised of silty mud or clayey silt throughout.

Sediment above 45 cm depth was selected for diatom

analysis, as preservation was good. Subsamples were

analysed at 1-cm intervals from 0 to 30 cm and at 2-cm

intervals from 30 to 45 cm. Methods of diatom analysis

followed those outlined above, but only 300 valves

were counted in each sample from this core. Diatom

dissolution can be a problem in saline systems (Fritz

2007). Analyses of these cores indicates that although

older sediments are affected by dissolution, during

recent decades, the temporal focus of this paper,

preservation was not a problem.

Chronology

The top nine cm of the Nam Co core (18 samples,

4–5 g of freeze-dried sediment) was dated using
210Pb and 137Cs. The activities of 210Pb, 226Ra and
137Cs were measured with gamma spectrometry,

using a well-type coaxial low background intrinsic

germanium detector (Ortec HPGe GWL series).

Supported 210Pb in each sample was assumed to be

in equilibrium with the in situ 226Ra, and unsupported
210Pb (210Pbexc) was estimated by subtracting 226Ra

activity from the total 210Pb activity (Appleby and

Oldfield 1983). The onset of 137Cs activity in the core

and peak values derived from atmospheric nuclear

weapons testing were used to support the 210Pb

chronology. For Chen Co, we used the chronology

derived by Zhu et al. (2003).

Statistical methods

Descriptive statistics and Pearson correlations for

environmental variables were calculated using SPSS

version 13. Multivariate analyses were employed to

examine the relations between environmental vari-

ables and diatom communities (Jongman et al. 1995).

All environmental variables except pH were norma-

lised by a log(x ? 1) transformation to reduce

discrepancies between measurement units and reduce

the effect of extreme values (Lepš and Šmilauer
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2003). Diatom data were square-root transformed to

stabilize variance, with rare species down-weighted.

Principal component analysis (PCA) was employed

to interpret the relations among the environmental

variables and detrended correspondence analysis

(DCA) was employed to explore the diatom commu-

nity patterns, as well as to identify the gradient length

within the diatom data and hence whether unimodal

analyses would be appropriate (ter Braak 1987). A

series of canonical correspondence analysis (CCA)

tests between diatom species and environmental

variables was used to identify the important environ-

mental variables that determine diatom community

composition and forward selection and Monte Carlo

permutation tests were used to choose possible

environmental variables with which to construct

diatom-based transfer functions. All numerical anal-

yses mentioned above were completed in CANOCO

Version 4.5 (ter Braak and Šmilauer 2002).

Several WA models were tested to develop the

best transfer functions, including WA simple, WAtol,

and WA-PLS models (Birks et al. 1990; ter Braak and

Juggins 1993). The best model was chosen according

to the following criteria: the highest R2 (coefficient of

determination) and lowest RMSEP (Root-Mean-

Square Error of Prediction) between observed and

predicted values in all tested models, and a low mean

and a maximum bias. The models were developed

using the program CALIBRATE Version 0.70

(Copyright � 1997 S. Juggins and C.J.F. ter Braak).

Results

Training set

Descriptive statistics for environmental variables are

shown in Table 1. The conductivity gradient was large,

ranging from 100 lS/cm in Lake DJM03 (S35) to

119,400 lS/cm in Lake WM205 (S8). pH ranged from

7.4 (KM200, S61) to 11.4 (ZG498, S86) and depth

ranged from 0.1 m (XBL03, S44) to 78 m (NMC04,

S43). The ranges of conductivity and pH values were

similar to the dataset of Yang et al. (2003), but the

quantity of lakes at either end of the gradient increased.

Figure 2 shows the frequency distribution of conduc-

tivity values in this training set. More than 65% of

conductivities were \20,000 lS/cm, whereas two

lakes (WM205, S8 and DG200, S56) were outliers,

with conductivity values *120,000 lS/cm (Fig. 2).

Lakes S8 and S56 were thus removed from the data set

when the diatom-based conductivity model was devel-

oped. Correlation coefficients between environmental

variables show that conductivity is well correlated with

the range of measured ions, with the exception of

HCO3
- and CO3

2-, as expected (Table 1). PCA

analysis revealed that there was a pronounced ion

concentration gradient in the observed sites, as PCA

axis 1 had high correlations with ion concentrations

(Table 1), and explained about 69% of the variation

among the chemical parameters, more than the 61.8%

in the previous dataset. The first two axes explained

about 80.4% of the variation and axis 2 has a high

correlation only with depth (Table 1).

After removing the outliers and screening for

diatoms that only occurred in abundances [1% and

in more than two lakes, 156 diatom species were used

for further analysis. Species with high occurrences

belonged mainly to littoral epiphytic and benthic

freshwater taxa of the genera Achnanthes sp., Amphora

sp., Cymbella sp., Fragilaria sp. and Navicula sp.

Achnanthes minutissima Kützing appeared in 54 lakes

and the maximum percent was 43.3% in TGL98 (S88),

which is a small shallow pond, only 0.5 m deep.

Fragilaria pinnata Ehrenberg, F. brevistriata Grunow,

F. construens f. venter (Ehrenberg) Grunow appeared

in [30 lakes, and have a very high maximum

percentage in the dataset. Navicula cryptotenella

Kützing was one of the most important species and

appeared in 39 lakes. Its maximum percentage was

32.48% in DCC03 (S16), a lake with high pH (10.08)

and high conductivity (18,400 lS/cm). Amphora lib-

yca Ehrenberg and A. pediculus (Kützing) Grunow

were also common species, both of which appeared in

more than 30 lakes. Meanwhile, centric diatoms were

very common on the Qinghai-Xizang Plateau, and

included taxa such as Cyclotella sp. and Stephanodis-

cus minutulus (Kützing) Cleve & Möller. Cyclotella

ocellata Pantocsek was very common on the plateau, as

it appeared in 45 lakes, with a maximum percentage of

76.2% in YHB03 (S50), a shallow (1 m) lake (con-

ductivity = 1,056 lS/cm). Stephanodiscus minutulus

and Cyclostephanos dubius (Fricke) Round have

typically been considered eutrophication indicator

species (Adler and Hubener 2007; Ramstack et al.

2003; Yang et al. 2008), although they were found

widely throughout the Qinghai-Xizang plateau. S.

minutulus appeared in 34 lakes, with a maximum
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percentage *90% in LC_03 (S29), a 30-m-deep lake

with a conductivity of 2,200 lS/cm. A number of

diatom species were found across many lakes on the

plateau, but their abundances were not high. Such taxa

included Navicula oblonga Kützing, Cymbella leptoc-

eros (Ehrenberg) Kützing, Amphora veneta Kützing,

Cocconeis placentula var. lineate (Ehrenberg) Van

Heurck. They were identified in [30 lakes, but with

maximum percentages *10% or less. All diatom

species are listed in Appendix 2—Electronic supple-

mentary material.

The first DCA axis for all sites revealed that 4.9%

of the variance in the diatom data was explained, and

a gradient length of 4.7 standard deviation (SD) units

suggested unimodal methods were appropriate for

constrained ordinations. DCA showed that three sites

(S51, S56 and S81) were dispersed considerably

relative to all other sites (Fig. 3a). S51 (Lake DLH03)

and S56 (Lake DG200) were both taken from

Delinghagahai Lake, in 2003 and 2000, respectively.

The two samples, however, had very different

conductivities. S51 yielded a value of 44,700 lS/cm

while S56 was 116,500 lS/cm. The difference was

most likely due to samples being taken in different

years. S81 (Lake 92_98) is a very small, shallow

(0.3-cm-deep) lake, and is located beside a road.

These three lakes were deleted from further analysis,

due to their identification as outliers under DCA.

An initial CCA with all 13 environmental variables

explained 25.3% of the total variance in the diatom

community. The first CCA axis explained 6.4% of the

diatom distribution through the measured environmen-

tal variables, and 4.9% in axis 2. Table 2 shows the

marginal and conditional effects of the CCA forward

selection results with 13 variables, as well as signif-

icant marginal effects of the environmental variables

on the diatom assemblages. Conductivity is the most

important environmental variable for explaining dia-

tom communities in the dataset (Fig. 3b), and

explained about 5.9% of variance in the diatom

assemblages. Besides conductivity (and the related

ion concentrations), depth and altitude are also

Table 1 Environmental variables and their correlation with conductivity (corr. cond.); the correlations between all environment

variables and PCA axes 1 and 2 are also shown

Minimum Maximum Mean SD Corr. cond. PCA AX1 PCA AX2

pH 7.4 11.4 9.1 0.7 -0.08 0.20 -0.23

Cond. (lS/cm) 100 119,400 10,116 19,976 1.00 0.87 0.34

HCO3
- (mg/l) 0.0 5,623.3 470.6 714.6 0.10 0.31 0.28

CO3
2- (mg/l) 0.0 7,070.7 379.8 842.3 0.14 0.53 0.24

Cl- (mg/l) 0.3 68,796.1 4,980.6 13,555.8 0.80 0.82 0.33

SO4
2- (mg/l) 0.2 25,717.4 1,740.7 3,705.7 0.66 0.73 0.44

K? (mg/l) 0.2 997.2 52.8 154.4 0.41 0.54 0.08

Na? (mg/l) 0.1 39,631.3 3,609.4 7,837.9 0.73 0.77 0.33

Ca2? (mg/l) 2.0 2,166.7 83.0 241.6 0.67 -0.05 -0.15

Mg2? (mg/l) 2.3 28,791.6 998.1 3,355.6 0.39 0.66 0.30

TDS (mg/l) 92.5 122,909.8 12,319.6 26,062.4 0.79 0.77 0.38

Depth (m) 0.1 78.0 8.5 12.5 -0.01 0.09 0.89

Altitude (m a.s.l) 2,797.0 5,180 4,290 609 20.44 -0.62 -0.08

High correlations, which are significant at p \ 0.01 (2-tailed) are highlighted in bold

Fig. 2 Frequency occurrence of sites in the training set in

relation to conductivity
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significant for the distribution of diatom assemblages

(Fig. 3b), and explained 4.7 and 3.3% of the variance in

diatom assemblages, respectively. pH had no signifi-

cant effect on the diatom assemblages in this dataset.

The conditional effects are displayed in Table 2 and

indicate that depth and altitude can independently be

significant to diatom communities. A CCA analysis

using automatic selection with the best K = 3 vari-

ables and Monte Carlo Permutation Tests indicated

that conductivity, depth and altitude explained 6.2% of

the variance in the diatom assemblages. Further

analysis using only individual environmental variables

in CCA showed that k1/k2 (0.97) for conductivity was

high enough to generate a diatom-based conductivity

transfer function using WA methods (Gregory-Eaves

et al. 1999; Wunsam et al. 1995; Reavie et al. 1995;

Hall and Smol 1996; Chen et al. 2008). We therefore

focused on inferring conductivity from diatom assem-

blages in this paper.

Diatom-based conductivity transfer functions

Several WA models were generated to construct a

diatom-based conductivity transfer function

(Table 3). Results for the conductivity model were

different from the previous training set (Yang et al.

2003), which showed that a WA-PLS(2) model

produced the best performance statistics (rjack
2 = 0.92;

RMSEPjack = 0.22). Analysis here showed that the

WA-partial least squares regression method did not

improve the predictive ability compared with a simple

WA model (Table 3). It is likely that expanding the

conductivity range in this dataset ensured that this was

the variable with the dominant environmental gradient

on the Qinghai-Xizang plateau, similar to the

approaches taken when measuring diatom community

trophic status optima in the lower Yangtze River

catchment (Yang et al. 2008). For this new training

set, WA with classical deshrinking produced the

highest rjack
2 (0.74), while WA with inverse deshrin-

king gave the lowest predictive errors (RMSEP-

jack = 0.37). The results indicated that inverse

deshrinking gave a lower overall predictive error

while classical deshrinking resulted in a better fit of

estimated versus observed values (Birks et al. 1990;

ter Braak and Juggins 1993; Yang et al. 2008). Adding

sites produced a lower rjack
2 than before, and made the

RMSEPjack higher, which is a common consequence

of expanding the number of sites in training sets

(Walker and Cwynar 2006). Model results show that

observed versus predicted conductivity displayed a

reasonably good match (Fig. 4a). The residuals

(Fig. 4b) showed that conductivities in some fresh-

water lakes were overestimated, and conductivities in

some hypersaline lakes were underestimated.

Sediment cores

Chronology

The 210Pb data for the upper part of the Chen Co core

was published by Zhu et al. (2003). The average

deposition rate from 0 to 45 cm depth was *1.64

mm/a. The 210Pb activities for Nam Co declined

exponentially with depth (Fig. 5). Calculated ages

were similar between the Constant Rate of Supply

Fig. 3 Ordination plots

showing: a DCA with all

sites (90) and b CCA with

87 sites (without S51, S56

and S81)
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(CRS) and Constant Initial Concentration (CIC)

models. The CIC results showed the sediment

accumulation rate was about 0.833 mm/a, with an

age at 17 cm depth of about AD 1805. The first

appearance of 137Cs at 4.75 cm was related to the

onset of global nuclear testing in 1952, and this age

coincides with the results from 210Pb dating (CIC

model) (Fig. 5). A peak 137Cs value of 20–22.5 Bq/kg

at 2.25–2.75 cm may correspond to peaks in nuclear

weapons testing from 1963 and 1972, documented in

China (Zhu et al. 2003). In this core, the sedimen-

tation rate from the 210Pb model suggests the 137Cs

peak corresponds to a date of 1972.

Fossil diatoms

A total of 65 diatom species were recorded in the

Nam Co core, 43 of them present in the Qinghai-

Xizang calibration set. All the abundant fossil species

were present in the surface sediment dataset. Fossil

diatoms were characterised by abundant planktonic

taxa, with Cyclotella ocellata Pantocsek contributing

40–80% of the total count sum throughout the core

(Fig. 6). Stephanodiscus minutulus (Kützing) Cleve

& Möller and Aulacoseira ambigua (Grunow) Si-

monsen were particularly abundant in the top 3.5 cm

and in the interval from 11 to 14 cm. Littoral and

benthic taxa such as F. brevistriata Grunow, F.

pinnata Ehrenberg, Amphora pediculus (Kützing)

Grunow, A. ovalis (Kützing) Kützing, Achnanthes

clevei Grunow, and Navicula oblonga Kützing, were

also present, but less dominant. Four diatom zones

with two sub-zones were identified based on changes

in species abundance. The basal zone 1 (17–14 cm)

had Cyclotella ocellata as the sole dominant species

(60–83%) with only a few non-planktonic species,

such as A. ovalis, Epithemia argus (Ehrenberg)

Kützing and Navicula oblonga present in this zone.

Table 2 CCA forward selection results with 13 variables and significant marginal effects of environmental variables on the diatom

assemblages

Marginal effects Variance explained Conditional effects

Variable k1 Variable kA P F

Conductivity 0.40 5.9 Conductivity 0.40 0.001 5.22

TDS 0.37 5.5 Depth 0.29 0.001 4.05

Cl- 0.36 5.3 Altitude 0.16 0.001 2.12

Na? 0.36 5.3 Ca2? 0.13 0.001 1.88

SO4
2- 0.34 5.0 TDS 0.10 0.006 1.44

Depth 0.32 4.7 SO4
2- 0.10 0.056 1.31

Mg2? 0.30 4.4 CO3
2- 0.09 0.09 1.24

CO3
2- 0.23 3.3 HCO3

- 0.08 0.12 1.24

Altitude 0.23 3.3 Mg2? 0.10 0.036 1.33

K? 0.20 3.0 K? 0.08 0.156 1.17

HCO3
- 0.15 2.2 Cl- 0.07 0.344 1.04

Ca2? 0.13 2.0 Na? 0.07 0.559 0.95

pH 0.10 Not significant pH 0.05 0.874 0.8

Table 3 Summary of models tested for the new diatom-based

transfer functions

Parameter Model RMSEPjack rjack
2 Mean

bias

Max

bias

Conductivity Inverse

WA 0.37 0.74 0.00 0.55

WAtol 0.37 0.73 -0.01 0.53

Classical

WA 0.38 0.74 0.00 0.43

WAtol 0.38 0.74 -0.02 0.44

WA-PLS

(1)

0.37 0.74 0.00 0.55

WA-PLS

(2)

0.39 0.71 0.03 0.37

WA-PLS

(3)

0.47 0.63 0.06 0.49

WA-PLS

(4)

0.55 0.54 0.08 0.61
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Zone 2 (14–11 cm) was characterised by increasing

values for Aulacoseira ambigua (8–30%) and

decreasing values for Cyclotella ocellata (40% at

11.5 cm). Other species were rare in this zone. In

zone 3 (11–3.5 cm), Cyclotella ocellata again

became the dominant species (60–72%), although

the percentages were slightly lower than those

recorded in zone 1. Values for Aulacoseira ambigua

were seen to decrease significantly in this zone, with

values falling to\10%. Significant changes occurred

in zone 4, above 3.5 cm, with Cyclotella ocellata

decreasing from 60 to 40%, while Stephanodiscus

minutulus increased gradually to a peak of 35% at the

top of the record. Amphora pediculus was the sub-

dominant species in this zone (10–15%). Even though

the abundance of other planktonic and non-planktonic

species in the samples was low, a distinct spike in the

values of Aulacoseira ambigua and Fragilaria brev-

istriata, as well as Amphora pediculus, can be seen

between 3 and 2 cm.

Fossil diatoms in Chen Co were presented by Yang

et al. (2003). Diatom assemblages were characterized

by epiphytic Amphora ovalis, Gyrosigma acumina-

tum (Kützing) Rabenhorst and Campylodiscus nori-

cus Ehrenberg, accompanied by small amounts of

Cymbella ehrenbergii Kützing and Diploneis elliptica

Fig. 4 Plots of observed

versus predicted log-

transformed conductivity as

well as depth and of the

residuals (inferred–

observed). a Plot of observed

conductivity versus

predicted conductivity by

WA classical deshrinking

without tolerance down-

weighting, b is the residuals

for the respective models

Fig. 5 210Pb and 137Cs

activity profiles for the Nam

Co sediment core. Dates

were calculated using the
210Pb CIC model
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(Kützing) Cleve, at the bottom of the core. Cyclotella

ocellata and C. bodanica Grunow, increased with the

occurrences of some benthic taxa such as Fragilaria

types and Mastogloia smithii Thwaites. Together they

constituted the dominant species of the middle of the

core. At the top of the core the diatom assemblage

shifted from the former dominant species to benthic

and littoral Amphora pediculus, Nitzschia perminuta

(Grunow) M. Peragallo and Cocconeis placentula

Ehrenberg. The centric Cyclotella types decreased in

relative terms, but still maintained high numbers.

Diatom-inferred conductivity and sediment grain size

Diatom-inferred conductivity for both the Chen Co

and Nam Co cores is shown in Fig. 7. The conduc-

tivity of Nam Co was stable, with few fluctuations

between the 1800s and 1960s, when the diatom-

inferred conductivity was *1,300 lS/cm. The con-

ductivity, however, increased significantly during the

past 40 years, from a value around 1,200 lS/cm in

1960, to 1,600 lS/cm in 2000. Directly measured

conductivity was 1,800 lS/cm in 2003. In compari-

son, diatom-inferred conductivity changes in Chen

Co were even greater during the past 200 years.

Inferred conductivity decreased from 800 lS/cm in

1810 to 500 lS/cm in 1830. It then increased a little

during the next 100 years, when the values fluctuated

around 700 lS/cm. Chen Co’s conductivity increased

substantially over the past 30 years, but there was a

year of decrease in 1986. In general, the conductivity

trajectory during past 200 years for both lakes is

similar, illustrating a slight decrease at the start of

period, followed by an increasing trend in the

following decades, and increasing substantially in

the last 40 years.

Sediment particle size in Nam Co is also shown in

Fig. 7, illustrating silt-size (Fig. 7c), sand-size

(Fig. 7d) and median-size grains (Fig. 7e). Relations

can be seen among particle sizes. The percent silt

decreased after the 1880s, whereas there was an

increase in both the coarse and median-sized sedi-

ment grains.

Discussion and conclusions

We focused on expanding the Qinghai-Xizang diatom

training set from 40 to 90 lakes and applied the

resultant transfer function to recent lake sediment
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sequences from Xizang. Conductivity is the most

important variable in explaining diatom distributions.

Water depth is also significant. The fossil diatom

community in Nam Co was dominated by C. ocellata

throughout the core, but S. minutulus became impor-

tant in very recent deposits (Fig. 6). This latter

species is typically indicative of fresh water eutro-

phication (Adler and Hubener 2007; Ramstack et al.

2003; Yang et al. 2008), hence one interpretation is

that the increasing abundance of S. minutulus was due

to freshwater input into Nam Co. S. minutulus,

however, occurred in 34 lakes of the new training set,

illustrating how widely distributed it is on the

Qinghai-Xizang Plateau. Figure 8 shows its normal

distribution of abundance across the conductivity

gradient. Optimum conductivity calculated by the

WA classical model for this species was 2,110

lS/cm, which is quite different from its optima in

other datasets, such as western North American

(salinity optimum: 0.21 g/l) (Wilson et al. 1996) and

Africa (conductivity optimum: 131.8 lS/cm) (Gasse

et al. 1995). Our results suggest this taxon is a

brackish species on the Qinghai-Xizang Plateau. It

had a much higher conductivity optimum than

Cyclotella ocellata which had a conductivity optimum

of 1,552 lS/cm. Our interpretation is that S. minutulus

occupies a different habitat on the Qinghai-Xizang

Plateau compared with Stephanodiscus sp. in other
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areas (Adler and Hubener 2007; Ramstack et al. 2003;

Yang et al. 2008). In this semi-arid region, the

distribution of Stephanodiscus sp. mainly depends on

the ionic concentration in the lakes, and our data

indicate that it prefers brackish water. Therefore, in

Nam Co, increased abundance of S. minutulus likely

indicates the rise of lake conductivity and the

associated decline of lake volume in recent decades,

rather than additional water input.

The conductivity reconstruction for Chen Co

showed similar trends in the past 200 years to that of

Nam Co, although the Nam Co profile is much less

variable than that of Chen Co. One reason could be that

Nam Co is much larger than Chen Co and hence

relatively more stable over decadal to centennial

timescales. Verification of these reconstructions is

difficult, however, because there are few measured

water chemistry datasets from this region. Whereas the

balance between precipitation and evaporation (P-E)

can be the main factor that determines water balance in

arid or semi-arid areas, and lake evaporation is mainly

controlled by air temperature, the relation between

temperature and precipitation can also determine the

water balance in such regions. To test this, the climate

data from Dangxiong weather station, near Nam Co

(Fig. 1) and water level changes in Yangzhuyong Co,

were compared with the reconstructions. Figure 9a

illustrates the recent warming on the Qinghai-Xizang

Plateau, but the precipitation changes during the past

40 years (1957–2003) show little overall trend. These

data suggest that evaporation likely increased in this

region during this period, and hence negative water

balance caused lake conductivity to rise. Both recon-

structions in Nam Co and Chen Co showed an increase

in conductivity, with fluctuations during the past

40 years (Fig. 9c, d). Both the Chen Co conductivity

reconstruction and water level records from nearby

Yangzhuyong Co (Fig. 9d) show evidence for drying,

especially around 1980. These comparisons with

instrumental data suggest that the conductivity recon-

structions are likely accurate in both lakes.

Water balance on the Qinghai-Xizang plateau,

however, is not controlled solely by precipitation and

evaporation, but is also strongly affected by glacial

meltwater. A main water source for Nam Co is

meltwater from Nyainqentanglha Mountain. Figure 7e
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shows that the median- and sand-size particle grains in

the sediment increased over the last century, while the

silt-size particles decreased in relative abundance,

suggesting a general enhancement of flow into Nam

Co, though both reconstructions show a slight decrease

in inflow during the 1920s–1940s (Fig. 7). Increased

input might have been due to an increase in meltwater

as climate in the region warmed. This increase in

meltwater, in turn, increased discharge to the lake,

thereby diluting the ionic strength of the lake water.

After the 1940s, particle size was stable (Fig. 7c, d),

but the lake likely received increased glacial meltwater

thereafter, as the glacier in the Nam Co catchment has

been shrinking since the 1970s, and possibly longer.

Unfortunately, there are no data before this period. Yao

et al. (2007) showed that the glacial area was about

167.6 km2 in 1970, 151.5 km2 in 1990, and 141.8 km2

in 2000, which means that glacial retreat rate was

around 0.81 km2/a from 1970 to 1990, and

*0.97 km2/a in the 1990s. Although an increase in

meltwater could lead to a freshening of the lake,

greater meltwater input occurred during a period of

warming climate. Our data show that the conductivity

of the lake increased during this period, indicating that

the lake water budget declined over this time span. We

conclude that evaporation, driven by an increase in

summer temperatures, was a more important process

than increased melt water discharge, and hence the

lake shrunk in recent decades.

Remote sensing studies have shown that many

lakes on the middle of the Plateau expanded recently

(Wang et al. 2007; Wu and Zhu 2008; Ye et al. 2007,

2008), and this was thought to have been due to

increasing glacial melting. In such a complex system,

however, changing lake water levels are unlikely to

be affected solely by one factor. During regional

warming, temperature increases enhance evaporation

as well as glacial melting, and contribute to fluctu-

ating lake levels. Understanding the timing and

nature of these oscillations is crucial for lake

management and for understanding the relations

between climate change and lake hydrology.

Although remote sensing can be used to identify

hydrologic changes over annual or even monthly

timeframes, it cannot be used to determine longer-

term fluctuations. Paleolimnological techniques can

fill this data gap. Ultimately, however, we recom-

mend that both approaches be used to fully under-

stand the historical hydrologic trajectory of a lake.

Figures 7a and b indicate that conductivity in both

Nam Co and Chen Co has increased during the past

40 years. One could argue that the lakes are shrinking

over longer time scales due to regional warming, but

the lakes have fluctuated during this period because

of increases in glacial meltwater. It is likely that

increasing evaporation, through rising temperatures,

is the dominant control on lake water levels at the

decadal scale. Glacial meltwater, delivered at a

higher rate in recent years as a consequence of

warming, is causing lake level fluctuations at shorter

temporal scales, but has not shifted the directional

trend of lake level change over longer timescales.
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