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Abstract

Variations of the diatom distribution in a lake sediment core of Lake Lama, Central Siberia,

were used to reconstruct paleotemperatures during the Holocene. The changes of the diatom

assemblages revealed a strong association to climatic changes during this period. A transfer

function based on weighted averaging partial least squares regression (WA-PLS), derived

from a calibration dataset from northwestern Finnish Lapland, was used to infer July air

temperatures for the area around Lake Lama. The prediction accuracy of the diatom-

temperature model was 0.898C. The analysis of the modern vs. core assemblages showed

the suitability of the model for the lake sediment core. The reconstruction yielded a rapid

increase in temperature at the beginning of the early Holocene. There was a period between

8000 and 6500 cal. yr BP with slightly higher temperatures, which were assigned to the

Holocene thermal optimum (Hypsithermal), followed by a short and distinct temperature

decrease. The period between 4000 and 2800 cal. yr BP again revealed higher temperatures.

The inferred temperatures are consistent in their trends with a pollen-based paleotemper-

ature reconstruction of the same core. The range of the diatom-based temperatures was

1.68C, which is low compared to that of the pollen-based temperatures. This discrepancy

may be explained by over- and underestimation of temperatures at the edges of the

temperature range by our diatom-based model, and by the large size of this water body

which could have moderated the response of diatoms to the temperature signal. The inferred

temperature trends from the diatom assemblages at Lake Lama show the potential of aquatic

organisms for paleoclimatic reconstructions. This is one of the very few quantitative

paleoclimate reconstructions in arctic Russia. Previous research was limited mainly due to

the lack of available calibration datasets. Our results also imply that, although this lack

might be a drawback, an ecologically sound and reliable reconstruction is still possible and

needs to be carried out in other parts of the arctic regions in order to obtain a more detailed

knowledge about past regional climate and environmental changes.

Introduction

The quality of predicted climate scenarios largely depends on the

complexity and the robustness of the climate models used. The

improvement of such models requires the assimilation of known or

inferred past climate variables. Since systematic measurements of

temperature or precipitation extend back hardly more than one century,

estimates of these variables in the past are urgently needed in order to

study climatic variability at decadal or centennial time-scales and to

understand the mechanisms of climate or climate-related processes.

It has been shown that ice cores, tree rings, and lake sediments

often record their local or regional climatic history (Briffa et al., 1992;

Jouzel et al., 1996; Battarbee, 2000). The biological record in lake

sediments especially offers some opportunities to derive quantitative

estimates of paleoclimatic or paleoenvironmental variables. If sedi-

mentation in lakes occurred continuously, then they have an advantage

over other paleoclimatic archives because of their occurrence under

many different environmental situations at continental regions (e.g.,

Barker et al., 1994; Korhola et al., 2000; Lotter et al., 2000; Pienitz

et al., 2000).

To date, the most reliable indicators of past climatic and

environmental changes found in lake sediments are pollen, plant

macrofossils, and remains of aquatic organisms. These indicators have

been used to infer temperature and precipitation as well as salinity, pH,

or nutrient status of lakes during the Holocene and Late Pleistocene

(e.g., Birks et al., 1990; Cheddadi et al., 1997; Hall et al., 1997; Seppä

and Weckström, 1999; Brooks and Birks, 2000). Among them, diatoms

are excellent proxies to reconstruct limnological or climatological

characteristics of the past (see Stoermer and Smol, 1999). Diatoms

usually occur in large quantities, are diverse, ubiquitous, and identifi-

able to a low taxonomic level. Many of the species have narrow

ecological tolerances to their environment and they respond rapidly to

changing environmental conditions due to their short life cycle. In

addition, diatom valves are usually well preserved in lake sediments, for

which reason the preserved diatom assemblage may be regarded as

a reliable reflection of the diatom communities and their productivity at

the time of sedimentation (Battarbee, 2000).

The majority of the diatom studies have so far focused on

quantitative reconstruction of the element concentrations in the lake

water, such as phosphorus, of the salinity or pH (as reviewed in Smol

and Cumming, 2000). More recently, relationships between diatom

assemblages and both water and air temperatures have been established

by comparing the diatoms indentified to the respective modern climate

data in order to determine the autecological limits of taxa within

assemblages. Using canonical community ordinations, Pienitz et al.

(1995), Weckström et al. (1997a, 1997b), Lotter et al. (1997), Korhola

et al. (2000), and Rosén et al. (2000), among others, have demonstrated

that there is a statistically significant relationship between summer

surface-water or air temperatures and diatom assemblages in lakes

distributed along distinct climatic gradients in Canada, the central
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European Alps, and Fennoscandia. They have developed calibration

models which should allow reconstruction of water or air temperatures

with an accuracy of approximately 0.8 to 2.08C (for more details of

these models, see Rosén et al., 2000). Although there are distinct

relationships between diatom assemblages and lake water/summer air

temperatures, the applicability of these models is still questioned. As

pointed out by Smol and Cumming (2000) as well as by Anderson

(2000), the high explanatory power of temperature might be partially

dependent on other climate-related variables like the duration of ice

cover or water chemistry. They argue that water or air temperature

captures most of the variance among all other interrelated environmen-

tal variables. The estimated temperature optima for the diatom species

should, therefore, be interpreted carefully, since most of the studies

include an incomplete temperature gradient as well as only a small

number of sites. Consequently, Smol and Cumming (2000) made the

recommendation to infer paleoclimatic trends from the diatom data,

rather than to reconstruct absolute temperatures. Ideally, one should

evaluate the reconstructed values using other independent indicators to

reinforce the results, such as pollen-derived calibrated temperatures.

The empirical relationship between diatom assemblages and

temperature—as well as other environmental variables—is established

by using ‘‘transfer function’’ methodologies. Most often, the transfer

function is based on nonlinear regression methods. In paleolimno-

logical applications, weighted averaging (WA) and WA partial least

squares (WA-PLS) regression (the latter also accounts for the residual

species structure) have been used frequently (e.g., ter Braak and

Juggins, 1993; Birks, 1998), although Bayesian methods have recently

also been introduced with some innovative aspects (Vasko et al., 2000;

Toivonen et al., 2001; Kumke et al., 2004). The WA and WA-PLS

methods provide simple and reliable tools to obtain quantitative past

estimates for several variables derived from aquatic organisms.

However, to obtain reliable parameter estimates in WA and WA-

PLS, the species response along a gradient should follow a Gaussian

distribution, which is ecologically sound, but not necessarily true

(Huisman et al., 1993; Austin et al., 1994). In such cases, Bayesian

methods are more flexible.

There are few examples of calibration datasets involving diatoms

for central and northern Siberia. Several reasons exist for the insufficient

amount of modern calibration datasets in this part of the continent, but

the most important is caused by logistical constraints. The vast size of

Siberia also limits the spatial applicability of the existing datasets to

a certain extent. Most of the work done so far is related to the program

PACT (Paleoecological Analysis of Circumpolar Treeline) and resulted

in the generation of three regional calibration datasets of about 25 to 30

lakes each (Duff et al., 1999; Laing et al., 1999; Porinchu and Cwynar,

2000). According to Duff et al. (1999), the major gradients represented

by their lakes were related to the ionic composition of the lake water.

Regional differences existed in the water chemistry of the three datasets

as a result of the regional geology and hydrology. Moreover, Laing and

Smol (2000) investigated the pooled regional datasets and showed that

water temperatures explained a significant amount of the variation in

diatom taxonomy. Porinchu and Cwynar (2002) used chironomids for

inferring qualitatively paleoclimate during the Holocene from a lake

sediment core near the Lower Lena river valley, northeastern Siberia.

More recently, Laing and Smol (2003) interpreted climate and

environmental changes from a lake sediment core during the last

5000 yr at Taymyr Peninsula, central Siberia, using diatom assemb-

lages. Whereas all the studies mentioned were related to PACT, there

are also a few paleolimnological studies in the European part of arctic

Russia, tracking the pollution history of these areas (e.g., Solovieva and

Jones, 2002; Solovieva et al., 2002; Ilyashuk et al., 2003).

In the present study, we used a calibration dataset from

northwestern Finnish Lapland (Korhola et al., 2000) to reconstruct

paleotemperatures using diatom assemblages from Lake Lama. To the

best of our knowledge, this study is the first quantitative application of

a temperature model to aquatic organisms in Siberia. The specific aims

are (1) to obtain estimates of July air temperatures during the Holocene

as derived from diatoms, (2) to interpret and discuss the variability of

the diatom assemblages as recorded in a lake sediment core, and (3) to

evaluate this reconstruction by comparison with other regional

paleoclimatic reconstructions.

Study Area

Lake Lama (698339N, 908139E) is located at the northwestern

foothills of the Putoran Plateau, near the city of Norilsk, central

Siberia. The lake is of tectonic origin, has an approximate size of about

80 km 3 13 km and is up to 254 m deep. Lake Lama consists of an

eastern and a western basin, which are connected by a north-south

trending sub-basin (see Fig. 1). More than 10 large rivers enter Lake

Lama, the largest being the Mikchanda river forming a delta on its

northwestern shore. The lake drains towards west via Lake Melkoye

into Lake Pyasino. Lake Lama is surrounded by steeply sloped

mountains to the north and south, which reach altitudes up to 1234 m

a.s.l. The inundated shoreline area reaches up to 10 m in width and is

covered with pebbles, gravel, and some sand due to high annual lake-

level fluctuations. The geology of the catchment area is described in

Lightfoot et al. (1990). The present mean July air temperatures and the

annual precipitation vary between 10 to 158C and 300 to 500 mm,

respectively. Other main climatological and hydrological character-

istics are given in Kienel and Kumke (2002). The forest-tundra

vegetation in the embankment zone is dense and dominated by taiga

trees (Betula nana, Larix, and less Picea) and shrubs (e.g., Kienel,

1999). Alnus fruticosa and Salix dominate the brushwood (shrubs).

The larch treeline occurs at an altitude between 200 and 400 m a.s.l.

Peat formation (hummocky tundra) is found in depressions and on

beach terraces.

Methods

SAMPLING AND LABORATORY ANALYSES

In 1993, a lake sediment core (PG1111) with a length of 10.6 m

was taken from the western basin of Lake Lama applying gravity and

piston coring for the upper and lower parts of the sediment,

respectively (see Fig. 1). The core was subsampled for diatoms at

10-cm intervals. Diatoms were found from the top of the core to

a depth of 7.0 m. Additional details of all sampling work related to this

sediment core are described in Harwart et al. (1999). Diatom analysis

was carried out on freeze-dried subsamples of 0.5 g sediment. The

calcareous and organic components were removed by boiling with HCl

(10%) and H2O2 (30%). After termination of the reaction, 5 ml HNO3

(concentrated) was added and the sample was left at 1208C for 2 h.

Repeated washing with distilled water (up to 10 times) removed finer

particles and residual acid. The samples were allowed to settle down

for 24 h between washing. Preparation of slides was carried out with

0.4 ll aliquots using the evaporation tray method (Battarbee, 1973).

For mounting permanent slides, the medium MOUNTEX (MERCK,

RI¼ 1.67) was used. Diatoms were identified using a ZEISS Axioplan

microscope (equipped with differential interference contrast) at 10003

magnification. The counts included 400 to 500 valves per sample with

exception of four diatom-poor samples where at least 100 valves were

counted. Reference texts used for the diatom taxonomy are given in

Kienel (1999) and Kienel and Kumke (2002).

A reliable age chronology of the sediment core was achieved by

obtaining Accelerator Mass Spectrometry (AMS) radiocarbon ages on

macrofossils from 24 samples. The deepest core sample for dating had

a mean depth of 8.19 m and a radiocarbon age of 11,100 6 610 yr BP
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(Table 1). All radiocarbon ages were calibrated using the program

CALIB 4.1 which is based on the INTCAL98 calibration curve

(Stuiver et al., 1998).

STATISTICAL ANALYSES AND CALIBRATION MODEL

In order to obtain local diatom assemblage zones (LDAZ) from

the fossil assemblages, constrained cluster analysis using a constrained

optimal sum of squares partitioning algorithm with untransformed

species percentage data (Birks and Gordon, 1985) was carried out.

The number of statistically significant zones was calculated using

the broken-stick model and the associated approach described in

Bennett (1996).

To establish an age-depth relationship, a squared polynomial

regression model was fitted to 24 radiocarbon ages. The regression

model fits quite well to the radiocarbon ages (R2¼ 0.75), though cross-

validation yielded an error of about 400 yr.

Rates of change (RC) in the fossil diatom composition per unit

time were determined by calculating the chord distance between

adjacent objects. The coefficients were standardized to 100 yr. The

chord distance was used because of its statistical properties concerning

the weighting of species with low percentages (Overpeck et al., 1985).

The transfer function applied for the paleotemperature recon-

struction was derived using the northern Fennoscandian calibration

dataset described in Korhola et al. (2000). Only the main elements of

this dataset and associated calibration function used are described here.

The dataset includes 38 small (i.e. 1 to 115 ha) subarctic lakes dis-

tributed along a steep climatic gradient in northern Fennoscandia and

324 diatom taxa. The majority of the lakes is shallow (i.e. 1 to 25 m)

with a simple bathymetry, nonstratified, oligotrophic, have low

electrical conductivities, are slightly acidic to circumneutral, and range

from clearwater to polyhumic lakes (e.g., Weckström et al., 1997a).

The geographic location of the lakes spans from the spruce forest to the

tundra zone (Korhola et al., 2000). The ice-free period of the lakes

generally ranges from May or June until September. Mean July air

temperatures were estimated for each lake using 1961–1990 Climate

Normals data from 11 nearby climate stations. After applying

consistent regional lapse rates and a linear interpolation procedure,

this yielded a July air temperature gradient of 7.9 to 14.98C for the

dataset (Olander et al., 1999). A more detailed description of the

Fennoscandian lakes used in this study is given in Weckström (2001).

The transfer function between diatoms and mean July air temperature

was generated using a two-component WA-PLS model. The transfer

function yielded a coefficient of determination of 0.78, a root mean

square error of prediction (RMSEP) of 0.898C, and a maximum bias of

0.648C between the calculated and the diatom-predicted temperatures

(all values are based on cross-validation statistics). To give a visual

impression of the performance of the transfer function, the results of

the WA-PLS model are shown in Figure 2 together with the respective

residual data.

In order to evaluate the reconstructed paleotemperatures,

a principal components analysis (PCA) was performed with the fossil

species from each sample of the sediment core. The PCA is basically

an eigenanalysis from which eigenvalues kk and eigenvectors uk are

derived. The eigenvectors corresponding to the largest k represent most

of the variance in the species. The position of the objects fk (i.e., the

sample scores) at each principal axis k are a linear combination of the

centered values for each species and uk. The values of fk were scaled to

the square root of (n� 1)kk. To reduce the skewness, the species were

log-transformed prior to the ordination. The sample scores of the first

FIGURE 1. Bathymetric map of Lake Lama, central Siberia, and the coring location of PG1111. The isolines refer to the water depths (m). The
inset shows the Taymyr Peninsula with the Norilsk region in the south and the associated vegetation zones.
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few PC axes were compared to the reconstructed temperatures, because

the variability of fk is, at least theoretically, determined by the first few

ecological gradients of the species. Ideally, fk should be dominated

mainly by the variable being reconstructed.

In addition, an analysis of analogs between the samples of the

calibration dataset and the diatoms from core samples was carried out.

The analog analysis involves the computation of dissimilarities

between the assemblages of the calibration data and the core data.

We used the chord distance as a distance coefficient. The calculation of

modern analogs was carried out using the software ANALOG (Birks

and Line, unpublished program) and paleotemperatures were calcu-

lated with the software CALIBRATE (Juggins and ter Braak, 1997).

The PCA and the cluster analysis were performed using the programs

CANOCO 4.0 (ter Braak and Smilauer, 1998) and ZONE (Lotter and

Juggins, 1991), respectively.

Results

DIATOM DISTRIBUTION

We identified 184 diatom taxa from 74 samples in the core

PG1111, 77 of them having a maximum relative abundance ,1%. In

Figure 3, the most common diatom species are presented in relation to

four local diatom assemblage zones (LDAZ) that are interpreted as

statistically significant and chronologically clustered. LDAZ II was

further subdivided into IIa and IIb due to some major taxa changes, for

example in Cyclotella comensis Grunow in Van Heurck 1882 and

C. ocellata Pantocsek 1901.

The species chosen in Figure 3 contributed more than 35% to the

first two principal axes of the PCA, shown in Figure 4. For example,

Aulacoseira subarctica (O. Müller) Haworth 1988 was abundant in

many samples associated with LDAZ I, IIa, and IIb with a considerable

variability. Towards the end of LDAZ IIb, the proportions of

A. subarctica decreased strongly; this species occurred in very low

frequencies during the middle and late Holocene. LDAZ I is

characterized by the highest abundance of Stephanodiscus medius

Håkansson 1986 and high percentages of C. rossii Håkansson 1990,

Nitzschia angustata var. angustata (W. Smith) Grunow in Cleve and

Grunow 1880, and N. lacuum Lange-Bertalot 1980. The latter two

species were most abundant during LDAZ I and decreased to an

approximately steady level during LDAZ IIa. That is also evident from

TABLE 1

AMS radiocarbon dates from the sediment samples of Lake Lama, Central Siberia (modified after Andreev et al., 2004)

Mean depth (cm) 14C age 6 2r (yr BP) Sample material 2r range (cal. yr BP) Lab. no.

30 500 6 35 Wood remains 617–504 UTC7419

141 4430 6 96 Unidentified microfossils 5318–4831 AA39482

186 2126 6 72 Unidentified microfossils 2333–1904 AA39483

211 5255 6 48 Wood remains 6173–5917 UTC8876

223.5 5320 6 320 Unidentified microfossils 6786–5329 AA39480

253 6200 6 60 Wood remains 7254–6907 UTC8877

267.5 5319 6 92 Unidentified microfossils 6294–5910 AA39479

306 10,590 6 130 Organic carbon 12,963–11,967 OxA-5623

325 5285 6 52 Unidentified microfossils 6265–5926 AA39478

366 4100 6 200 Unidentified microfossils 5278–3993 AA39477

438.5 8190 6 170 Unidentified microfossils 9530–8602 AA39475

498.5 8425 6 665 Non-identified microfossils 11,180–7877 AA39474

498.5 7980 6 450 Unidentified microfossils 10,146–7873 AA39474

498.5 10,830 6 530 Unidentified microfossils 14,006–11,186 AA39474

521.5 9120 6 440 Unidentified microfossils 11,546–9147 AA39473

537.5 7950 6 90 Unidentified microfossils 9029–8542 AA39472

553 9500 6 190 Betula sp. seed, Larix needles, insect remains 11,232–10,238 UTC8874

557 9160 6 95 Dephnia remains 10,576–10,180 OS22695

571 9260 6 95 Unidentified microfossils 11,112–9920 AA39471

592.5 9520 6 140 Unidentified microfossils 11,195–10,295 AA39470

629.5 9970 6 120 Unidentified microfossils 12,100–11,171 AA39469

674.5 11,470 6 180 Unidentified microfossils 13,859–13,021 AA39468

717.5 11,390 6 320 Unidentified microfossils 14,083–12,669 AA39467

819 11,100 6 610 Unidentified microfossils 15,160–11,231 AA39465

FIGURE 2. Relationship between observed and diatom-inferred
mean July air temperature for Fennoscandia using a two-component
weighted averaging partial least squares (WA-PLS) model with leave-
one-out cross-validation (Korhola et al., 2000).
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the PCA, where N. angustata var. angustata and N. lacuum are closely

associated with the sample depths of LDAZs I and IIa (Fig. 4). The

same holds true for C. rossii with the exception that the species reached

its highest abundance at approximately 6500 cal. yr BP and had high

abundance during LDAZ IV. The distribution of C. ocellata is

characterized by its almost exclusive occurrence up to 20% during

LDAZ IIb. The planktonic species C. comensis and C. radiosa

(Grunow) Lemmermann 1900 had their highest frequencies during the

first half of LDAZ III. In particular, C. radiosa occurred with up to

10% during LDAZ III, whereas its abundance during other zones was

either low or the species was absent. The taxon C. comensis was

present throughout the sediment sequence except for the lowest two

samples in LDAZ I. Both C. comensis and C. radiosa have their

greatest fit to the second PCA axis, but also contribute to the first and to

the third axes (Fig. 4). The Shannon diversity index H9 (Shannon and

Weaver, 1949) was highly variable during the lower part of the core

(Fig. 5) with maximum values (H9 » 3.72) occurring in LDAZ I and

two minimum peaks (H9 » 2.45) between 9000 and 8000 cal. yr BP.

The Shannon diversity index increased from about 6500 cal. yr BP

towards generally large values between H9¼ 3.3 and H9¼ 3.7 during

the late Holocene (LDAZ IV).

The sample scores of PC axis 1 (Fig. 5) decrease more or less

steadily from their highest values at the beginning of the Holocene

until 7000 cal. yr BP, where they receive the lowest scores. At this

time, the sample scores are mainly determined by the increased

abundance of C. comensis and Fragilaria pinnata var. pinnata

Ehrenberg 1843. The following rise of the sample scores is mainly

caused by the peak of C. rossii. The positive sample scores of PC axis

2 are associated with the large abundances of C. comensis and C.

radiosa. During LDAZ IIb, the scores of PC axis 2 have their highest

values due to the occurrence of C. ocellata which fits very well into

that direction of species space.

The rates of change in species composition (Fig. 5) have similar

patterns as the sample scores of PC axis 1 in particular during the early

and middle Holocene. The rates of compositional turnover were

relatively high during LDAZs I and II. However, the most distinctive

RCs occurred at the transition between LDAZs IIa and IIb as well as at

approximately 6400 cal. yr BP. Species that affect the rates of change

during this time are those negatively associated with the first principal

axis, for example C. comensis, F. pinnata var. pinnata, and Hippo-

donta costulata (Grunow in Cleve & Grunow) Lange-Bertalot,

Metzeltin and Witkowski 1996. The sample scores of PC axis 1 had

their minimum values at 6400 cal. yr BP. The RC peak at the LDAZ

IIa/IIb boundary is mainly caused by species which covary positively

and strongly with PC axis 1 and less strongly with PC axis 2. These

include particularly A. subarctica and C. schumannii (Grunow)

Håkansson 1990. However, since the RC calculation is based on the

dissimilarities of all species between adjacent samples, the species

FIGURE 3. Distribution of selected diatom taxa in the sediment core PG1111, Lake Lama. The species chosen fit at least 35% into the major
plane of species space. Note that the percentage scale for each taxon is different for the sake of better visibility. The roman numerals are the local
diatom assemblage zones (LDAZ) as estimated by constrained cluster analysis. The arrows indicate those samples with a lower number of
valves counted.
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listed comprise only some representatives of the changes in the diatom

assemblages.

INFERRED JULY AIR PALEOTEMPERATURES

The reconstructed July air temperatures using the WA-PLS 2-

component model range from 10.2 to 11.68C during the Holocene with

a mean of 11.08C. The deviations from the mean (Fig. 5) indicate lower

temperatures during LDAZs I and IIa, which corresponds roughly to

the latest part of the Younger Dryas given the error of the age model of

approximately 400 yr. At the beginning of LDAZ IIb, there is a distinct

and abrupt increase in temperature of about 1.28C which occurs

simultaneously with the large peak in the RC values. From LDAZ IIb

to the middle of LDAZ III, the majority of the inferred temperatures

have positive deviations from the mean with some peaks up to 0.58C.

The most striking changes were reconstructed at about 6400 and 4500

cal. yr BP, where the inferred temperatures decrease. The temperature

decline at 6400 cal. yr BP occurs alongside with a major change in the

diatom composition as indicated by the RC value. During the period

from about 4000 cal. yr BP to 2800 cal. yr BP, the inferred tem-

peratures are constantly above the average.

In order to examine the reconstruction results in terms of the

species fit, modern analogs were calculated for the core data. The

second and the fifth percentile of the modern analog distribution were

FIGURE 4. Distance biplot of
the PCA for PG1111. The objects
and species plotted fit at least
20% and 35% into species space,
respectively.

FIGURE 5. Object scores of the first two principal axes, the Shannon diversity index, estimated rates of change (RC), and inferred July air
temperatures (8C) derived from the diatom assemblages of core PG1111. The inferred July air temperatures are given as deviations from the mean
(points) and as their three-point moving average (solid line).
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used to determine close and poor analogy of the core diatom

assemblages, respectively (Birks et al., 1990). Using these thresholds,

the diatom assemblages of the sediment core at Lake Lama have no or

poor analogies with the assemblages of the calibration dataset. This

result, however, only indicates that there are differences between the

diatom assemblages in the lakes of the calibration dataset and the past

assemblages in the sediment core. It does not assess the goodness of the

prediction since the modern analog approach is not based on any

species response model. The lack of analogs does not affect the

reconstruction when using the weighted averaging techniques as long as

there are sufficient species with large frequencies in the fossil dataset for

which the temperature optima can be estimated from the calibration

dataset (Birks, 1998). Table 2 lists those taxa identified from the core

samples, which also occurred in at least 20% of the lakes sampled for

the modern calibration dataset; their effective number of occurrence N2

(Hill, 1973) and maximum abundance N are included. The data in Table

2 represent the overlap between fossil and calibration dataset with the

constraint that the taxa are abundant in the calibration dataset in at least

eight lakes. Some of the taxa, for example, A. subarctica, C. comensis,

or C. schumannii, are frequently abundant but in less than 20% of the

lakes. From the 184 species recorded in the fossil data, 92 were also

present in the calibration dataset. Almost 50% of the remaining 92

species were represented in less than 1% abundance. Of the important

species in terms of high N2 values and species variation, identified from

the core PG1111, only C. ocellata and Stephanodiscus medius are

absent from the calibration dataset. However, both species, especially

C. ocellata, rather contribute to the second PC axis, suggesting that they

might be more related to secondary gradients. As C. ocellata and S.

medius have enhanced phosphorus requirements (e.g., European

Diatom Database at http://craticula.ncl.ac.uk:8000/Eddi) the second

PC axis may be associated with nutrient availability. The first PC axis,

which is the major hypothetical gradient in PCA, is significantly

correlated with the inferred temperatures (r ¼�0.38, P � 0.05). The

higher PC axes were not correlated with the inferred temperatures;

therefore secondary gradients cannot be explained by inferred tem-

perature changes.

Discussion

To date, our reconstruction is the first attempt to infer quantita-

tively paleotemperatures using aquatic organisms in Siberia. This

TABLE 2

Summary statistics of the species occurrences N and the effective
species number N2 in the calibration dataset and the fossil data set for
those species which occurred in at least 20% (N¼8) of the lakes in the

calibration dataset

Taxon

PG1111 Calibration dataset

N N2 N N2

Achnanthes curtissima

Carter 1963 2 2.0 14 8.2

Achnanthes laterostrata

Hustedt 1933 13 12.1 9 7.5

Achnanthes minutissima

Kuetzing 1833 73 68.1 30 23.9

Achnanthes suchlandtii

Hustedt 1933 4 3.7 9 7.7

Amphora libyca

(Kützing) Schomann

and Archibald 1986 67 58.7 10 8.8

Asterionella formosa

Hassall 1850 15 13.0 9 5.9

Brachysira brebissonii

Ross in Hartley 1986 12 11.7 25 19.9

Brachysira vitrea

(Grunow) Ross

Hartley 1986 9 7.7 25 17.1

Caloneis tenuis (Gregory)

Krammer 1985 2 2.0 8 6.6

Cyclotella rossii

Håkansson 1990 74 66.9 10 8.0

Cymbella amphicephala

Naegeli in Kützing 1849 5 4.6 8 6.1

Cymbella cesatii

(Rabenhorst) Grunow in

A. Schmidt 1881 13 12.0 16 12.7

Cymbella microcephala

Grunow in Van Heurck

1880 1 1.0 15 11.7

Cymbella naviculiformis

(Auerswald) Cleve 1894 11 10.5 15 11.2

Cymbella minuta (Hilse in

Rabenhorst) Mann 1990 72 66.3 9 7.9

Cymbella silesiaca (Bleisch

in Rabenhorst) Mann 1990 74 68.9 11 10.3

Fragilaria brevistriata var.

brevistriata Grun. in Van

Heurck 1885 33 25.7 13 10.4

Fragilaria construens var.

venter (Ehrenberg) Grunow

1862 65 53.8 18 13.5

Fragilaria pinnata var.

pinnata Ehrenberg 1843 69 61.3 20 13.8

Navicula cocconeiformis var.

cocconeiformis (Gregory

1856) Mann and Stickle

1990 2 2.0 11 9.2

Navicula cryptocephala var.

cryptocephala Kuetzing

1844 59 52.1 10 8.8

Navicula pupula (Kützing)

Mereschkowsky 1902 53 47.7 23 17.0

Navicula radiosa var. radiosa

Kuetzing 1844 23 21.5 22 15.4

Neidium iridis var. ampliatum

(Ehrenberg) Cleve 1894 1 1.0 10 8.7

Nitzschia angustata var.

angustata (W. Smith)

Grunow in Cleve and

Grunow 1880 70 60.1 8 7.4

TABLE 2

(Cont.)

Taxon

PG1111 Calibration dataset

N N2 N N2

Nitzschia dissipata

(Kuetzing) Grunow 1862 69 62.6 10 9.4

Nitzschia palea var. palea

(Kuetzing) W. Smith 1856 63 54.5 15 13.7

Nitzschia per minuta

(Grunow) M. Perag. 1903 62 56.0 20 15.5

Pinnularia microstauron

(Ehrenberg) Cleve 1891 14 12.8 25 19.6

Pinnularia viridis var. viridis

(Nitzsch) Ehrenberg 1843 10 9.6 10 9.0

Stauroneis anceps var. anceps

Ehrenberg 1843 14 13.3 24 19.7

Stauroneis phoenicenteron

var. phoenicenteron

(Nitzsch) Ehrenberg 1943 4 4.0 16 14.0

Tabellaria flocculosa (Roth)

Kuetzing 1844 7 6.1 34 29.8
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temperature reconstruction is justified by the changes of especially

those diatom taxa with temperature preferences. The indirect gradient

analysis of the fossil assemblages (i.e. the PCA) has shown, that the

major part of the variability in the diatom assemblages is mainly driven

by temperature-indicative taxa. This is supported by the significant

correlation of the principal components of the first major axis with

the reconstructed temperatures. However, there are a few temperature

reconstructions available from pollen in central Siberia which may be

used for comparison. Tarasov et al. (1999) presented some quantitative

paleoclimate reconstructions using plant functional types (PFT) for

a time slice of 6000 14C yr BP at several sites in northern Eurasia.

Their reconstructions indicated up to 28C higher temperatures at 6000
14C yr BP for a region southwest of Taymyr Peninsula although their

results failed to be statistically significant at some of the sites. Tarasov

et al. (1999) also found that the PFT method often yields rather large

error bars.

Our results show the highest positive July temperature deviations

between approximately 8000 and 6500 cal. yr BP as well as between

4000 and 2800 cal. yr BP. The diatom-reconstructed temperature

deviations are generally less pronounced than the pollen-based

paleotemperature changes inferred by Tarasov et al. (1999). The

results of Tarasov et al. (1999) and especially pollen-based

reconstructions derived from Andreev and Klimanov (2000) suggest

that the so-called Holocene thermal optimum (Hypsithermal) occurred

regionally during quite different times in northern Russia. For example,

the sites studied by Andreev and Klimanov (2000) have prolonged

intervals of positive paleotemperature deviations during the Atlantic

chronozone (between 8000 and 4500 14C yr BP). The qualitative

inferences of Porinchu and Cwynar (2002) for northeastern Siberia, on

the other hand, suggest a Holocene warming period between 10000

and 6400 14C yr BP based on the increased occurrences of warm water

chironomid taxa.

The quantitative paleotemperature reconstruction of Andreev

et al. (2004) derived from the pollen record of the sediment core

PG1111 at Lake Lama has similar variations as our diatom-based

reconstruction. Comparisons of the pollen spectra and the diatom

assemblages were carried out based on Mantel tests (see Legendre and

Legendre, 1998) and the results of the RC analyses. The standardized

Mantel test revealed a significant correlation (r ¼ 0.51, P � 0.05)

between the dissimilarity matrices of the pollen spectra and the diatom

assemblages using the chord distance. A correlation of the RC results

of both records (not presented in Andreev et al., 2004) was estimated

with r ¼ 0.88 at P � 0.05 using the chord distance. These results

indicate that variations in the fossil diatom assemblages and the pollen

spectra took place synchronously and in a similar magnitude. The

diatom-inferred July temperatures are significantly correlated (r¼0.25,

P � 0.05) with the pollen-reconstructed July temperatures (Andreev

et al., 2004). Although the temperature correlation is distinctly weaker

than the correlations of the respective RCs or the dissimilarity

structures, the main trends are similar in both reconstructions. For

example, the negative temperature deviations associated with the

Younger Dryas (i.e., the inferred temperatures during LDAZ I and IIa)

as well as the first Holocene warming (inferred for the beginning of

zone IIb) were similarly interpreted by both diatoms and pollen.

Andreev et al. (2004) were not able to distinguish a period of maxi-

mum warming from their reconstruction, but they assume a thermal

optimum period between 8000 and 4500 14C yr BP based on their

temperature curve. Similarly, from our diatom reconstruction we might

emphasize a Holocene thermal maximum between 8000 and 6500 cal.

yr BP, but there is no consistent positive temperature deviation over

a longer time period. Reconstructed temperature maxima for Lake

Lama occurred at about 8000, 6500, 4000, and about 3200 cal. yr BP.

A smoothed paleotemperature curve shows the most pronounced

positive temperature deviations over a long time period to occur

between 4000 and 2800 cal. yr BP (Fig. 5). The pollen-based

temperatures were also higher than present during this period

(Andreev et al., 2004).

The overall range of our reconstructed temperatures is rather low

compared to that of the pollen reconstructions of Lake Lama. The

temperature range reconstructed by Andreev et al. (2004) is up to 68C

for the Younger Dryas and Holocene part of their pollen record

whereas the maximum range of our diatom-based reconstruction is

1.68C. In addition, the mean of the pollen-based temperatures is 1.78C

higher than that of the diatom-based temperatures. The reasons for

these differences may be twofold. First, changes in water temperature

(which actually affect diatoms) might have been smaller than in air

temperature due to the large water body of Lake Lama compared to the

smaller lakes in the calibration dataset. The response of the diatom

assemblages would, therefore, have been comparatively moderate.

Near shore, the response of water temperature to changes in air

temperature can be expected to be stronger. The reflection in the

diatom assemblages there would pertain mainly to periphytic species.

Because the periphytic diatoms occur with many species with low

frequencies in the fossil assemblages, their influence on the recon-

structed temperatures is low. Second, the cross-validation of the

transfer function showed that the predicted temperatures below the

mean overestimated the observed temperatures and the predicted

temperatures above the mean underestimated the observed values (see

Fig. 2). This resulted in a predicted temperature range of 5.18C

compared to 7.08C of the observed temperature range. Thus, the range

of the model predictions is likely to be too small when applied to fossil

data which is a common problem in inverse approaches and hence in

WA-PLS (Birks, 1995; Korhola et al., 2000; Vasko et al., 2000). This

would largely explain the discrepancy between the considerably

distinct RCs (e.g., at the LDAZ IIa/IIb boundary and at 6400 cal. yr

BP) and the rather small inferred temperature changes. The inferred

mean July paleotemperature range (about 1.38C) of the reconstruction

by Korhola et al. (2000) in the Lake Tsuolbmajavri, Finnish Lapland,

using the same transfer function support this interpretation. This

problem could possibly be avoided in future studies by the application

of reconstruction methods that are based on classical calibration (see

Vasko et al., 2000).

The calibration dataset per se used in this paleoclimatic

reconstruction is sufficient and reliable for several reasons. The

temperature gradient in the modern dataset exceeds the range of the

present mean July temperatures (10 to 158C) of the region around

Norilsk. Present throughout the lake sediment core are many diatom

species also represented in the calibration dataset. These taxa are

indicative of temperature, i.e., species whose estimated optima and

tolerances are within the range of the temperatures of the dataset and

whose variance is largely captured by temperature. Most of the taxa

also contribute to the first PC axis (Fig. 4), including C. rossii, F.

pinnata var. pinnata, and N. angustata var. angustata. Only A.

subarctica was present in less than 20% of the lakes of the calibration

dataset and S. medius was even absent. The estimated temperature

optima of the species attributed to the first PC axis agree well with the

paleotemperatures. For example, C. rossii and N. angustata var.

angustata have optima distinctly less than the average (i.e., u ¼ 10.0

and 8.78C, respectively) in the modern training dataset and the

optimum of F. pinnata var. pinnata was estimated to be slightly above

the average temperature of 11.18C (u ¼ 11.68C). The relatively high

optimum value for the latter species, compared to others in this

particular calibration dataset, may be somewhat surprising, since

F. pinnata is regarded as a rather cold water taxon and typical for tundra

lakes (e.g., Rosén et al., 2000; Laing and Smol, 2003). In addition,

earlier analyses with a Fennoscandian dataset, in which 17 sites are

the same as in the current one, indicated that the abundance of that

species is more frequent at the lower end of the temperature gradient
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(Weckström et al., 1997b). This disparity may be attributed to some

degree to the method of sampling for the calibration datasets: surface

samples are taken from the deepest point of the lake where in most

of the cases planktonic species dominate the diatom assemblage.

Consequently, tychoplanktonic or periphytic species, such as F.

pinnata are underrepresented leading to less reliable optima of

environmental variables. Regardless of the low representation of

Aulacoseira subarctica in the calibration dataset, its association with

lower temperatures in the reconstruction is confirmed by results of

autecological studies. The nordic-alpine species (Krammer and Lange-

Bertalot, 1991) is favored by low-light conditions, turbulent waters and

low temperatures (e.g., Lund, 1971; Interlandi and Kilham, 1999).

The reconstruction may have some disadvantages. First, lake sizes

and bathymetries of the 38 lakes of the calibration dataset are very

different from that of Lake Lama. This may have caused some

differences in the species composition resulting in a lack of close

analogy. The most noticeable differences are the higher number and

partly larger proportions of periphytic species in the calibration dataset

compared to PG1111. However, as discussed above, the species

composition of modern and fossil dataset is comparable especially

concerning the species whose occurrence is largely determined by the

climatic gradient. A second disadvantage is the lack of regional

calibration datasets in arctic Russia. The only available modern dataset

from this region (Laing and Smol, 2000) suffers from a lack of

comparable diatom species apart from the subset containing the

Taymyr lakes. As a consequence, this dataset was regarded as not

appropriate for establishing an applicable inference model for Lake

Lama. However, the alkalinity reconstruction of Laing et al. (1999)

indicated that the use of transfer functions from other regions is

justified as long as species compositions and environmental gradients

(water chemistry in their case) are comparable in both datasets. This

assumption held true after we tested our Lake Lama dataset against

the Fennoscandian dataset. Third, we cannot neglect the comments

of Smol and Cumming (2000) on the validity of reconstructing

paleotemperatures using diatoms, because of the influence of other

environmental variables. In the case of Lake Lama, the inferred

paleotemperatures largely reflect the changes in the diatom composi-

tional changes of the core PG1111. If the results are compared to the

results of the pollen-based reconstruction, both the species composi-

tions of diatoms and pollen as well as the inferred temperatures follow

the same general patterns. Thus, the inferred Holocene temperature

trends seem to be more reliable than their absolute values.

Conclusions

Diatom assemblages from Lake Lama, central Siberia, showed

distinct responses to climatic changes during the Holocene. This is

evident from indirect gradient analysis in which the major part of the

variation of diatom taxa is related to species indicative to temperature

changes. Using a transfer function derived from diatoms and July air

temperatures of 38 lakes in northwestern Finnish Lapland (Korhola

et al., 2000), paleotemperatures were inferred from a lake sediment core

of Lake Lama. The reconstructed temperatures were strongly correlated

with the diatom assemblage changes indicating that these changes can be

explained largely by the established diatom-temperature relationship.

Moreover, the inferred paleotemperatures were correlated with the first

principal axis of the fossil diatom distribution, thus demonstrating that

most of the variation in the diatoms can be explained by the reconstructed

temperatures. For example, the PCA biplot analysis has shown that the

occurrence of A. subarctica, C. rossii, and N. angustata var. angustata

are attributed to cooler climatic conditions, whereas F. pinnata var.

pinnata may be related to increased paleotemperatures. Most of the taxa

in the fossil dataset contributing to the major direction of variation were

also present in at least 20% of the lakes within the calibration dataset.

From this it can be concluded that the application of the Fennoscandian

transfer function to the diatom assemblages of a central Siberian lake is

justified. Further support for the reconstructed temperature trends come

from an independent pollen-based paleotemperature reconstruction of

the same sediment core from Lake Lama (Andreev et al., 2004). A

comparison between both reconstructions has shown that the major

patterns in the variation of paleotemperatures are similar. For example,

the diatom-based temperatures increase distinctly at the beginning of the

early Holocene. Further, there are positive temperature deviations

between ca. 8000 and 6500 cal. yr BP as well as between ca. 4000 and

2800 cal. yr BP. The period between 8000 and 6500 cal. yr BP might be

attributed to the Holocene thermal optimum period, although the positive

temperature deviations are not well pronounced. The pollen-based

reconstructions support this hypothesis.

Our study of a sediment core from Lake Lama provides the first

paleotemperature reconstruction for arctic Russia based on aquatic

organisms. The results obtained imply that the use of diatoms is an

alternative and an important extension to the few existing approaches

suitable to studying the paleoclimate of this large area. However, our

approach also shows that although the application of the Fennoscan-

dian transfer function worked quite well for Lake Lama, there is a need

to develop regional calibration datasets. Such datasets should

preferably consist of a variety of paleolimnological indicators in order

to circumvent the problems outlined in this paper.
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