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ABSTRACT 
The physico-chemical characteristics of 47 lakes from two regions in the lowlands of Central Yakutia (Vilyuysk and Yakutsk), 

Eastern Siberia were analysed. The aims of this study were (i) to classify the lakes according to their ionic compositions and their 
nutrient concentrations, (ii) to quantify environmental gradients representing the main directions of variation in the measured 
variables, and (iii) to explore the relationship between the investigated lakes and their spatial positions. Most of the study lakes are 
shallow, thermokarst lakes that are slightly alkaline to alkaline. The lakes are predominantly oligotrophic, with some mesotrophic 
and a few eutrophic exceptions in the study region Vilyuysk. There are four hypertrophic lakes in the study region Yakutsk which are 
strongly affected by anthropogenic inputs and, in one case, additionally by inputs of water birds. Most part of the variance in the 
data is represented by major ion concentrations and related variables such as electrical conductivity. There were clear differences in 
these variables between the lakes of both study regions partly due to regional differences in the climate-induced, negative water 
balance (i.e. evaporation exceeds precipitation). The statistical analysis has shown that a significant part of the variance can be 
attributed to the type of vegetation in the lake's catchment (11%), to the longitude (7.6%) and to local spatial differences in the lake 
water chemistry (2.8%). Hypothesis testing indicated that there are significant differences in the mean values of many variables 
according to vegetation type and to the region where the lakes are located. However, the hypothesis of spatial autocorrelation in the 
data had to be rejected. The results presented here have important implications for ongoing and future limnological and paleoenvi-
ronmental studies in Yakutia. The exploratory analysis has shown that the physico-chemical characteristics of Central Yakutian lakes 
are mainly influenced by vegetation and climate driven changes that provides the basis for paleoenvironmental studies. 
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1. INTRODUCTION 

High latitude regions will be particularly affected by 
global climate change. For example, it has been shown 
that temperature changes are very pronounced in arctic 
and subarctic regions by both, predictions of General 
Circulation Models (e.g., Houghton et al. 1996; Watson 
& Albritton 2001) and paleoecological data (e.g., 
Andreev & Klimanov 2000; Fischer et al. 2004). 
Aquatic ecosystems are known to respond quickly and 
sensitively to such changes (e.g., Carpenter et al. 1992; 
Findlay et al. 2001; Smol 2002; Antoniades et al. 2005). 
Climate change will affect aquatic systems both directly 
and indirectly. Direct effects of warming include an 
increase in water temperature and evaporation whereas 
indirect effects include increased length of the ice-free 
season, the stability of lake water stratification, changes 
in the distribution of aquatic organisms, changes in 
catchment vegetation, increased fire frequency and 
increased depth of the active layer above the permafrost 
(e.g., Regier et al. 1990; Carpenter et al. 1992; 
Schindler et al. 1996; Rühland & Smol 1998; Duff et al. 
1999). Although the latter will affect the drainage 

regime and could locally increase the volume of surface 
waters, in general, the most important effect is a 
decrease in the water levels of lakes. Tracking past 
water level changes in subarctic regions is a major area 
of research in paleolimnology (e.g., Korhola et al. 
2005). Decreasing water levels will also alter the 
chemical composition of lake water, for example by 
increasing of the major cation concentration (e.g., Wolin 
& Duthie 1999). This indirect effect is especially 
dramatic in regions with continental climates such as in 
Central and Eastern Siberia. 

The Republic of Yakutia is located in the eastern 
part of Siberia (between approximately 57° and 75° N 
and between 110° and 160° E). Yakutia is a relatively 
expansive region that is about five times larger than the 
area of France. Although Yakutia is very sparsely 
populated (about 0.3 inhabitants per km2), the central 
part in the proximity of the rivers Lena and Vilyuy is 
urbanized and cultivated. Lakes are numerous through-
out the region (ca 700,000) and in the central part, there 
are approximately 106,000 lakes. The lakes in Central 
Yakutia cover an area of ca one million hectares and 
have a volume of more than 180 billion m3 (Ksenofon-
tova et al. 2005). Most of the lakes are originated 
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through thermokarst processes and are therefore rela-
tively shallow (i.e. between 1 m and 5 m water depth). 
Due to the characteristic continental climate of Central 
Yakutia, the lakes are subjected to changing water lev-
els and desiccation. They are sensitive to any variations 
in climate, vegetation or anthropogenic influence. Since 
many of the lakes, at least in the urban areas, are used 
by man, data about the physico-chemical properties of 
the lake water and the lake's biota are urgently needed. 
Unfortunately, such data are rare in Central Yakutia and 
other regions of Siberia (e.g., Anisimova 1959, 1973, 
1978; Duff et al. 1999; Anisimova et al. 2005). This is 
mainly the result of the vast distances between study 
lakes as well as difficulties in getting access to these 
sites. For example, in the study by Duff et al. (1999) 
field work was carried out in three different regions of 
Siberia over three consecutive years within a three week 
period in July. Access to these lakes was facilitated by 
helicopter only. As with most studies of this kind in 
remote regions, this limnological survey was limited to 
a one-time collection of data from each lake and 
resulted in three clusters of sampling sites that were 
separated by more than 1000 km. Data from single lim-
nological measurements and discontinuous sampling 
transects affect the representativity of the variables 
measured and especially the latter one affects the search 
for major water chemistry gradients in paleoenviron-
mental studies (e.g., Birks 1998; Kumke et al. 2004). 
However, if the lakes under study are sampled in a rela-
tively short time period during one season (e.g., two 
weeks in July), the problem of representativity caused 
by one-time measurements might be reduced. 

The knowledge of the physico-chemical properties 
of lake water is very important in quantitative paleolim-
nological reconstructions (e.g., Rühland & Smol 1998; 
Bennion & Smith 2000; Smol 2002; Korhola et al. 
2005). The aim in such studies is to develop an empiri-
cal model based on the relationships between aquatic 
organisms (e.g., diatoms, chironomids, etc.) and abiotic 
variables (e.g., water chemistry, climate variables, etc.), 
particularly in terms of species optima to a measured 
variable. This inference model can then be used to 
reconstruct past changes of the abiotic variable of inter-
est. To obtain empirical models (i.e. transfer functions), 
a calibration dataset is needed which consists of the 
water chemistry data, climatological data and the spe-
cies distributions from about 50 to 100 lakes (for a 
review see Birks 1995, 1998). Since the transfer func-
tion estimates a single variable of the physico-chemical 
characteristics measured in the calibration dataset, it is 
important to choose a sampling frequency appropriate 
for obtaining reliable estimates of the variable to be 
reconstructed (e.g., Rühland & Smol 1998; Bennion & 
Smith 2000; Rühland et al. 2003). This differs from 
variable to variable, for example in temperate regions, 
the annual variability of pH is much lower than that of 
nutrients (e.g., Bennion & Smith 2000). 

The purpose of our research in Yakutia is twofold: 
we want to establish a calibration dataset for paleoenvi-
ronmental reconstructions using aquatic organisms and 
to create a data base for limnological variables and the 
distributions of aquatic organisms in Yakutian lakes. 
The aims of this paper are (i) to explore the results of 
physico-chemical characteristics in 47 lakes in Central 
Yakutia, (ii) to classify the lakes according to their 
major limnological gradients and (iii) to analyze the 
spatial variation of the physico-chemical characteristics 
of the lake water. The results of these analyses are of 
major importance for limnologists since very few lim-
nological data of this vast region exist. Northern regions 
are very sensitive to climatic as well as environmental 
changes and limnological studies are of great interest for 
the paleolimnological community, as their results can be 
used for quantitative palaeoecological reconstructions, 
up to now seriously lacking in Northern Russia. 

2. MATERIAL AND METHODS 
2.1. Study sites 

During the summers 2003 and 2004, a total of 47 
lakes were sampled in two regions in the Central 
Yakutian lowlands (Fig. 1). The Central Yakutian low-
lands are bounded by the Prelenskoe Plateau to the 
south and the Verkhoyansk Range to the north (Pewe & 
Journaux 1983). The study region Vilyuysk (I) is 
located close to the river Vilyui. During this sampling 
campaign in July 2003, 30 lakes were studied in eight 
different subregions (PG1700 to PG1729 in Tab. 1). The 
second study region, Yakutsk (II) is located close to the 
River Lena. The field work there consisted of sampling 
17 lakes in two different subregions (PG1730 to 
PG1746 in Tab. 1) west and northeast of the city of 
Yakutsk during the first two weeks in July 2004. 

According to Gavrilova (1973), the observed long-
term climate is similar in both regions with minimum 
air temperatures in January of –61 °C and –63 °C, 
maximum air temperatures in July of 37 °C and 38 °C 
and annual precipitation of 243 mm and 203 mm in 
Vilyuysk and Yakutsk, respectively. The mean annual 
number of days of freezing temperatures is 205 
(Gavrilova 1973). The annual evaporation is approxi-
mately 350 mm to 400 mm in both regions. Thus, there 
is a moisture deficit of 100 to 150 mm y-1 in the region 
around Vilyuysk and 150 to 200 mm y-1 in the region 
around Yakutsk. The lakes are frozen for most of the 
year with an ice-free period up to 120 d y-1.  

The area around Vilyuysk (I) is underlain by 
Mesozoic rocks whereas the study region around 
Yakutsk (II) is underlain by Cenozoic rocks in the north 
and Mesozoic rocks in the Central part and in the south. 
Most of the sampling lakes of the Yakutsk region are 
located east of the River Lena (region 10 in Tab. 1) 
close to the Tyungyulyu terrace which is covered by 
well-sorted silt and characterized by ice-wedge and 
thermokarst topography (Pewe & Journaux 1983). 
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Although it is still controversial, most areas of Central 
Yakutia were probably not glaciated during the Middle 
and Late Pleistocene. However, the main rivers drained 
into glaciated areas resulting in glacial outwash of 
sediment into the wide valleys of the lowlands (Pewe & 
Journaux 1983). Both study regions are underlain by 
continuous permafrost with an active layer thickness up 
to 70 cm depth. In general, the thickness of permafrost 
in Central Yakutia is between 300 m and 500 m 
(Akademiya Nauk 1989). 

Both study regions are located within the Boreal 
coniferous forest zone. The vegetation is dominated by 
Taiga trees (see also Tahtadzhan 1978) such as larch 
(e.g., Larix dahurica), pine (e.g., Pinus sylvestris) and 
birch trees (e.g., Betula pendula). The catchments of the 
study lakes were often covered by forest vegetation or 
were used for pasture and partly agriculture.  

2.2. Field sampling and measurements 

Lakes chosen for sampling had a simple morphology 
and a single lake basin. From each study lake, we took 
water samples, surface sediment samples, phytoplank-
ton and periphyton samples as well as some short lake 
sediment cores. The water samples were taken from the 
deepest part of the lake. The sampling took place from a 
rubber boat with a water sampler about 50 cm beneath 
the water surface. The water depths were measured fre-
quently using an echolot. Beside the water depth, the 
water transparency was determined using a Secchi disk 
with a diameter of 20 cm. Water temperature, dissolved 
oxygen, electrical conductivity (at 25 °C) and pH were 

measured using a thermometer and electrodes (WTW 
and Hanna instruments), respectively. All electrodes 
were calibrated frequently during the field work. From 
the lakes deeper than 5 m, water samples near the lake 
bottom were additionally collected and the temperature 
and dissolved oxygen were measured. To determine the 
thermal stratification of the water bodies, depth profiles 
of the water temperature were taken to estimate the 
thermocline. A field test kit was used to obtain a first 
estimate of nitrate (NO3), nitrite (NO2), ammonium 
(NH4) and phosphate (PO4). The water samples for total 
element concentrations and anion analysis were filtered 
through cellulose acetate filters with a pore size of 0.45 
µm. 200 µl of HNO3 were added to the samples for total 
element concentrations analyses for conservation pur-
poses. All samples were stored in a thermobox to ensure 
cool conditions. 

The concentrations of anions, such as of bromide 
(Br), chloride (Cl), flouride (F), NO3 and NO2 were 
measured using ion chromatography (Dionex, detection 
limits: 0.05-0.1 mg L-1). The concentrations of PO4 were 
determined photometrically (Wetzel & Likens 1991; 
detection limit: 1 µg L-1). The total concentrations of 
aluminum (Al), barium (Ba), calcium (Ca), iron (Fe), 
potassium (K), magnesium (Mg), manganese (Mn), 
sodium (Na), phosphorus (P), silicon (Si) and strontium 
(Sr) were determined using an Inductivity Coupled 
Plasma Optical Emission Spectrometer (ICP-OES, 
detection limits: 20 µg L-1-0.2 mg L-1). To ensure the 
quality of the analytical methods and to check the plau-
sibility of the data, the ion balance of each sample was 
calculated, resulting in deviations of about ±5% for 

 

Fig. 1. Geographical map of Central Yakutia with the study regions I and II. 
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most of the samples. To determine the concentrations of 
dissolved organic carbon (DOC), water samples were 
filtered through pre-ignited glass microfibre Whatman 
filters. The filtrates were analysed using an element 
analyzer HighTOC (Elementar Analysensysteme 
GmbH, detection limits: 1.0 mg L-1) by evaporating the 
samples at 950 °C and measuring the carbon dioxide 
with infra-red detection. The total inorganic carbon 
(TIC) was also determined with the HighTOC element 
analyser. The unfiltered samples were pre-acidified 
down to pH <2.0 which transfers all the carbonates into 
carbon dioxide, and then measured by the infra-red 
detector. In total, 24 physico-chemical characteristics of 
the lakes were measured. 

2.3. Statistical analyses 

Prior to statistical analyses, all variables (with 
exception of pH) were transformed when their distribu-
tions were highly skewed using log transformation (e.g., 
Webster & Oliver 2000). Variables that contained site 
values below the detection limit were replaced by the 
value of the detection limit.  

To explore the relationships between the measured 
variables, a correlation matrix was calculated. To 
account for non-normality of the data, Spearman's rank 
correlation coefficient was used (Legendre & Legendre 
1998). To test several hypotheses of differences in the 
means and variances of the variables, Analysis of Vari-

 
Tab. 1. Lake Names and main geographical characteristics of the study sites in Central Yakutia. 

Site code Lake name Sampling date Region Vegetation Latitude (N) Longitude (E) Elevation (m) 

PG1700 Orukhtaakh 22/07/03 1 Forest 63° 44.17' 121° 38.02 110 
PG1701 Meekingde 24/07/03 2 Forest 63° 40.39' 123° 07.57' 119 
PG1702 Booguda 24/07/03 2 Forest 63° 39.66' 123° 09.16 119 
PG1703 Uolba-Beti 26/07/03 3 Pasture 64° 29.99' 122° 43.05' 179 
PG1704 Kybytyky 26/07/03 3 Forest 64° 30.62' 122° 43.02' 174 
PG1705 Beti 27/07/03 3 Pasture 64° 29.60' 122° 43.25' 177 
PG1706 Satagay 27/07/03 3 Pasture 64° 28.47' 122° 43.84' 178 
PG1707 Kjulelyakh 27/07/03 4 Pasture 64° 27.39' 122° 23.86' 180 
PG1708 Njurgyn 28/07/03 4 Forest 64° 09.75' 121° 59.40' 165 
PG1709 Khodusalaakh 30/07/03 5 Pasture 63° 43.52' 121° 57.54' 115 
PG1710 Neelbikte 30/07/03 5 Pasture 63° 43.51' 121° 59.06' 114 
PG1711 Munduya 31/07/03 5 Pasture 63° 41.30' 122° 04.28' 131 
PG1712 Khorulaakh 31/07/03 5 Pasture 63° 42.61' 122° 01.19' 125 
PG1713 Chondulu 01/08/03 5 Pasture 63° 42.41' 121° 53.66' 116 
PG1714 Oroobuna 01/08/03 5 Pasture 63° 44.65' 121° 59.59' 116 
PG1715 Sordongnokh 02/08/03 6 Forest 63° 36.30' 122° 15.84' 130 
PG1716 Buukaan 03/08/03 6 Pasture 63° 43.13' 122° 22.63' 130 
PG1717 Khatyr 03/08/03 7 Pasture 63° 47.21' 122° 11.85' 99 
PG1718 Ketekh 04/08/03 1 Forest 63° 44.88' 121° 40.52' 105 
PG1719 Lake of Negros 04/08/03 1 Forest 63° 45.70' 121° 44.93' 103 
PG1720 Muorkhan 04/08/03 1 Forest 63° 45.54' 121° 45.05' 104 
PG1721 Mejik 05/08/03 7 Pasture 63° 48.08' 122° 11.35' 112 
PG1722 Kytalyk 05/08/03 7 Forest 63° 48.28' 122° 09.94' 105 
PG1723 Kustaakh 05/08/03 1 Forest 63° 43.60' 121° 32.08' 96 
PG1724 Bergemde 06/08/03 1 Forest 63° 39.82' 121° 15.84' 112 
PG1725 Kjubeeji 06/08/03 1 Forest 63° 40.22' 121° 18.50' 118 
PG1726 Chemekh 06/08/03 1 Forest 63° 40.49' 121° 18.01' 117 
PG1727 Sydybyl 07/08/03 8 Pasture 63° 35.39' 121° 29.91' 127 
PG1728 Sergekh 07/08/03 8 Pasture 63° 34.92' 121° 30.78' 130 
PG1729 Siebit 07/08/03 8 Pasture 63° 37.50' 121° 29.77' 125 
PG1730 Malaya Khabyda 02/07/04 9 Forest 61° 57.61' 129° 24.51' 188 
PG1731 Bolshaya Khabyda 03/07/04 9 Forest 61° 58.10' 129° 22.78' 204 
PG1732 Akhigui Kariyalak 06/07/04 9 Forest 62° 07.49' 128° 24.18' 208 
PG1733 Beydine 09/07/04 10 Pasture 62° 23.33' 130° 51.95' 130 
PG1734 Ulakhan Surdaakh 10/07/04 10 Forest 62° 35.30' 131° 06.92' 141 
PG1735 Turgaayu 10/07/04 10 Forest 62° 35.13' 131° 06.61' 139 
PG1736 Akhigui Surdaakh 11/07/04 10 Forest 62° 35.39' 131° 11.17' 147 
PG1737 Uhun Kuel 11/07/04 10 Forest 62° 35.09' 131° 13.64' 144 
PG1738 Ogus Kharaga 12/07/04 10 Forest 62° 46.52' 130° 41.63' 126 
PG1739 No name 12/07/04 10 Pasture 62° 47.14' 130° 43.76' 123 
PG1740 Taastaakh 13/07/04 10 Forest 62° 48.35' 130° 38.93' 122 
PG1741 Orgennekh 14/07/04 10 Pasture 62° 48.90' 130° 15.66' 111 
PG1742 Cumakh 14/07/04 10 Pasture 62° 46.68' 130° 24.39' 104 
PG1743 Tuumpu 15/07/04 10 Forest 62° 44.21' 130° 26.57' 135 
PG1744 Prokhladnoe 17/07/04 9 Pasture 62° 07.86' 129° 29.15' 190 
PG1745 Sugunnaakh 17/07/04 9 Forest 62° 04.89' 129° 29.32' 188 
PG1746 Temiye 18/07/04 9 Pasture 62° 03.02' 129° 29.02 208 
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ance (ANOVA) was performed with the data. To test 
the homogeneity of variances, Hartley's Fmax-test, 
Cochrans C-test and Bartlett's γ2-test were used. Tests of 
differences in the mean were conducted with Mann-
Whitney's U-test which is a non-parametric test and 
suitable when the data are non-normally distributed 
(Sokal & Rohlf 1995). The hypothesis of associations 
between the variables and the spatial coordinates was 
tested using a standardized Manteltest with the Euclid-
ean distance as a measure of dissimilarity among the 
lake sites. In standardized Manteltests, the distance 
coefficients of the sites based on the physico-chemical 
variables are correlated with those distance coefficients 
based on the spatial coordinates (Legendre & Legendre 
1998). Additionally, a variogram analysis of the princi-
pal components of the variables was conducted to 
explore their spatial structure (see Kumke et al. 2005). 

To classify the lakes according to their physico-
chemical properties, cluster analysis was performed. 
The cluster analysis was carried out using the Ward 
method (Legendre & Legendre 1998). To test the vari-
ables for interactions with possible gradients, a non-
parametric variant of discriminant analysis (MRPP) and 
redundancy analysis (RDA) were carried out. Redun-
dancy analysis is a canonical ordination technique 
which aims to explain the variability of the water 
chemistry data by independent gradients. It consists of a 
multiple linear regression of the gradients on the water 
chemisty data followed by eigenanalysis of the resulting 
fits of the variables (for details of the method see Leg-
endre & Legendre 1998). The calculation of eigenvec-
tors and eigenvalues is carried out by maximizing the 

variance of the data (i.e. the first principal axis repre-
sents most of the data variance). As gradients, we 
defined Vegetation, Land use and Subregion (i.e. the 
partitioning of the sites into 10 geographically different 
areas according to Tab. 1) as categorical variables. The 
geographical coordinates were represented as X-coordi-
nate (i.e. east-west) and Y-coordinate (i.e. north-south). 

All calculations were carried out using the software 
STATISTICA 5.5 (StatSoft, Inc. 1999) for summary 
and test statistics, PCORD 4.0 (McCune & Mefford 
1999) for cluster analysis, Manteltest and MRPP, 
CANOCO for Windows 4.5 (ter Braak & Šmilauer 
2002) for RDA, and GEOEAS 1.2.1 (Englund & Sparks 
1991) for variogram analysis. 

3. RESULTS 

3.1. Summary of the physico-chemical characteristics  

Most of the study lakes were shallow with a median 
water depth of 1.80 m (Tab. 2). There were some 
exceptions, among them Lake Sordongnokh (study area 
I) with a measured water depth of 52.6 m. Apart from 
that lake, all other lakes likely originated through ther-
mokarst processes after the Last Glaciation. There was a 
substantial variation in the Secchi depths of the lakes as 
calculated by the coefficient of variation (CV=86%). 
The median Secchi depth was about 50% of the median 
water depth. The Secchi depths of three lakes were 
excluded from the statistical analysis; since water and 
Secchi depths were the same (i.e., the lake bottom was 
visible). Lakes with poor transparency had most often a 
yellowish to light brownish colour, indicating resuspen-

Tab. 2. Statistical summary of the limnological measurements of the study lakes in Central Yakutia.
The abbreviations SD and CV refer to the standard deviation and coefficient of variation,
respectively. The symbol * indicates median values at the detection limit of the measured variable. 

Variable n Mean Median SD Skew CV (%) 

zwater (m) 47 3.74 1.80 7.9 5.5 212 
zSecchi (m) 44 1.05 0.80 0.9 2.2 86 
Twater (°C) 47 22.90 22.60 3.1 0.5 13 
Cond (µS cm-1) 47 464.00 269.00 731.0 3.3 158 
pH 47 8.48 8.45 0.5 0.5 6 
O2 (mg L-1) 31 7.2 6.8 3.1 0.9 43 
DOC (mg L-1) 41 21.46 19.53 11.3 0.4 53 
TIC (mg L-1) 37 61.09 31.58 94.2 2.8 154 
F (mg L-1) 47 0.26 0.16 0.3 3.4 115 
Cl (mg L-1) 47 18.63 2.55 52.5 3.5 281 
SO4 (mg L-1) 47 9.02 0.16 54.8 6.9 607 
Br (µg L-1) 47 141.50 60.00 246.8 3.7 174 
NO3 (µg L-1) 47 2401.10 150.00 628.0 3.6 262 
NH4 (µg L-1) 47 209.10 160.00 168.7 1.5 81 
NO2 (µg L-1) 47 96.90 7.80 267.7 3.4 275 
PO4 (µg L-1) 47 166.90 1.00* 691.8 5.2 415 
Al (µg L-1) 47 31.90 21.80 26.3 4.3 82 
Ba (µg L-1) 47 31.50 20.00 26.9 3.7 85 
Ca (mg L-1) 47 19.27 17.14 11.3 0.7 59 
Fe (µg L-1) 47 88.40 63.40 79.4 1.6 90 
K (mg L-1) 47 8.78 3.26 18.5 3.5 211 
Mg (mg L-1) 47 33.59 12.33 64.7 3.3 193 
Na (mg L-1) 47 50.53 11.27 133.8 3.6 265 
Si (mg L-1) 47 3.51 1.80 3.4 1.0 96 
Sr (µg L-1) 47 165.80 154.20 119.8 3.6 72 
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sion of sediments or the presence of humic substances 
in solution. The bottoms of many lakes were covered by 
submerged macrophytes. All study lakes had well-
mixed water bodies and were not stratified at the time of 
sampling except for the Lake Taastaakh (study area II). 
Lake Taastaakh was a small oval lake with maximum 
water depth of 17.1 m. A measured profile of water 
temperature indicated a thermocline between 4 and 6 m 
water depth.  

All lakes were slightly alkaline with median pH of 
ca 8.5 and a very low variability (CV=6%), and well 
oxygenated (Tab. 2). The variability of concentrations 
of major cations, anions, electrical conductivity and TIC 
were quite high with particularly large values in the 
lakes of study area II. This resulted in highly skewed 
distributions for these variables. The concentrations of 
nutrients (i.e. PO4 and NO3) were generally low. 
Assuming that PO4 is representative for the total phos-
phorus in these lakes, most of them within study area I 
(i.e. region Vilyuysk) were oligotrophic (i.e. TP <10 µg 
L-1) and only some were mesotrophic (i.e. TP=10 – 35 
µg L-1) or eutrophic (i.e. TP=35 – 100 µg L-1) according 
to Vollenweider & Kerekes (1982). However, there 
were a few exceptions in study area II with nutrient 
concentrations well in the range of hypertrophic (i.e. TP 
>100 µg L-1) conditions. The analytical results of PO4 
and NO3 confirmed the field test results. 

The Spearman rank correlation coefficients (not 
shown) between the variables show high significant 
positive correlations (p ≤0.05) between electrical con-
ductivity and TIC (r =0.98), as well as the major cations 
and anions, except for Ca. Moreover, major cations and 
anions are in most cases significantly interrelated. Dis-
solved organic carbon concentrations are significantly 
and positively correlated with pH (r=0.60) and nega-
tively correlated with Secchi depth (r=-0.55). 

3.2. Classification of central Yakutian lakes 
To examine regional differences in the physico-

chemical lake properties, selected regional Box-Whisker 
plots (Fig. 2) and the results of ANOVAs (Tab. 3) are 
presented. The Box-Whisker plots represent the general 
tendency that many of the measured variables in the 
Yakutsk (II) study area vary to a larger degree than in 
the Vilyuysk (I) study area. This is evident from the 
ranges of electrical conductivity (Fig. 2a), TIC (Fig. 2c) 
and Ca (Fig. 2d). The pH-values (Fig. 2b) are an excep-
tion, as well as O2, DOC and water depth. The larger 
variability in water depth in the Vilyuysk (I) study area 
is likely due to the exceptional depth of Lake Sor-
dongnokh. An interesting feature of the Box-Whisker 
plots is the distinct regional right-skewed appearance of 
some variables in the region Yakutsk, for example elec-
trical conductivity and TIC (Fig. 2).  

 

Fig. 2. Box-Whisker plots for selected physico-chemical characteristics of the lakes in Central Yakutia. The Box-Whisker plots are 
categorized according to the study regions Vilyuysk and Yakutsk. 
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The results of the cluster analysis indicate a classifi-
cation consisting of seven different associations of lakes 
according to their different catchment vegetation, phys-
ico-chemical characteristics and geological settings. The 
dendrogram (Fig. 3) shows these seven classes, whereas 
80% of the variability still remains. Cluster I consists of 
shallow lakes from forested areas that had low electrical 
conductivity (i.e. from ca 50 to 100 µS cm-1) low con-
centrations of TIC, and low concentrations of major 
cations and anions. Except for one lake, Cluster II con-
sists of lakes situated at pastured sites. These lakes are 
characterized by moderate electrical conductivity (i.e. 
from ca 300 to 400 µS cm-1) and moderate concentra-
tions of TIC, major cations and anions. Cluster III also 
consists of lakes from pastured sites with one exception. 
These lakes also had moderate conductivity and ionic 
concentrations. The main differences between these 
pasture lakes to those ones in Cluster II are their rela-
tively high observed pH values (i.e. above 9.0). It 
should be noted that these differences reflect the condi-
tions at the time when the lakes were sampled and they 
might be affected by, for example, differences in the 
intensity of phytoplankton activity. Cluster IV mainly 
consists of lakes from forest sites that are geographi-
cally close together with two exceptions. These lakes 
had low electrical conductivity and ionic concentrations 
and unlike lakes from Cluster I, relatively low pH val-

ues (7.7 to 8.0). Cluster V groups together lakes with 
moderate electrical conductivity and moderate to 
slightly higher concentrations of major cations and ani-
ons. The main difference between these lakes and those 
of clusters II and III is their low transparency. Cluster 
VI consists of lakes with relatively high electrical con-
ductivity (i.e. from ca 450 to 600 µS cm-1) and higher 
concentrations of TIC and major cations and anions. 
Lakes grouped into cluster VII had very high electrical 
conductivities (i.e. >1500 µS cm-1), high concentrations 
of TIC, nitrate, partly phosphate, major cations and ani-
ons.  

Three lakes could not be classified. The water 
chemistry of Lake Njurgyn (PG1708) was very different 
from all other lakes (i.e. measured concentrations of all 
characteristics were distinctly lower). This is likely due 
to the distinctly different geological setting and origin of 
Lake Njurgyn surrounded by sand dune formations. 
Lake Prokhladnoe (PG1744) could not be clustered due 
to its very high concentration of sulphate which is likely 
to be originated by geological formation in the sur-
roundings of the lake (Ksenofontova et al. 2005). Lake 
Sordongnokh (PG1715) could be not classified due to 
its different morphometrical properties (i.e. the maxi-
mum water depth of >50 m).  

From the dendrogram (Fig. 3), it is evident that, to 
some degree, lakes are grouped together according to 

Tab. 3. Comparison of differences in the mean between the sites of the regions
Vilyuysk (n=30) and Yakutsk (n=17) and between the sites with different
vegetation (nForest=25; nPasture=22) using Mann-Whitney's U-test and results for 
the test of homogeneity of variances (Fmax-test). The test results are given as 
probabilities. Probabilities in bold indicate significant differences in the means 
and the rejection of the hypothesis of homogeneity of variance. * nVilyuysk=14; 
nPasture=14; nForest=24; ** nYakutsk=11; nPasture=18; nForest=23: *** nVilyuysk=19; 
nPasture=16; nForest=20 

 Region Vegetation 
Variable U-test Fmax-test U-test Fmax-test 

zwater (m) 0.30 0.007 0.35 0.001 
zSecchi (m) 0.84 0.003 0.87 0.36 
Cond (µS cm-1) 0.01 0.001 0.001 0.001 
pH 0.02 0.03 0.22 0.83 
O2 (mg L-1)* 0.93 0.001 0.02 0.001 
DOC (mg L-1)** 0.01 0.41 0.32 0.54 
TIC (mg L-1)*** 0.001 0.001 0.01 0.001 
F (mg L-1) 0.001 0.001 0.03 0.29 
Cl (mg L-1) 0.001 0.001 0.001 0.001 
SO4 (mg L-1) 0.23 0.001 0.14 0.001 
Br (µg L-1) 0.001 0.001 0.03 0.001 
NO3 (µg L-1) 0.01 0.60 0.66 0.81 
NH4 (µg L-1) 0.14 0.001 0.07 0.001 
NO2 (µg L-1) 0.01 0.52 0.13 0.001 
PO4 (µg L-1) 0.49 0.001 0.17 0.001 
Al (µg L-1) 0.02 0.001 0.60 0.001 
Ba (µg L-1) 0.04 0.001 0.17 0.001 
Ca (mg L-1) 0.18 0.001 0.04 0.98 
Fe (µg L-1) 0.09 0.64 0.03 0.04 
K (mg L-1) 0.001 0.001 0.001 0.001 
Mg (mg L-1) 0.01 0.001 0.001 0.001 
Na (mg L-1) 0.001 0.001 0.001 0.001 
Si (mg L-1) 0.01 0.28 0.40 0.001 
Sr (µg L-1) 0.59 0.001 0.001 0.02 
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the vegetation of their surroundings. Differences in the 
geological settings of the catchments did not contribute 
to the lake classification, but inhibited classification of 
two individual lakes (Lake Njurgyn and Lake Prokhlad-
noe). To analyze the effect of vegetation on the lake 
water chemistry, MRPP and ANOVAs were conducted 
to test differences in the means between forested and 
pastured sites. The results of the MRPP indicate that 
mean similarities, measured by the Euclidean distance, 
within the groups (i.e. forest sites and pastured sites) 
were significantly different (p=0.02). The chemical 
characteristics of the lakes surrounded by forests are 
much more homogeneous than those of lakes sur-
rounded by pasture. The results of the ANOVAs (Tab. 
3) show that 12 of 24 measured variables have signifi-
cantly different mean values when forest and pasture 
sites are compared using Mann-Whitney’s U-test. All 
variables are significantly higher in lakes at pastured 
sites, including electrical conductivity, TIC, Cl and the 
major cations Ca, Mg, K and Na. 

Figure 4 presents the Box-Whisker plots of the vari-
ables Na, Cl, Mg and K according to the vegetation 
group. All quartiles and medians are distinctly higher in 
the lakes surrounded by pasture. The greatest differ-
ences are the maximum values and the skew of the dis-

tributions, which at the pastured sites are much higher 
than at the forest sites. The four variables chosen for the 
Box-Whisker plot contribute to a large extent to the 
variance of all variables.  

To analyze which factors independently and signifi-
cantly contribute to the variability in the water chemical 
characteristics, a RDA and partial RDA was performed. 
Prior to the constrained ordination, an unconstrained 
ordination (PCA) was performed to compare the uncon-
strained variation patterns with those extracted using 
explanatory variables. Figure 5 shows the scatter plots 
of the ordinated sampling sites (Fig. 5a) and the meas-
ured variables (Fig. 5b). Only those variables which rep-
resent at least 20% of the axes variance are presented. 
The ordination of the sampling sites (Fig. 5a) does not 
show a clear separation between the lakes with excep-
tion of those lakes which form cluster VII and the iso-
lated Lake Prokhladnoe PG1744. The ratio of the eigen-
values of axis 1 and axis 2 indicates that the variability 
of the physico-chemical characteristics of the studied 
lakes may be mainly driven by a strong gradient. The 
ordination of the variables (Fig. 5b) shows their inter-
relation. The comparison of the site scores with those of 
the constrained ordination (Fig. 6a) shows a significant 
positive correlation between them (r=0.73).  

 

Fig. 3. Dendrogram of a cluster analysis using the Ward method. The vertical line represents the cut-off criterium for cluster 
partitioning. The Roman numbers are the numbers of cluster. 
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Fig. 4. Box-Whisker plots for selected physico-chemical characteristics of the lakes in Central Yakutia. The Box-Whisker plots are 
categorized according to the vegetation of the surroundings of the lakes. 
 

Fig. 5. Scatterplots of the principal components analysis of the measured physico-chemical characteristics. The upper scatterplot (a) 
represents the sampling sites of the first two ordination axes. The lower scatterplot (b) represents the physico-chemical variables 
which represent at least 20% of the variance of the ordination axes. 
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However, the constrained ordination results in more 
interpretable variation structure of the lakes. In figure 6, 
the sampling sites and the measured variables are shown 
alongside with the explanatory variables used in the 
analysis. The longer the vector of a variable, the larger 
its variance and its contribution to the canonical axes. 
From the RDA plot it is evident, that water chemistry 
characteristics such as Na, Cl, Mg, K, electrical con-
ductivity and TIC contribute most to the first canonical 
axis which accounts for 35% of the total variance of the 
data (Fig. 6b). All these variables are closely related and 
determine the alkalinity and salinity of the lakes. The 
second and the third (not shown) canonical axes are 
associated with nutrients such as PO4, NO3, NH4 as well 
as Secchi depth. Although significant, both axes 2 and 3 
combined represent only 2.5% of the data variance. 

Using a forward selection procedure, the explanatory 
variables Vegetation, Subregion and X-coordinate were 
found to be significant (p ≤0.05) and account for 37.5% 
of the data variance (see Fig. 6). All canonical axes 
were tested to be significant at p ≤0.05. Figure 6a shows 
the ordination of the sampling sites for the first two 
canonical axes. The explanatory variables Vegetation, 
Subregion and X-coordinate contribute most to the first 
canonical axis. The sites are classified according to the 
significant variables: the highest positive scores on the 
first axis were calculated for the most eastern sites of 
subregion 10 which are surrounded by pasture. These 
sites had the highest concentrations in Mg, Na, K, Cl, 
TIC and electrical conductivity (Fig. 6b). The cluster of 
sites in the negative half of axis 1 represents the forest 
sites of the westernmost regions around Vilyuysk. These 

 

Fig. 6. Biplots of the redundancy analysis of physico-chemical characteristics and explanatory variables. The upper biplot (a) 
represents the sites and the significant explanatory variables of the first two canonical axes. The lower biplot (b) represents the 
physico-chemical characteristics and the explanatory variables. Only physico-chemical characteristics are shown which represent 
20% of the variance of the canonical axes. 
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lakes were very low in ionic concentrations, electrical 
conductivities, but slightly higher in Si (Fig. 6b).  

To determine the influence of the explanatory vari-
ables on the water chemistry characteristics alone with-
out any partial effects, a series of partial RDA were per-
formed. The major result from these analyses are that 
the variable Vegetation represents 11% of the variance 
without any joint effects of other variables, followed by 
the longitude (7.6%) and Subregion (2.8%). Thus, 
vegetation changes do explain the largest part of the 
variance of the water chemistry characteristics of Cen-
tral Yakutian lakes. The spatial position along the lon-
gitude also represents a considerable amount of vari-
ance; a further partitioning into subregions contributes 
little in understanding the water chemical gradients of 
the study lakes. 

To analyze further the relationships between spatial 
positions of the lakes and their water chemistry charac-
teristics, a Manteltest was carried out and semivariances 
were calculated. The result of the Manteltest indicates a 
significant positive association between the water 
chemistry characteristics of the lakes and the spatial 
coordinates (r=0.19; p ≤0.01). This supports the results 
of the RDA in terms of the influence of the longitude 
(site location). Although there is an association between 
geographical coordinates and water chemistry charac-
teristics, the variogram analysis revealed no clear spatial 
structuring and no spatial autocorrelation for the princi-
pal components. However, the calculated semivariances 
are larger between the lakes of the Vilyuysk and 
Yakutsk region than the semivariances within each 
group of lakes which is also evident from the ANOVA 
outlined in table 3. 

4. DISCUSSION 
The physico-chemical characteristics of the study 

lakes in Central Yakutia are similar to those in other 
arctic and subarctic regions. In general, most of the 
lakes are small, shallow and were formed by thermo-
karst processes. All lakes are slightly alkaline to alka-
line. This is typical for lakes in Central and Eastern 
Siberia (Duff et al. 1999; Laing et al. 1999; Laing & 
Smol 2000). Most of the lakes are oligotrophic accord-
ing to the classification of Vollenweider & Kerekes 
(1982), which is a common characteristic of arctic and 
subarctic lakes (e.g. Duff et al. 1999; Hamilton et al. 
2001; Lim et al. 2001; Michelutti et al. 2002a, b; Lim et 
al. 2005). However, similar to the study of Lim et al. 
(2005), we observed four hypertrophic lakes in the 
study area around Yakutsk. The nutrient-rich character-
istics of lakes in this region are not surprising as these 
lakes are impacted by agricultural practices unlike the 
study area around Vilyuysk. Additionally, one of the 
study lakes (Lake Beydine, PG1733) was strongly 
affected by water birds contributing to its hypertrophic 
status. In the study region Vilyuysk, four eutrophic and 
five mesotrophic lakes were found, all located closely to 

villages and subjected to anthropogenic activities (e.g. 
swimming, domestic animals). The study of Lim et al. 
(2005), however, indicates that shallow lakes are espe-
cially subjected to wind-induced mixing of sediments 
and phosphate release from the sediments. Although not 
significant, there is a slight tendency that the transpar-
ency of the meso and eutrophic lakes, as measured by 
Secchi depth, in the Vilyuysk study region is reducing. 
Since poor transparency of the Central Yakutian lakes is 
most often caused by resuspension of sediments, 
enhanced phosphate concentrations could be influenced 
by phosphate release from the sediments. 

The variability in the concentrations of major cations 
and anions, and related variables are strongly affected 
by the negative hydrological balance in the central part 
of Yakutia, together with land use intensity in the lakes' 
catchments. The median of the electrical conductivity is 
slightly higher than in comparable studies in Canada's 
High Arctic (e.g., Michelutti et al. 2002a, b; Lim et al. 
2005). However, in comparison to lakes in northern 
Russia (Duff et al. 1999; Laing et al. 1999; Laing & 
Smol, 2000; Solovieva et al. 2002, 2005), lakes in Cen-
tral Yakutia have distinctly higher electrical conductivi-
ties, even though the sites of Duff et al. (1999) are 
located much closer to the Arctic Sea coast. The same 
holds true for sites in the Canadian High Arctic (e.g., 
Lim et al. 2005). This demonstrates that climatic setting 
(i.e., the continentality) together with anthropogenic 
effects strongly influence the physico-chemical charac-
teristics of Central Yakutian lakes. This is quite appar-
ent when we compare the electrical conductivity meas-
urements from lakes studied by Duff et al. (1999) in the 
Lena Delta region (10 to 143 µS cm-1) with those from 
Central Yakutian lakes (60 to 3600 µS cm-1). In par-
ticular, in the region around Yakutsk (subregion 10), 
there are four lakes with conductivities of >1800 µS 
cm-1 (sites PG1740, PG1741, PG1742 and PG1744). 
This is the result of the negative water balance in 
Central Yakutia that decreases the water levels and as a 
consequence, the enrichment of soluble salts.  

Our analysis has shown that ionic concentrations, 
TIC as well as electrical conductivities are significantly 
higher in Yakutsk than in Vilyuysk. The RDA has 
shown that vegetation and the longitude (i.e. the vari-
able X-coordinate) are the controlling variables. It 
should be noted that the longitude is representative for 
the different climate setting in both study regions, since, 
according to Gavrilova (1973), the negative water bal-
ance in the region around Yakutsk is up to 25% higher 
than in the region around Vilyuysk. Thus, the higher 
ionic concentrations in the lakes around Yakutsk are 
also caused by the larger desiccation. The phenomenon 
of lakes affected by desiccation was observed in both 
study regions. Although not evident from our data, the 
lakes at the sites PG1703 to PG1706 formerly consisted 
of one single lake basin (Pestryakova, personal commu-
nication) which is still visible from their morphometric 



Limnology of Central Yakutia 51

structure. This is the result of the regional moisture 
deficit which partitioned the former Lake Satagai 
(PG1706) into four different lakes since the first half of 
the last century.  

The concentrations of Cl are in the range of values 
which are typically found in freshwater lakes (e.g., Lim 
et al. 2005) with four exceptions. These four lakes at the 
sites PG1740, PG1741, PG1742 and PG1744 are sub-
jected to severe desiccation and as a result have 
anomalously high electrical conductivity values. The 
medians of the concentrations of major cations are in 
general comparable with studies from Arctic Canada 
(e.g., Hamilton et al. 2001; Lim et al. 2001) but higher 
than those from lakes in the Russian Arctic (Duff et al. 
1999). The trend in the relative concentrations of major 
cations in the Central Yakutian lakes is Ca>Mg>Na>K 
which corresponds to most of the studies in the Cana-
dian High Arctic (Lim et al. 2001; Michelutti et al. 
2002b), Canadian Subarctic (Pienitz et al. 1997; 
Rühland et al. 2003) and Arctic Russia (Duff et al. 
1999). Similar to the coastal sites in the Canadian High 
Arctic (Lim et al. 2005), the order is shifted to 
Na>Mg>K>Ca for the more saline lakes although the 
Central Yakutian lakes are not in the proximity of the 
coast (Fig. 1). It should be noted, that the lakes in the 
Canadian Subarctic and especially in the High Arctic 
are, opposite to the Central Yakutian lakes, isolated and 
not subjected to anthropogenic influence. However, it is 
surprising that the concentrations of Ca do not increase 
in these lakes. The Na/Ca ratio (an indicator for saline 
conditions) is <1.0 at most of the sites, particularly in 
study region I and increases in study region II. There is 
a more than tenfold increase in Na/Ca ratio in four of 
our study lakes (PG1740, PG1741, PG1742 and 
PG1744). However, ratios between 1.0 and 3.0 were 
also found at lakes with electrical conductivities 
between 400 and 600 µS cm-1. The Na/K ratios were in 
the range between 1.0 and 13.0. These values are similar 
as reported in the studies on the lakes in the Canadian 
High Arctic (e.g., Hamilton et al. 2001; Lim et al. 2001; 
Michelutti et al. 2002a, b; Lim et al. 2005). The ratios 
found in the Central Yakutian lakes are significantly 
correlated to the vegetation in the catchment. Low ratios 
were observed at the forest sites and higher ratios at the 
pastured sites. Similarly, Lim et al. (2005) provided 
strong evidence that their ratios are dependent on the 
degree of lushness in catchment vegetation. The Na/K 
ratios are highest in the more saline lakes. In the study 
of Lim et al. (2005), the highest ratios were observed in 
lakes closely located to the Sea coast. However, 
although there are similarities between the data of Lim 
et al. (2005) and our data, the Central Yakutian lakes 
are not isolated and in proximity of the coast. The con-
trolling mechanisms for the physico-chemical charac-
teristics of the Central Yakutian lakes are thus different. 

In Central Yakutia, local vegetation and land use 
changes as well as different climate settings in both 

study regions (i.e., as reflected by higher evaporation in 
the region around Yakutsk) control the local limnologi-
cal changes in the study lakes. The relationships 
between physico-chemical characteristics of lake water 
and their controlling factors can be used for climate 
studies and empirical model development in paleoenvi-
ronmental studies. Although evident, the human impact 
on the lakes does not affect their climate signal, but 
appropriate study lakes should be chosen carefully in 
order to carry out paleoenvironmental studies. 

5. CONCLUSIONS 

Statistical analyses of physico-chemical characteris-
tics of 47 lakes in Central Yakutia were presented. The 
main goals of these analyses were to explore significant 
differences in the measured characteristics between the 
study lakes, to classify the lakes according to their 
limno-chemical properties and to find out possible gra-
dients which explain the variability of the physico-
chemical properties. Investigations were carried out in 
two regions in the Central Yakutian lowlands. Most of 
the lakes were shallow, relatively small and had a con-
siderably varying transparency. The measurements have 
shown that all lakes were slightly alkaline to alkaline. In 
general, most of the lakes can be classified as oligotro-
phic, nine lakes in the study region of Vilyuysk were 
mesotrophic to eutrophic and three lakes in the study 
region Yakutsk were hypertrophic.  

A major part of the variability of measured physico-
chemical characteristics can be attributed to the con-
centrations of major ions and the electrical conductivity. 
Many of the variables differed significantly between 
both study regions and among lakes that are surrounded 
by forests and pasture. It is evident from our analysis, 
that the vegetation in the catchments and climate 
induced moisture deficit are the main controlling vari-
ables and represent a significant part of the variation in 
the physico-chemical characteristics of our study lakes. 
The measurements have shown higher potassium inputs 
into the lakes at more vegetated catchment areas. The 
spatial position of the lakes determines a small, but sig-
nificant part in the variation of the measurements. Lakes 
in the study region Yakutsk are particularly subjected to 
the negative water balance in the continental areas of 
Central Yakutia. This is evident from exceptionally high 
concentrations of major cations, Cl and electrical con-
ductivity as well as from the high Na/Cl ratios. Four 
lakes in the study region of Yakutsk can be classified as 
slightly saline. 

The exploratory analysis of the physico-chemical 
characteristics of Central Yakutian lakes has major 
implications for the limnological and paleoenviron-
mental research in these regions. Our results have 
shown that, besides differences in the catchment vege-
tation, climate related effects like the negative water 
balance in Central Yakutia are among the dominant 
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factors for differences in the water chemistry of lakes. 
Our findings are of major importance for any further 
limnological assessments and serve as baseline data for 
long-term monitoring studies of water quality. The 
results of this study are also the basis for inference 
model development in order to reconstruct the paleoen-
vironments in Yakutia using biological indicators such 
as diatoms and chironomids. 
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