
Abstract This study represents a step towards

developing seasonal climate inferences by using

high-resolution modern data sets. The importance

of seasonal climate changes is highlighted by the

instrumental record of a meteorological station

close to our study site (lac du Sommet in the

Laurentian Mountains, Québec, Canada):

Between 1966 and 2001, May temperatures

increased significantly by 3.1�C (r = 0.41, n = 35,

p < 0.01) but annual mean temperatures only by

0.6�C (r = 0.21, n = 35, p > 0.05). Comparison of

this instrumental record with fossil diatom

assemblages in a sediment core from lac du

Sommet showed that axis one of a principal

component analysis (PCA) of the fossil diatoms

was best correlated with wind velocity in June

(r = 0.62, n = 19, p < 0.005) and that past diatom

production was significantly enhanced in periods

with colder July temperatures (r = –0.77, n = 19,

p < 0.0005) and higher wind velocity in June

(r = 77, n = 19, p < 0.0005). The strong impact of

the spring and summer conditions on overall

diatom composition and productivity suggests

that seasonal lake responses to climate are more

important than annual mean temperatures.

However, the seasonal dynamics of diatom com-

munities are not well understood, and seasonality

is rarely inferred effectively from lake sediment

studies. Our research presents a pilot study to

answer a twofold question: Is it possible to iden-

tify diatom communities which are typical for

warmer or colder seasonal climate using sediment

traps, and if it is, can this knowledge be used to

infer seasonal climate conditions from fossil dia-

tom assemblages? To address these questions, the

seasonal dynamics of diatom communities and

water chemistry were studied using sediment

traps and water samples at biweekly intervals in

four lakes distributed along an altitudinal gradi-

ent in the Laurentian Mountains from May

through October 2002. Date of ice break-up was

significantly related to the diatom assemblages

taken in spring and uncorrelated to other signifi-

cant environmental variables. Summer water

temperature, circulation of the water column and

pH explained a significant part of the biological

variance in summer, and total nitrogen (TN) ex-

plained most of the biological variance in autumn.

To infer these variables, weighted averaging

partial least squares models were applied to the

seasonal data sets. Inferred ice break-up dates
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were significantly correlated with number of days

below 0�C in April (r = 0.52, n = 19, p < 0.025),

inferred circulation of the water column was sig-

nificantly related to measured wind velocity in

June (r = 0.64, n = 19, p < 0.005), inferred sum-

mer water temperature and inferred pH was sig-

nificantly related to measured July air

temperature (r = 0.50, r = –53, n = 19, p <

0.025) and inferred TN autumn concentrations

had an inverse relationship to August tempera-

tures (r = –0.53, n = 19, p < 0.01). This com-

parison of the historical record with diatom-

inferred seasonal climate signals, based on the

comparison of fossil diatom assemblages with

modern sediment trap data of high temporal

resolution, provides a promising new approach

for the reconstruction of seasonal climate aspects

in paleolimnological studies.
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Introduction

The need to understand present day and predict

future global climate change greatly enhances the

interest in understanding past climate dynamics

(Bradley 2000). To obtain climate records that

extend beyond instrumental measurements,

quantitative reconstruction techniques are needed

(Birks 1998), often using diatoms as bioindicators

in lake ecosystems. Diatoms possess morphologi-

cally diverse silica shells that preserve well in lake

sediments and allow identification to the species

level. Their short generation cycles allow diatom

populations to react rapidly to changes in their

environment. Diatoms show strong species-spe-

cific responses to changes in their environment

(e.g., Reid 2005; Hassan et al. 2006). Direct

responses of diatoms to the timing of ice break-up

and to the onset of water column stratification,

which can be used to detect climate change, have

been discussed (Bradbury 1988; Lotter and Bigler

2000; Korhola et al. 2002; Thompson et al. 2005).

Climate changes can also be detected indirectly by

climate-induced nutrient changes (Douglas and

Smol 1999; Anderson 2000).

Inference models based on sets of surface

sediment samples constitute a major step forward

in paleolimnology. Diatom inference models have

been successfully developed for various individual

environmental variables (ter Braak et al. 1993).

Comparison between inferences and instrumental

data have proven the tremendous power in using

the surface sediment approach (e.g., Lotter 1998;

Hausmann and Kienast 2006).

Surface sediment samples usually encompass

several years of diatom deposition. Over the past

years, the paleolimnological community has ex-

pressed the need for studies on the processes

underlying modern community–environment

relationships at higher temporal resolution

(H.J.B. Birks 2000, Paleolimnology Symposium;

Sorvari et al. 2000; T.C. Johnson 2003, 3rd

International Limnology Congress). Paleolim-

nologists recently have made efforts to refine

calibration data sets by comparing the perfor-

mance of models developed for different seasons

as well as for different ecological components

(planktonic vs. periphytic) of the diatom com-

munities (e.g., Bradshaw et al. 2002; Köster and

Pienitz 2006). Bradbury (1988) interpreted the

fossil diatom record of Elk Lake (Minnesota,

USA), and gained information about seasonally

acting climatic factors (e.g., time of ice break-up,

circulation) that control diatom assemblages

using sediment traps. Köster and Pienitz (2006)

inferred temperature by comparing fossil assem-

blages with samples of monthly resolution from

the Bates Pond (Connecticut, USA), where tem-

perature was the most important factor in

explaining seasonal changes. The development of

a methodology to infer seasonal climate trends

from the high-resolution analysis of recent sedi-

ments was also an innovative aspect of the EU-

project MOLAR (e.g., Sorvari et al. 2000; Lotter

and Bigler 2000).

Diatoms undergo a seasonal succession which is

driven by seasonal dynamics of environmental

conditions (Interlandi et al. 1999). The succession

of diatom species and the role of environmental

variables were the subject of numerous studies that

are of high interest for neo- and paleolimnologists

(e.g., Sommer 1986; Anneville et al. 2004). The

proposition that lake productivity is influenced

directly by climate requires a complete analysis of
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paleolimnological productivity proxies, modern

limnological observations, model studies, and

comparison with other records of regional envi-

ronmental change. Anderson (2000) suggested that

the seasonal succession of diatoms might be driven

directly by nutrient availability and only indirectly

by temperature changes, as nutrient availability is

largely dependent on the melting of ice cover and

circulation of the water column (Battarbee 2000;

Korhola et al. 2002). To improve the ecological

knowledge, Horton (1999) increased sampling

frequency in the development of training sets. For a

quantitative sea-level inference model based on

intertidal foraminifera assemblages, he sampled

sediments biweekly at Cowpen Marsh, Tees Estu-

ary (U.K.). Modern samples of high temporal res-

olution allowed an estimation of the growth period

of each species, and helped to understand the

influence of environmental conditions on the

composition of assemblages. A better knowledge

of the seasonality of diatom assemblages and their

responses to lake processes related to climate can

greatly improve our understanding of how to

interpret anomalous results or discrepancies

among multiple proxies.

The aim of this study was to observe how dia-

tom assemblages are influenced by seasonal cli-

mate and to integrate this information to infer

seasonal climate aspects. With the objective that

between-lake variability should mainly reflect a

temperature gradient, we selected sites that were

comparable in terms of trophic state and bedrock

geology. Using sediment traps, temperature dat-

aloggers, and water samples, we studied floristic/

biotic and limnological changes at bi-weekly

intervals in four lakes located along an altitudinal

gradient (380–920 m asl) in the Laurentian

Mountains, Québec (Canada) from May to

October 2002. We tested the statistical relation

between environmental variables and diatom

assemblages using Monte Carlo permutation

tests. The statistically significant impact of the

date of ice break-up on spring diatom composi-

tion and circulation of the water column on

summer diatom composition suggested the po-

tential for the reconstruction of these variables

downcore. We assessed the feasibility of this ap-

proach through comparisons of our inferences

with instrumental records. The results of this

study should provide a solid basis for under-

standing the output of diatom-based climate

models, and allow for far more detailed inter-

pretations of the seasonal climate signals archived

in fossil diatom records.

Methods

Coring and dating of sediments

Lac du Sommet (830 m asl; 47�43¢ N, 70�40¢ W) is

of glacial origin and is located in the boreal zone

of a natural reserve near Quebec City (Canada).

This reserve is located in the Laurentian Moun-

tains, on granite-gneissic rock of the Canadian

Precambrian Shield. In November 2001, a 30-cm

long sediment core was taken from the deepest

part (4 m) of lac du Sommet with a Kajak-

Brinkhurst-type gravity corer (HTH-Teknik, Lu-

leå, Sweden). The sediment samples were ex-

truded at 2.5 mm intervals in the field. An alpha

spectrometer was used to measure the radiomet-

ric activity of 210Po the daughter product of 210Pb

(Flynn 1968). 210Pb activities at the date of coring

were used to estimate sedimentation rates

(g year–1) using the model of Binford (1990)

assuming a constant rate of supply.

Diatom analysis

For diatom analysis, frustules were cleaned with

heated 30% H2O2. Afterwards, glass beakers

(250 ml) were filled with distilled water and the

cleaned diatom frustules were allowed to deposit

for at least 12 h at 4�C. In order to calculate

fluxes, a known number of microspheres, plastic

beads with a diameter of 6 lm ordered from

UCL, London, U.K., was added to the diatoms

(Battarbee and Kneen 1982). The diatom-micro-

sphere suspensions were applied on ethanol-

cleaned cover glasses and, after drying at room

temperature, mounted with Naphrax� mounting

medium on microscope slides. Diatoms were

analysed at a magnification of 1000 · using Leica

DMRB microscopes and phase-contrast optics.

Between 300 and 500 valves were analysed per

sample. The taxonomy followed Krammer and

Lange-Bertalot (1986, 1988, 1991a, b), Camburn

and Charles (2000) and Fallu et al. (2000).
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Statistical analyses of fossil diatom data and

instrumental record

The zonation of the diatom stratigraphic data was

carried out on percentage data using optimal sum

of squares partitioning (Birks and Gordon 1985),

as implemented in the program ZONE (Lotter

and Juggins 1991). The significant number of

diatom assemblage zones was assessed by com-

parison with a broken-stick model (Bennett

1996).

A principal component analysis (PCA) was

applied to describe main changes of fossil diatom

assemblages, because the floristic gradient length

of the fossil diatom assemblages explored by

detrended correspondence analysis (DCA) was

1.6 SD-units (Birks 1995). All ordinations were

performed with CANOCO (version 4.0; ter Braak

and Šmilauer 1998).

Since 1965, temperatures and wind velocity

have been recorded by a meteorological station in

Forêt Montmorency (47�20¢ N; 71�09¢ W; 670 m

asl), located within the study area, operated by

Université Laval. Air temperature measurements

are taken daily at 8 AM and 6 PM. In order to

compare the instrumental record to years

encompassed by each fossil sample, the average

mean monthly temperature for the years repre-

sented by each fossil sample were calculated.

Pearson correlation coefficients were calcu-

lated for the relationships between the sample

scores of PCA axes one and two for fossil

assemblages and the measured mean monthly

temperatures, wind velocity in June and the

number of days below 0�C in April. In addition,

the relative abundances of individual species were

compared with mean number of days below 0�C

in April, wind velocity in June and with monthly

temperatures by Pearson correlation coefficients.

Despite multiple testing, p-values of these corre-

lations were not Bonferroni-corrected so that

potential confounding variables could be recog-

nized.

Sediment trap study

Site descriptions

In this study, four lakes along an elevational

gradient spanning from 380 m to 920 m asl were

examined (Table 1). Lakes in geologically similar

catchment basins were selected to limit the dif-

ference between lakes mainly to climate factors.

All lakes are of glacial origin, each has an inflow

and an outflow, and the catchments are far from

human settlements and have not been altered by

agriculture or forestry. However, it was not pos-

sible to find lakes of equal conductivity and

maximum depth that were distributed equally

along an elevational gradient (Table 1). Along

the elevational gradient, the vegetation changes

from Betula papyrifera-dominated mixed forest at

lower elevations to Abies balsamea conifer-dom-

inated forest at higher elevation which, above

800 m asl, is replaced byPicea mariana. In the

region, permafrost occurs at an elevation of

960 m asl on Mont du Lac des Cygnes (47�40¢ N;

70�36¢ W), which reflects the strong continental

character of the regional climate (Payette 1984;

Allard and Fortier 1990). Due to the presence of

arctic air masses and the absence of Gulf Stream

influence, regional seasonality is extreme.

Collection of trap samples

The sediment trap used in this study was designed

and built by John Glew (PEARL, Queen’s Uni-

versity). It consists of three black thermoplastic

Table 1 Geographical
characteristics of the four
studied lakes in the
Laurentian Mountains,
Canada, for May–October
2002

Lake name: Joachim Moreau du Sommet Elysée

Latitude 47�00¢ N 47�55¢ N 47�43¢ N 47�44¢ N
Longitude 71�55¢ W 70�40¢ W 70�40¢ W 70�41¢ W
Date of ice break-up 7 May 22 May 28 May 25 May
Elevation (m) 380 620 830 920
Max. depth (m) 7 16 4 10
Lake surface area (km2) 0.15 0.27 0.02 0.05
Catchment area (km2) 3.52 8.13 0.41 0.85
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pipes of 52 mm diameter that are 440 mm long

(8.5:1 aspect ratio). The lower end of the trap has

a threaded collar onto which either an opaque

plastic or clear glass receptacle of 110 ml capacity

can be attached. Three traps are mounted to-

gether on a frame that provides nominal equal

centre-to-centre spacing of 520 mm. Submerged

vertical stability is provided by an integral central

float along with a mooring system similar to that

described by Larsson et al. (1986).

In May 2002, Glew sediment traps were in-

stalled under the ice of the study lakes, which was

up to 80 cm thick. They were placed in the

deepest part of each lake where the upper rim

was at ca. 1 m above the lake floor. Sediment

traps were sampled biweekly from May to the end

of October in 2002. At the beginning of the study

and on each sampling day, Lugol’s solution was

added to the empty glass jar in order to prevent

grazing of algae by zooplankton. Diatom analysis

was performed in the same way as the fossil

samples.

Collection of water samples and measurement of

physical properties

Each sampling day, water samples were taken at

1 m water depth with a Kemmerer sampler. Wa-

ter samples were filtered on the day of sampling.

For analysis of dissolved organic carbon (DOC),

soluble reactive phosphorus (SRP), nitrate

(NO3), nitrite (NO2), ammonium (NH4) and sili-

cate ions, lake water was filtered through cellu-

lose acetate filters with a pore size of 45 lm.

Samples for DOC analyses were kept in brown

glass bottles and those for silicate analyses in

polyethylene bottles. Total phosphorus (TP) and

total nitrogen (TN) were analysed from unfiltered

water. Water samples were stored at 4�C until

their chemical analysis by the National Labora-

tory for Environmental Testing, Environment

Canada, Burlington, Toronto. For detailed

descriptions of methods consult Environment

Canada (1994). For chlorophyll a (chl a) analysis,

300 ml of water was filtered, on the day of sam-

pling, in dimmed light conditions using What-

man� GF/F filters. These filters were stored in

aluminium foil at –15�C until chl a fluorescence

measurements according to standard procedures

(Nusch 1980). Chl a was corrected for phaeopig-

ments using the equations of Jeferey and Wel-

schmeyer (1997).

Following the collection of water samples,

transparency was measured using a Secchi disk

(diameter = 20 cm); temperature, pH, conduc-

tivity and oxygen profiles were measured in 1 m

intervals using a Quanta Hydrolab�. Water tem-

peratures of each study lake were recorded in

1.5 h intervals by two Hobo� dataloggers 10 cm

below the lake surface and 50 cm above the lake

bottom over the period May to October 2002. A

ratio between temperatures measured at the sur-

face of the water column and above the sediment

was used to estimate the degree of lake stratifi-

cation and the inverse was interpreted as lake

circulation.

In order to capture the environmental condi-

tions during the time of diatom growth, averages

of water chemistry at the beginning and at the end

of each bi-weekly exposure period were calcu-

lated and average surface water temperatures

were calculated, which corresponded to the time

of trap exposure. Between May and October

2002, daily means of surface water temperatures

of lac du Sommet (Hobo measurements,

depth = 10 cm) were compared with daily mean

air temperatures of the meteorological station by

linear regression.

Statistical analysis of modern data

The relation between standardized environmental

variables was explored by PCA. The floristic gra-

dient lengths of seasonal samples were determined

by detrended correspondence analysis (DCA), and

are discussed elsewhere (Hausmann and Pienitz, in

preparation). The seasonal successions of diatom

taxa in each lake were tested for auto-correlation

assessed by time series analysis implemented in the

program S-PLUS (version 4.5).

In order to compare the biological variance

between the four lakes during each season, sam-

ples were grouped according to their season of

deposition. Interactions between climate-related

environmental variables and water chemistry and

lake morphology were assessed by Pearson cor-

relation coefficients between environmental vari-

ables for each seasonal set.
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The floristic gradient lengths, as assessed by

DCA, of the seasonal sets for the four lakes were

large (between 2.6 and 2.9 SD-units), and there-

fore unimodal methods were used for statistical

analysis. The relationships between individual

environmental variables and diatom assemblages

of each seasonal set were tested for significance

by unrestricted Monte Carlo permutation tests

(999 permutations), using single-variable CCAs.

To select the minimal set of environmental vari-

ables which explain most of the biological vari-

ance, forward selection as implemented in

CANOCO was used.

Comparison of fossil and modern diatoms

The distinct seasonal and spatial distribution of

diatoms and the significant relations between cli-

mate-related variables and diatoms suggested that

the development of seasonal diatom inference

models for the date of ice break-up, summer

temperature, circulation of the water column, as

well as pH and autumn TN concentrations was

possible. The robustness of the weighted-averag-

ing partial least squares (WA-PLS) model was

evaluated by jack-knifing, using the program

CALIBRATE (version 0.82, Juggins and ter

Braak 1997) and by comparison with the maxi-

mum likelihood method using the program C2

(version 1.3). If the root mean square error of

prediction (RMSEP) and the maximum bias de-

creased and the r2 increased by more than 5%,

the inclusion of an additional component was

considered. In order to assess the effectiveness of

the models for lac du Sommet, diatom inferences

were compared with the instrumental record and

diatom flux.

Results

Lac du Sommet sediment core

210Pb dating

An accurate chronology and a high temporal

resolution of the fossil record are essential for

comparison with instrumental data. The high r2

(0.99) of the exponential function between 210Pb

activities and cumulative dry mass suggests an

undisturbed sediment record (Binford 1990;

Fig. 1) and justified the high sampling resolution

(2.5 mm). Each sample represented between two

to five years of deposition. The investigated

4.75 cm core section therefore represented

ca. 36 years of accumulated sediments.

Fossil diatom record

The fossil diatom record (1966–2001) of lac du

Sommet can be divided into two statistically sig-

nificant diatom assemblage zones (DAZ), from

1966 to 1981 (DAZ 1) and from 1981 to 2001

(DAZ 2; Fig. 2). Fragilaria virescens var. exigua

Ralfs was the dominant diatom during the past

30 years in lac du Sommet (Fig. 2). It occurred in

DAZ 1 with a relative abundance of 20% and

increased to 50% in DAZ 2. In DAZ 1, Aula-

coseira distans var. nivalis (Smith) Haworth in-

creased to 35% towards 1978, and occurred with

lower abundance in DAZ 2. Fragilaria brevistriata

Grunow occurred mainly in DAZ 2 between 1981

r2= 0.99
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Fig. 1 210Pb-chronology for lac du Sommet. (a) Relation
between unsupported 210Pb activities at the time of coring
and cumulative dry mass, and (b) resulting depth-age
model of lac du Sommet using the Binford (1990) constant
rate of supply model. Error bars indicate SD of the
Binford model
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and 1995. Cymbella hebridica Grunow, Aula-

coseira lacustris (Grunow) Krammer and Aula-

coseira lirata (Ehrenberg) Ross increased towards

the sediment surface (Fig. 2). Fossil diatom fluxes

showed three peaks: in 1981, from 1990 to 1995

and from 1999 to 2001 (Fig. 3).

Comparison of instrumental record with fossil

diatoms

PCA axis 1 of the fossil diatom assemblages

explained 43% of the biological variance and

PCA axis 2 explained an additional 21%. The
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PCA axis 1 sample scores of fossil assemblages

(Fig. 3) were significantly correlated with the

wind velocity in June (r = 0.62, n = 19,

p < 0.005), the number of days with tempera-

tures below 0�C in April (r = 0.47, n = 19,

p < 0.025), and mean May and August temper-

atures (r = 0.52, n = 19, p < 0.01; r = 0.48,

n = 19, p < 0.025). PCA axis 2 was not correlated

to the instrumental record. It is remarkable that

from 1966 to 2001 only May temperatures in-

creased significantly, on average by 3.1�C (Fig. 3).

During DAZ 1 (1966–1981) conditions showed a

warming trend and autumn conditions a cooling

trend. Past diatom fluxes were significantly en-

hanced during periods with higher wind velocity

in June (r = 0.77, n = 19, p < 0.0005), colder July

temperatures (r = –0.77, n = 19, p < 0.0005),

and warmer August and November temperatures

(r = 0.52, p < 0.0005; r = 0.43, p < 0.005, n = 19;

Table 2, Fig. 4).

Surface water temperatures of lac du Sommet

and air temperatures of the meteorological sta-

tion were highly correlated (r2 = 0.8). However,

differences can be seen in May and June, when air

temperature was on average 3.8�C warmer than

surface water temperature, whereas from July to

October, air temperature was on average 4.7�C

cooler than water temperature (Fig. 5b). These

differences between water and air temperature

are due to the fact that the heat capacity of water

is greater than that of air. Higher wind velocity

was significantly related to colder air tempera-

tures in June (r = 0.36, n = 36, p < 0.025).

During colder spring periods with a higher

number of days below 0�C in April, fossil relative

occurrences of Pinnularia microstauron Ehren-

berg, Cymbella hebridica and Fragilaria brevi-

striata were significantly enhanced (r = 0.48;

r = 0.45; r = 0.44; n = 19, p < 0.025, Table 2).

During periods of warmer May temperatures,

fossil relative occurrences of Fragilaria virescens

var. exigua and Cymbella silesiaca Bleisch were

significantly higher (r = 0.42, r = 0.48, n = 19,

p < 0.05, Table 2). The dominant fossil diatom

Fragilaria virescens var. exigua was correlated

best to strong winds in June (r = 0.56, n = 19,

p < 0.01). During periods when the measured

May temperatures were colder, the fossil relative

abundances of Cymbella gaeumannii Meister and T
a
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Nitzschia gracilis Hantzsch were significantly

higher (r = –0.59, r = –0.67, n = 19, p < 0.005,

Table 2). In 1982, when the highest July temper-

atures were recorded, abundances of Navicula

subtilissima Cleve were highest. During episodes

with colder July temperatures, abundances of

Achnanthes minutissima Kützing were signifi-

cantly higher (r = –0.60, n = 19, p < 0.005,

Table 2). During periods of colder temperatures

in October, fossil occurrences of Aulacoseira

perglabra (Oestrup) Haworth were significantly

higher (r = –0.44, n = 19, p < 0.05, Table 2).

Warmer August temperatures were significantly

correlated with fossil occurrences of F. virescens

var. exigua (r = 0.54, n = 18, p < 0.02, Table 2)

and Aulacoseira lacustris, which increased to-

wards the sediment surface (r = 0.50, n = 19,

p < 0.025, Table 2). During periods of warmer

October temperatures, occurrences of Navicula

cryptocephala Kützing were significantly higher

(r = 0.48, n = 19, p < 0.05, Table 2). During

periods of weaker wind velocity in June, colder

September, October and May temperatures

(r = –0.57; r = –0.41; r = –0.43; r = –0.42;

n = 19, p < 0.05, Table 2) fossil occurrences of

Aulacoseira distans var. nivalis were significantly

higher. During periods of warmer November

temperatures, past occurrences of Fragilaria

brevistriata (r = –0.43, n = 19, p < 0.05), Pinnu-

laria microstauron (r = –0.38, n = 19, p < 0.05),

Cymbella gaeumannii (r = –0.51, n = 19,

p < 0.025) and Nitzschia gracilis were signifi-

cantly lower (r = –0.63, n = 19, p < 0.005).

Sediment trap samples

Modern environmental data

All lakes were oligo- to mesotrophic and had

annual mean concentrations of DOC of about

4 mg L–1 (Table 3, Fig. 6b–g). The pH of all lakes

increased towards autumn by 1–3 units (Fig. 6e).

Conductivity and silicate concentration of lac

Moreau, the deepest lake, were highest (Table 3,

Figs. 6, 8). According to PCA (Fig. 8) the con-

ductivity and depth gradient did not seem to be

correlated to the elevation gradient. In our study,

the date of ice break-up is independent of lake

morphology (Table 4).

The ice-free period of the lowermost lake was

36 days longer than that of the highest elevation

lake (Fig. 7). The date of ice break-up was statis-

tically significantly correlated to elevation

(r = 0.93, n = 4, p < 0.05). In June 2002, there
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were still snow patches present at the shore of lac

Elysée. Temperature differences between the

lakes varied over the year and were about 7�C

(Fig. 6a). According to PCA, circulation of the

water column was stronger in the higher elevation

lakes (Fig. 8). In summer 2002, a better circulation

of the water column corresponded to an increased

Si:SRP ratio (r = 0.46, n = 16, p < 0.05; Table 4)

and a higher pH (r = 0.49, n = 16, p < 0.05; Ta-

ble 4). Elevation, TN and DOC were interrelated.

In autumn 2002, DOC showed an inverse rela-

tionship to elevation (r = –0.80, n = 14,

p < 0.0005), and samples with lower DOC con-

centrations in summer and autumn (r = –0.45,

n = 16, p < 0.05; r = –0.82, n = 14, p < 0.0005;

Table 4) and lower concentrations of TN in au-

tumn (r = –0.58, n = 14, p < 0.01; Table 4) cor-

responded with later ice break-up. TN autumn

concentrations were highly correlated to the

freeze-over date (r = 0.77, n = 14, p < 0.005).

NH4 concentrations were higher when tempera-

ture was lower (r = –0.57, n = 14, p < 0.01;

Table 4) and circulation of the water column

stronger (r = 0.44, n = 16, p < 0.05; Table 4).

Modern diatom assemblages

The seasonal successions of diatoms were dif-

ferent in each lake and the seasonal species

turnover was high in all study sites (Fig. 9), as

SD-units of floristic gradients were 1.4 for lac

Joachim, 2.1 for lac Moreau and lac Sommet and

2.4 for lac Elysée. Species succession was not

auto-correlated. Spring assemblages were differ-

ent from those in autumn, indicating a strong

seasonal species succession. Some diatom taxa

were deposited in the trap mainly during one

season (Fig. 9).

In lac Joachim, most diatoms were deposited

in spring and in autumn and chl a concentrations

were highest at the end of September (around

2.5 mg L–1, Fig. 7d). The spring diatom bloom

was dominated by a small form of Tabellaria

flocculosa (50%, Fig. 9q) and the autumn bloom

by Frustulia rhomboides Ehrenberg (40%,

Fig. 9s).

Diatoms of lac Moreau showed a spring

bloom in June and an autumn bloom in October

and chl a concentrations were highest in August

and September (around 3.5 mg L–1, Fig. 7c),

when plankton samples were rich in Dinobryon

(chrysophyte), Pediastrum (chlorophyte) and

Ceratium (dinophyte). Spring diatom assem-

blages consisted of Achnanthes minutissima

(27%, Fig. 9m), Fragilaria pinnata (12%,

Fig. 9k) and Meridion circulare (Greville)

Agardh (12%, Fig. 9j). Cyclotella bodanica aff.

lemanica (O. Müller) Bachmann dominated

assemblages in summer (40%, Fig. 9n). The

dominant diatoms of autumn in Lac Moreau

were Fragilaria virescens var. exigua (20%,

Fig. 9i) and Tabellaria fenestrata (Lyngbye)

Kützing (40%, Fig. 9p).

Diatom deposition in lac du Sommet was

highest in June and declined towards the end of

the ice-free period. Chl a concentrations were

highest in July (around 4 mg l–1, Fig. 7b) and
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originated from a bloom of Merismopedia (cy-

anobacteria). The dominant diatom of lac du

Sommet was Fragilaria virescens var. exigua

(23%, Fig. 9i). In summer, a small form of Ta-

bellaria flocculosa (10%, Fig. 9q) appeared, which

occurred also in spring in Lac Joachim. In August

and September, Nitzschia gracilis increased (6%,

Fig. 9e).

In lac Elysée, most diatoms were deposited in

June, July and in October and chl a concentra-

tions were highest in August (Fig. 7a). The spring

bloom consisted of Tabellaria flocculosa (28%)

and Cyclotella bodanica (43%, Fig. 9q, n). In

autumn, Aulacoseira distans var. nivalis was

dominant (30%, Fig. 9g).

Statistical relations between modern diatom

assemblages and environmental data

Comparing the spring (May and June, n = 14)

data from all study lakes depth, date of ice break-

up and elevation explained together 41% of the

biological variance. Fifty-nine percent of the

biological variance remained unexplained.

According to the forward selection option in

CANOCO, the inclusion of additional variables

did not significantly increase the explained bio-

logical variance. Depth was correlated to axis one

(r = 0.91), date of ice break-up was correlated to

axis two (r = 0.55), and elevation was best cor-

related to axis three (r = 0.87). As depth and date

of ice break-up were not correlated (Table 4),

they can be regarded as non-confounding. The

significance of depth in spring can be explained by

its high correlation with circulation of the water

column and many other environmental variables

(Table 4). According to Monte Carlo permuta-

tion tests, the biological variance had a significant

relation to several physical factors and to water

chemistry (Table 5). Depth explained most of the

variance in the spring and summer (Table 5). In

spring (May and June, n = 14), the date of ice

Table 3 Physical and chemical characteristics of the four studied lakes in the Laurentian Mountains, Canada, for May–
October 2002

Lake name: Joachim Moreau du Sommet Elysée

Mean SD Mean SD Mean SD Mean SD
min max min max min max min max

NH4
+ (lg L–1) 19.1 10.0 18.3 13.9 15.2 7.9 25.5 24.1

7.5 37.5 4.0 40.0 6.0 31.0 5.5 79.0
NO3

–(lg L–1) 16.7 17.7 22.0 20.3 28.0 10.0 21.4 17.1
5.0 66.0 3.00 59.0 14.0 42.5 3.0 43.0

NO2
– (lg L–1) 1.5 0.3 1.2 0.4 1.3 0.3 1.6 0.5

1.0 2.0 0.5 1.8 0.8 1.8 1.0 2.0
TN (lg L–1) 226 25 156 23 208 75 175 22

197 282 128 201 139 411 142 214
SRP (lg L–1) 1.6 1.2 1.0 0.5 1.3 1.2 1.8 2.0

0.1 3.3 0.3 2.0 0.2 3.5 0.1 6.9
TP (lg L–1) 5.1 1.3 5.1 1.7 9.7 5.4 6.6 2.4

3.5 7.9 3.5 9.0 6.3 24.0 4.3 10.4
SiO2 (mg L–1) 2.1 0.9 4.7 0.4 2.4 0.5 2.5 0.1

1.0 3.7 4.3 5.4 1.8 3.4 2.4 2.7
SO4

– (mg L–1) 13.4 16.9 3.9 1.9 3.9 1.2 3.6 2.0
3.0 46.8 1.9 7.3 2.4 5.8 1.6 7.8

Cl– (mg L–1) 0.6 0.2 3.0 2.1 0.7 0.5 0.7 0.9
0.2 0.9 0.3 6.8 0.3 1.7 0.3 3.4

DOC (mg L–1) 4.7 0.5 4.0 0.4 4.4 0.5 4.3 1.0
4.1 5.8 3.6 4.8 4.0 5.3 3.3 6.7

pH (units) 6.4 0.8 7.3 0.3 6.7 0.9 7.1 0.9
5.4 7.5 6.8 7.7 4.9 7.6 5.1 8.4

Transparency (m) 3.8 0.3 3.7 0.6 3.3 0.4 3.9 0.8
3.1 4.2 2.5 4.5 3.0 4.0 2.5 5.3

Conductivity (lS cm–1) 14.0 1.1 41.7 4.2 16.2 2.7 14.8 1.1
13.0 16.5 35.0 47.0 14.5 23.2 13.0 16.5
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break-up explained a significant proportion of the

variance in the diatoms (16%, n = 14, p < 0.002;

Table 5). Differences in diatom communities

were significantly explained also by NO3, pH,

SiO2, Si:TP ratio, Si:SRP ratio, conductivity and

lake morphology (Table 5).
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In summer (July and August, n = 16), tested

individually, a significant part of the diatom var-

iance was explained by TN, pH, silicate, Si:TP,

Si:SRP, DOC, conductivity, temperature, circu-

lation, elevation, and lake morphology (Table 5).

Depth and elevation explained together 29% of

the biological variance. The inclusion of addi-

tional variables did not significantly increase the

explained biological variance. Depth was corre-

lated to axis one (r = 0.94) and elevation was

correlated to axis two (r = –0.90). As they were

not correlated they can be regarded as non-con-

founding in our data. As in spring, depth was

highly correlated with many other environmental

variables but not with climate-related variables

(Table 4). Yet pH was correlated to depth and to

Table 4 Statistically significant correlations (r-values)
between climate related variables (date of ice break-up,
surface water temperature and circulation of the water

column) and depth to water chemistry and lake
morphology from May to October 2002 within the
seasonal sets

Spring (n = 14) Summer (n = 16) Autumn (n = 14)

Depth Break-up Temp. Circ. Depth Break-up Temp. Circ. Depth Break-up Temp. Circ.

NH4
+ 0.57 –0.65 –0.49 –0.57 0.44

NO3
– –0.47 –0.48 –0.43 0.68 –0.60 0.59

NO2
– 0.53 0.72 –0.43

TN –0.51 –0.50 –0.76 –0.58
pH 0.81 0.51 0.51 –0.69 0.49 –0.58
SO4

– –0.63 –0.53 0.83 –0.63 0.60 –0.65 –0.56
SiO2 0.77 –0.46 0.67 0.83 0.43 0.88
TP –0.63 0.57 –0.53 0.41
SRP –0.48 0.52 0.61 –0.48
Si:TP 0.80 0.61 0.74 0.86
Si:SRP 0.71 0.50 0.48 0.46 0.72
DOC –0.46 –0.45 –0.82
Transp. 0.83
Cl– 0.65 0.49 0.73
Conductivity 0.83 0.85 0.88
Depth 1.00 0.50 1.00 1.00
Surface 0.87 0.83 –0.45 0.81
Catchment 0.89 0.83 0.82
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the circulation of the water column, which to the

Si:SRP ratio (r = 0.46; r = 0.49, n = 16,

p < 0.025; Table 4). Elevation was highly corre-

lated to temperature (r = –0.83, n = 16,

p < 0.0005) and to the circulation of the water

column (r = 0.90, n = 16, p < 0.0005).

In autumn (September and October, n = 14),

TN, catchment size, lake depth, elevation and

chloride explained 62% of the biological vari-

ance. The inclusion of additional variables did

not significantly alter the explained biological

variance. TN and depth were correlated to axis

one (r = –0.94, r = 0.83, n = 14, p < 0.001),

and elevation, catchment size and Cl were cor-

related to axis two (r = –0.81, r = 0.79, r = 0.64,

n = 14, p < 0.01). Depth and TN were con-

founding variables. The high correlation with

many other environmental variables (Table 4)

explains the importance of depth. Tested indi-

vidually, lake morphology, TN, NH4, SiO2,

Si:TP ratio, DOC, conductivity, circulation, date

of freeze over, and date of ice break-up ex-

plained a significant portion of the variance in

the diatoms (Table 5).

Interpretation of fossil assemblages using sediment

trap samples

The date of ice break-up was reconstructed be-

cause it was significantly related to the distribu-

tion of diatoms sampled in spring (May and June,

n = 14) from lakes along the elevation gradient,

and because it was uncorrelated to other signifi-

cant variables (Tables 4 and 5). WA-PLS with

several components can use secondary gradients

to update species optima, with the restriction that

they are orthogonal and hence uncorrelated to

earlier PLS components (ter Braak et al. 1993).

The RMSEP for the WA-PLS diatom inference

model for day of ice break-up was 3.5 days with

one component and 2.9 days with two compo-

nents. Since the RMSEP and jack-knifed maxi-

mum bias improved with the inclusion of a second

component by 19% and the r2 between observed

and predicted values by 8% (Table 6), a WA-PLS

model with two components was used to recon-

struct past dates of ice break-up. Diatom-inferred

ice break-up dates were significantly later in

periods when the observed number of days below

0�C in April was higher (r = 0.52, n = 19,

p < 0.025; Fig. 10a).

In summer (July and August, n = 16), surface

water temperature, circulation of the water col-

umn and pH, all interrelated, explained a signifi-

cant portion of the variance in the diatoms data.

For the reconstruction of summer temperature,

circulation and pH, WA-PLS models with one

component were used because for temperature

the RMSEP was best, for circulation the maximal

bias was lowest, and for pH the r2 was highest

(Table 6). Temperature inferences were closely

correlated to inferences of circulation and pH
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(r = –0.90, n = 19, p < 0.0005; r = –0.84,

n = 19, p < 0.0005). Diatom inferences were

significantly related to the instrumental record

and past diatom flux. For example, summer tem-

perature and pH inferences were significantly

correlated with measured July temperatures

(r = 0.50, n = 19, p < 0.025; r = –0.53, n = 19,

p < 0.01; Fig. 10b). Inferred circulation of the

water column was best explained by observed

wind velocity in June (r = 0.64, n = 19,

p < 0.005), which was also related to inferred pH

(r = 0.44, n = 19, p < 0.025). Inferences of lake

circulation using WA-PLS and maximum likeli-

hood were highly correlated (r = 0.84, n = 19,

p < 0.0001). Past diatom production was higher

during periods of enhanced inferred circulation of

the water column (r = 0.77, n = 19, p < 0.0005),

colder inferred summer temperature (r = –0.44,

n = 19, p < 0.05), higher inferred pH (r = 0.48,

n = 19, p < 0.025), higher observed wind velocity

in June (r = 0.77, n = 19, p < 0.0005) and colder

observed July temperature (r = –0.77, n = 19,

p < 0.0005).

The distribution of modern diatoms in autumn

(September and October, n = 14) was best ex-

Table 5 P-values for the
relationships of individual
environmental variables
to the distribution of
diatoms, assessed by
Monte Carlo permutation
tests (999 permutations)
within the monthly sets
from May to October
2002.Percentage of
variance in the
distribution of diatoms
explained by individual
variables for significant
relations (marginal
effects)

Spring (n = 14) Summer (n = 16) Autumn (n = 14)

p-values % expl. p-values % expl. p-values % expl.

NH4
+ 0.133 0.553 0.045 8.4

NO3
– 0.006 14.2 0.110 0.108

NO2
– 0.060 0.608 0.413

TN 0.300 0.005 12.8 0.001 14.7
pH 0.002 15.7 0.003 13.9 0.064
SO4

– 0.330 0.180 0.240
SiO2 0.008 13.7 0.001 17.3 0.003 11.4
TP 0.059 0.119 0.200
SRP 0.187 0.463 0.235
Si:TP 0.020 12.4 0.004 12.8 0.013 10.4
Si:SRP 0.011 13.4 0.008 13.5 0.497
DOC 0.458 0.011 12.4 0.001 12.7
Transparency 0.075 0.019 12.4 0.085
Cl– 0.043 12.0 0.012 13.2 0.007 10.7
Conductivity 0.002 16.0 0.001 15.4 0.002 14.0
Depth 0.001 17.4 0.001 18.0 0.001 13.4
Surface 0.017 13.0 0.008 12.4 0.003 11.7
Catchment 0.002 13.4 0.003 12.8 0.003 12.0
Elevation 0.007 14.4 0.038 10.5 0.001 12.0
Temperature 0.294 0.045 8.6 0.517
Ice break-up 0.002 15.7 0.022 12.0 0.004 12.4
Ice-in 0.001 17.0 0.004 17.3 0.003 14.4
Circulation 0.467 0.044 10.9 0.042 8.0

Table 6 Jack-knifed error statistics for the diatom-
inference models for day of ice-out, summer temperature
and TN autumn concentrations. RMSEP, r2 between
measured and predicted values and maximum bias of
weighted-averaging partial least square models with one
and two components

RMSEP r2 max-bias

Date of ice break-up
one component 3.43 0.85 5.06
two component 2.82 0.91 4.28
Summer temperature
one component 1.53 0.35 3.60
two component 1.53 0.37 3.90
Summer stratification
one component 0.50 0.52 1.06
two component 0.54 0.64 1.11
Summer pH
one component 0.28 0.46 0.50
two component 0.30 0.39 0.49
Autumn TN
one component 13.36 0.80 26.30
two component 14.18 0.77 27.21

Fig. 9 Relative abundances of selected diatom taxa in the
four lakes located along an elevational gradient from May
to October in 2002 (E: lac Elysée, S: lac du Sommet, M: lac
Moreau, J: lac Joachim)

b
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plained by TN autumn concentrations (Table 5),

which was correlated to depth (Table 4). Diatom-

inferred TN autumn concentrations, using a one

component model, were not significantly related

to autumn temperatures, but to August temper-

atures (r = 0.53, n = 19, p < 0.01; Fig. 10c). TN

autumn inferences had an inverse relationship to

diatom flux (r = –0.49, n = 19, p < 0.025).
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Fig. 10 Comparison of diatom-inferred seasonal climate
aspects with the instrumental record (bold lines): (a)
diatom-inferred date of ice break-up in May compared
with number of days below 0�C in April; (b) diatom-
inferred summer temperature (solid line) and diatom-
inferred summer pH (dashed line) compared with

measured air temperatures in July, corrected by the
difference of 4.7�C between air and water temperature in
July, (compare Fig. 3); (c) diatom-inferred stratification of
the water column in summer compared with wind velocity
in June; and (d) diatom-inferred TN concentrations in
autumn compared with autumn temperatures
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Discussion

Comparison between the instrumental record

and fossil diatoms

PCA axis 1 was most strongly correlated with

wind velocity in June, and past diatom production

was highly correlated with July temperatures,

suggesting that spring and summer conditions

have a higher influence on the overall diatom

composition and production than annual or au-

tumn temperatures. Likewise, in a high-resolution

study of fossil diatoms considering historical sea-

sonal temperature patterns, Sorvari et al. (2002)

also found that diatom composition was influ-

enced by higher spring temperatures since AD

1800 in Finnish Lapland. The significant correla-

tions between faster wind velocity in June, colder

July temperature and diatom production are in

agreement with the notion that planktonic dia-

toms rely on water turbulence for their mainte-

nance in the water column, while other algae

groups are more competitive when the water

column is stratified. These results are consistent

with our sediment trap study, where spring dia-

tom growth occurred in the highest elevation lake

in July and in the lowest elevation lake already in

May (Fig. 7a, d). The timing of spring circulation

is crucial as the light intensity increases towards

the summer, thus enhancing primary production.

Importance of environmental variables for the

distribution of modern diatoms

Sediment traps are frequently used to sample lake

deposits, yet our study depends on the assumption

that diatom deposition in the sediment traps re-

flects their growth cycles. However, it must be

noted that there are uncertainties associated with

the use of sediment traps in shallow lakes. For

example, because we have not estimated the ef-

fect of resuspension, it cannot be excluded that

turbulence enhanced diatom depositions. A de-

tailed analysis of the proportion of dead cells in

relation to living cells could have yielded insights

into the importance of resuspended, non-living

diatoms which cannot be related to environmen-

tal variables. In lac du Sommet, the Secchi disk

was always visible at the bottom of the lake,

indicating that light conditions were sufficient for

growth of benthic species. Therefore, we must

assume that living diatoms could have been

resuspended. It is also possible that diatoms were

growing on the plastic cylinders, although no

biofilm was visible. In addition, in a 4-m deep lake

only ca. 75% of the water column was located

above the trap, thus the complete water column

was not sampled by the trap. Yet, in our study, the

marked seasonal diatom succession (Fig. 9), as

expressed by the long floristic gradients, suggests

that the deposited diatoms do reflect seasonal

succession. In addition, the investigation of the

diatom succession over two consecutive years

confirmed the reproducibility of major species

patterns in lac Elysée (Hausmann and Pienitz, in

preparation). A sediment trap study by Köster

and Pienitz (2006) in a similar shallow lake (3.6 m

max. depth) in Connecticut, USA, showed that

the sediment trap accurately reflected the sea-

sonal succession of plankton samples.

In the best case (thought unrealtistic) scenario,

lakes with identical morphometry would have

been compared. Lake depth, conductivity, and

date of ice break-up explained biological differ-

ences in all seasons (Table 5). It is noteworthy

that lake depth and conductivity were not corre-

lated to the date of ice break-up, temperature or

lake circulation in summer, but lake depth and

TN autumn concentrations were correlated

(Table 4). Lake depth can influence not only the

diatom flux deposited but also the composition of

assemblages by horizontal transportation of dia-

toms from the littoral zone. To accurately calcu-

late the thermal stability of a lake, its depth has to

be considered (Wetzel 2001). The ratio of top to

bottom temperature is just a rough estimation of

water column stratification. The sampling of lakes

with different depth and conductivity could not

be avoided, because our main goal was to com-

pare climate responses of lakes equally distrib-

uted along an elevation gradient.

In the highest elevation lake, ice break-up oc-

curred three weeks later than in the lowest lake

(Fig. 7). The duration of ice-cover was very

important in explaining the biological differences

between the lakes. As soon as a lake is free of ice,

the water column can circulate, nutrients can be

distributed, and phytoplankton can flourish
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(Wetzel 2001; Lotter and Bigler 2000). It seems

that duration of ice-cover is not only a strong

seasonal signal but also exerts a strong control on

the overall dynamics of lakes and their biota, as

DOC and TN concentrations in autumn were

correlated to date of ice break-up.

All our study lakes were open systems and

were influenced by spring snowmelt runoff.

Meridion circulare and Fragilaria virescens var.

exigua are associated with fresh flowing waters

(Patrick and Reimer 1966; Krammer and Lange-

Bertalot 1991a), and were probably transported

by inflowing streams, which were stronger in

spring. Our results are in agreement with previ-

ous studies suggesting that diatom growth is

strongly influenced by physical factors of the

water column. For example Köster and Pienitz

(2006) studied the seasonality of diatoms with a

monthly resolution in Bates Pond (Connecticut,

USA), indicating that temperature and lake

circulation explained most of variance within the

diatoms. Agbeti et al. (1997) and Elliott et al.

(2001) observed a direct impact of vertical

mixing on phytoplankton composition, which can

be wind-induced at homothermic conditions.

Siver and Hamer (1992) studied the seasonality

of chrysophytes in Bigelow Pond, a small lake in

Connecticut (USA), where water temperature

and pH had strong effects on seasonal changes in

chrysophytes.

Summer diatom assemblages were significantly

related to differences in DOC concentrations,

which were lower when ice break-up occurred

later. This might be explained by the timing of

spring snowmelt runoff, and the onset of terres-

trial and aquatic vegetation growth. Possible

sources of DOC in oligotrophic lakes are phyto-

plankton productivity and allochthonous inputs

from the drainage basin (Wetzel 2001). Diatom

species respond differently to DOC concentration

changes (Pienitz and Smol 1993; Pienitz and

Vincent 2000), because DOC controls important

optical properties in the water column of lakes

(Leavitt et al. 2003).

Diatom production is favoured by lake circu-

lation. This relation is reflected in our data by the

strong relation between diatom flux and increased

observed wind velocity and colder summer tem-

perature (Fig. 4). Diatom production and assimi-

lation of CO2 leads to enrichment of carbonate

and increase of pH, which might explain why pH

and lake circulation were correlated in summer

(Table 4). The Si:SRP ratio was also correlated

with the circulation of the water column. All

three variables were important in explaining dif-

ferences between the samples from the summer

(Table 5). According to Kilham et al. (1986),

Fragilaria prefers a high Si:SRP ratio, in contrast

to Cyclotella. This relation might be reflected in

our study where fossil abundance of Fragilaria

virescens was highly correlated with measured

wind velocity in June, which might have caused

an enhanced circulation of the water column in

the shallow lac du Sommet. In summer, the ni-

trate concentrations were significantly higher in

the two higher elevation lakes (Fig. 6c), which

might be explained by circulation of the water

column or sparse vegetation at high elevation. In

the study of Köster and Pienitz (2006), low sea-

sonal nitrate concentrations were correlated to

lower temperature and weaker circulation. Cata-

lan et al. (2002) described high nitrate levels as a

typical feature of mountain lakes, as sparsely

developed soils and vegetation in the catchment

area take up less atmospheric nitrogen.

Many of the taxa with increased fossil abun-

dance during colder periods occurred in the traps

of higher elevation lakes: in our study, Aula-

coseira perglabra was found in autumn in the

highest elevation lake and fossil abundances in lac

du Sommet were higher when past October

temperatures were colder. Correspondingly, A.

perglabra is predominantly found in alpine lakes

(Krammer and Lange-Bertalot 1986). The domi-

nant fossil diatom Fragilaria virescens var. exigua

is a typical diatom for Nordic lakes (Grönlund

and Kauppila 2002). Highest abundances were

found in spring and summer in the second highest

elevation lake, thus fossil abundances could be as

cold spring periods. In our study, past abundances

were correlated to observed wind velocity in

June, but also to measured May temperatures. C.

hebridica was correlated to the number of days

below 0�C in April. It occurred in spring in lac du

Sommet but also in autumn in lac Joachim. Fossil

abundance of C. hebridica in lake Stuoramohkki,

Finnish Lapland, decreased during the spring

warming trend since AD 1800 (Sorvari et al.
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2002). Fossil occurrences of Cymbella gaeuman-

nii and Aulacoseira distans var. nivalis were

significantly higher during periods of cooler May

temperature, and both taxa are usually found in

northern and alpine lakes (Krammer and Lange-

Bertalot 1986, 1991a). Cymbella silesiaca, which

according to our study is an indicator for war-

mer spring conditions, was a typical diatom of

boreal lakes in a modern training set from

northwestern subarctic Canada (Pienitz et al.

1995), whereas Achnanthes minutissima, which

fossil record in lac du Sommet was significantly

correlated with cooler July temperatures, was

found by Pienitz et al. (1995) to dominate arctic-

alpine lakes.

In lac du Sommet, when the water column

became more stratified, diatom growth declined

yet chl a increased (Fig. 7c). Analysis of live

plankton revealed that the chl a maximum rep-

resented mainly cyanobacteria. Several studies

have shown that green algae and cyanobacteria

succeed diatoms (e.g., Klee and Schmidt 1987).

Often cyanobacteria are associated with highly

eutrophic lakes, yet Vinebrooke and Leavitt

(1999) found them to be abundant in alpine

lakes. Most cyanobacteria can withstand high

UVR levels by production of photoprotective

pigments (Roy 2000) and a good repair capacity

(Quesada and Vincent 1997). It has been shown

by several studies that an enhanced thermal

stability favors the growth of cyanobacteria

(Zohary and Robarts 1989; Bormans et al. 1997;

Nakano et al. 2001). In a four-year study of

diatom successions in four lakes by Zhang and

Prepas (1996), inter-annual statistical analysis

revealed that diatom biomass was higher when

the temperature was below 15�C, whereas

cyanobacteria biomass was higher when the

temperature exceeded 15�C. In order to study

the relation between diatoms and other algae, an

analysis of fossil pigments would be of interest

(Vinebrooke et al. 1998).

Seasonal diatom inferences

Inferences of seasonal climate aspects are based

on samples with bi-weekly resolution, derived

from four lakes, which were grouped into sea-

sonal sets. It might be problematic to mix spatial

and time distributions in one statistical analysis.

The comparison of assemblages of lakes from a

temperature gradient is more common, but

interpretations of downcore assemblages using

seasonal succession have also been performed

(e.g., Köster and Pienitz 2006). One advantage of

the classical modern surface approach is that the

modern samples experienced the same tapho-

nomic processes as the fossil samples. Yet in our

study modern samples cover different time

intervals than the fossil samples. Diatoms that

mainly grow during one specific season are more

useful for this approach than species that bloom

in spring and autumn. Therefore, it might be

advantageous to restrict the number of taxa as

described in Racca et al. (2003), because some

taxa have higher indicator values than others.

Instead of using seasonal sets, it might be fruitful

to test other statistical techniques that take into

account the temporal and spatial structure of the

modern data, for example by comparing the sea-

sonal diatom succession in lakes with a three-

mode PCA (e.g., Anneville et al. 2004). In addi-

tion, the sample number in the present study is

rather low and statistical results should be taken

with caution.

The seasonal inferences were significantly

correlated to the instrumental record (Fig. 10),

suggesting that seasonal climate aspects can be

reconstructed from fossil diatom assemblages of

lac du Sommet. In the modern data summer

temperatures, circulation of the water column

and pH were interrelated. The resulting corre-

sponding inferences were also significantly cor-

related to each other. Diatoms are known to be

very good pH indicators (Battarbee and Renberg

1990). In a short-term study pH changes might

have been the result of algae growth caused by

favourite physical conditions. However, during a

longer time scale pH changes can also reflect soil

development, changes in catchment vegetation

or atmospheric pollution. Seasonal diatom

inferences from the other three study lakes

should produce the same results, which remains

to be tested.

Models for ice out and seasonal temperatures

based on surface lake sediment samples demon-

strated that spring and summer models performed

better than the model for autumn temperature
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(Thompson et al. 2005). In our study, inferred TN

autumn concentrations showed an inverse rela-

tionship to measured August temperatures, indi-

cating that summer conditions were more

important than autumn conditions. Low TN

concentrations are usually associated to low algal

productivity. It remains unclear which algal

bloom resulted in low diatom-inferred TN con-

centrations, since diatom flux was positively cor-

related to measured August air temperature

(Fig. 4). Alternatively low TN concentrations can

be caused by denifitrication or lower solubility of

N2 at warmer temperatures (Wetzel 2001).

It is noteworthy that the reconstructed summer

temperature, inferred circulation of the water

column and the TN autumn concentration, based

on relative abundance of fossil and modern

diatoms, are highly correlated to past diatom flux.

This result is a strong indication that the

reconstruction of seasonal climate aspects using

high resolution modern diatom data is feasible.

Conclusions and outlook

We conclude that the study of seasonal patterns

of sedimentation from lakes along a climate gra-

dient can notably increase our understanding of

the sediment record in relation to climate forcing.

We found that the diatom-inferred past ice break-

up dates, diatom-inferrred circulation of the wa-

ter column, pH and summer temperature of lac

du Sommet were significantly correlated to the

instrumental climate record. Seasonal climate

change is of importance as increased spring solar

insolation may promote earlier ice break-up,

whereas decreased summer solar insolation may

enhance lake circulation as suggested by Brad-

bury and Forester (2003). Therefore, it would be

interesting to reconstruct seasonal climate lake

response to varying degrees of summer insolation

(Berger and Loutre 1991) during the Holocene.

However, during the Holocene, vegetation chan-

ges and soil development might have been more

important than direct climatic impact. Hence, an

application of the seasonal climate models on

fossil diatom assemblages of lac du Sommet

from the Holocene should be combined with a

multi-proxy study.
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