


European Large Lakes –

Ecosystem changes and their ecological and socioeconomic

impacts



Developments in Hydrobiology 199

Series editor

K. Martens



European Large Lakes
Ecosystem changes and their ecological and

socioeconomic impacts

Edited by
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ELLS 2007

Preface

� Springer Science+Business Media B.V. 2008

Large lakes are important because of their size and

ecological distinctiveness, as well as their economic and

cultural value. Optimal management of them requires a

proper understanding of anthropogenic impacts, both on

the lake ecosystems, as such and on the services they

provide for society. The specific structural and func-

tional properties of large lakes, e.g. morphology,

hydrography, biogeochemical cycles, and food-web

structure, are all directly related to their size. These

vulnerable ecosystems often suffer from accelerated

eutrophication, over-fishing, toxic contamination, and

invasive species. Large lakes offer socio-economic

benefits and could be used in many ways, and are often

areas in which economic, cultural and political interests

overlap.Thesemultiple uses create potential risks for the

health and functioning of the ecosystem. Dissemination

of informationabout the risks causedbyhumanactivities

is the first step toward encouraging and enabling the

community to participate in decision-making about the

use and protection of large lakes. Several large lakes in

Europe (Lakes Geneva, Constance, Peipsi and Maggi-

ore, for instance) or their catchment areas (those ofLakes

Ladoga, Vanern and Saimaa) are shared between two or

more countries,whichmakes international cooperation a

prerequisite for their sustainable management.

The European Large Lakes Symposium (ELLS)

2006, which took place in Tartu, Estonia, 11–15

September, 2006, focused especially on the ecosystems

of European large lakes and their ecological and socio-

economic impacts. The ELLS grew out of the Interna-

tional Lake Ladoga Symposia organized in 1993, 1996,

1999, and 2002, which improved our understanding of

the structure and functioning not only of Lake Ladoga,

but also of other large northern lake ecosystems. The

group of problems regarding the present status of large

lakes and the directions of change are much the same in

all these cases: threats caused by direct human impact

and by climate change, protection needs and restoration

measures. It has therefore become evident that

international exchange of opinions and scientific infor-

mation from large lake research in Europe is necessary.

The ELLS provided a platform for (i) discussing new

scientific findings regarding the functioning of large

lake ecosystems under the influence of anthropogenic

and climatic stressors, (ii) enhancing the communica-

tion and exchange of ideas among scientists, water

managers and politicians, and (iii) fostering interna-

tional cooperation in all aspects of investigation and

management of both national and transnational Euro-

pean water bodies.

The ELLS was organized by the International

Organizing Committee including the following mem-

bers: Dr. Tiina Noges (Chair; Estonia), Dr. Markku

Viljanen (Vice chair; Finland), M.A. Tuula Toivanen

(Secretary; Finland), M.Sc. Ain Jarvalt (Estonia),aa

Guest Editors: T. Noges, R. Eckmann, K. Kangur, P. Noges,

A. Reinart, G. Roll, H. Simola and M. Viljanen
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M.A. Kati Kangur (Estonia), Dr. Kulli Kangur

(Estonia), Dr. Veljo Kisand (Estonia), Dr. Anu Reinart

(Estonia), Dr. Gulnara Roll (Estonia), M.Sc. Lea

Tuvikene (Estonia), Dr. Peeter Noges (European Com-

mission), Prof. Reiner Eckmann (Germany), Prof.

Valentina G. Drabkova (Russia), Prof. Vladislav A.

Rumyantsev (Russia) and Dr. Niklas Strombeck

(Sweden). The practical arrangements were made by

the Centre for Limnology, Estonian University of Life

Sciences; University of Joensuu, Finland; and The

Peipsi Centre for Transboundary Cooperation, Estonia.

The International Advisory Committee comprised

Prof. Dr. Martin Dokulil (Austria), Dr. Glen George

(UK), Prof. Erik Jeppesen and Prof. Dr. Sven Erik

Jørgensen (Denmark), Prof. Roger Jones and Prof.

Jouko Sarvala (Finland), Prof. Ulrich Lemmin and

Prof. Dr. Alfred Johny Wuest (Switzerland), Dr.

Mohiuddin Munawar (Canada), Prof. Judit Padisák,

(Hungary), Dr. Anne Lyche Solheim (Norway), Prof.

Dr. Ulrich Sommer (Germany), Dr. Oleg A. Timosh-

kin (Russia) and Dr. Gesa Weyhenmeyer (Sweden).

ELLS had 170 participants from 20 countries:

Austria (3), Belarus (1), Canada (1), China (2), Czech

Republic (3), Estonia (56), Finland (33), France (2),

Germany (11), Hungary (6), Italy (2), Latvia (3),

Lithuania (3), Poland (1), Russian Federation (28),

Sweden (4), Switzerland (2), The Netherlands (6),

United Kingdom (2), USA (1).

The themes at ELLS were as follows:

1. Climate change and anthropogenic impacts on

large lake ecosystems (keynote speaker Dr. Glen

D. George).

2. Food web interactions and dynamics (keynote

speaker Dr. Alois Herzig).

3. Modeling tools in large lakes research (keynote

speaker Dr. Thorsten Blenckner).

4. The Water Framework Directive and large lakes

(keynote speaker Dr. Anne Lyche Solheim).

5. Socio-economic aspects of water resource

and catchment management (keynote speaker

Dr. Ragnar Lofstedt).

6. Policy support systems for the sustainable man-

agement of large lakes affected by global

changes (keynote speaker Dr. Ramesh Gulati).

The Guest Editors of this Special Issue sincerely

thank all organizers and presenters of ELLS, all

contributors to the Special Issue and all anonymous

reviewers for their invaluable help in improving the

scientific quality of the manuscripts. Our special

gratitude goes to our secretary Tuula Toivanen for

her immense technical assistance and her always

patient and friendly attitude, to the staff of Theoret-

ical and Cell Biology Consultancy led by Paul S.

Agutter for their highly professional language edit-

ing, and to Judit Padisák, Gesa Weyhenmeyer, Jouko

Sarvala and Thorsten Blenckner for their help and

support during the critical stages of the editing

process.

The ELLS organizers and the Guest Editors are

greatly indepted to the Estonian Environmental

Investment Centre for providing financial support

for ELLS organizing and editing of this Special Issue.
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Nutrients and phytoplankton in Lake Peipsi during two
periods that differed in water level and temperature

Marina Haldna ÆÆ Anu Milius ÆÆ Reet Laugaste ÆÆ
Külli Kangur

� Springer Science+Business Media B.V. 2007

Abstract Data for the vegetation periods (May–

November) of 1985–2003 were used to collate the

nutrient content and biomass of the most important

phytoplankton groups in Lake Peipsi (Estonia). Two

periods differing in external nutrient load and water

level were compared by analysis of variance. The

years 1985–1988 were characterized by the highest

loads of nitrogen and phosphorus, high water level

and cool summers. The years 2000–2003 were

distinguished by low or medium water levels and

warm summers. The first period showed statistically

significantly higher values of total nitrogen (Ntot) and

a higher Ntot:Ptot mass ratio. The second period

showed a higher content of total phosphorus (Ptot), a

higher ratio of dissolved inorganic compounds N to P

and higher phytoplankton and cyanobacterial bio-

masses. Comparison between parts of the lake

demonstrated that the differences between the two

periods were more evident in the shallower and

strongly eutrophic parts, Lake Pihkva and Lake

Lammijarv, than in the largest and deepest part, the

moderately eutrophic Lake Peipsi s.s. Temperature

and water level acted synergistically and evidently

influenced phytoplankton via nutrients, promoting

internal loading when the water level was low and the

temperature high. The effect of water level was

stronger in the shallowest part, Lake Pihkva. The

difference in Ptot content between the southern and

northern parts was twofold; the Ntot:Ptot mass ratio

was significantly lower in the southern parts, and

phytoplankton biomass (particularly the biomass of

cyanobacteria) was significantly higher for Lake

Pihkva and Lake Lammijarv than for Lake Peipsi s.s.

Keywords Large and shallow lake �
Water level � Nutrients � Phytoplankton �
Cyanobacteria

Introduction

The water temperature and water level in a lake affect

water chemistry (nutrients) and biota (plankton, fish)

both directly and indirectly. High temperature pro-

motes resuspension of phosphorus from sediments
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Reinart, G. Roll, H. Simola & M. Viljanen
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(Pettersson et al., 2003), decrease in the N:P ratio and

cyanobacterial blooms. Weather-driven changes can

exceed or prevent eutrophication process in the lake

(Padisak & Koncsos, 2002). Nagid et al. (2001) and

Noges et al. (2003) stressed the increase in internal

loading during periods of low water level. In the

large, shallow, moderately eutrophic Rybinsk Reser-

voir, water content is the most significant factor in the

control of phytoplankton, and the highest values of

chlorophyll a (Chl a) occur in periods of extremely

low water level (Mineeva & Litvinov, 1998). The

effect of warm weather on shallow lakes is particu-

larly strong when it coincides with low water level. It

is evident that the effect of water level is greater in

shallow lakes: the reloading of phosphorus from the

sediment when the water is shallow is more intensive

because of wind action, as observed in stormy days in

Lake Pihkva in August 2003 (personal data). In

Reynolds and Petersen (2000), the direct relationship

between nutrients and phytoplankton, primarily cya-

nobacteria, is weak and nutrients are not an issue

when the physical requirements of algae (water

temperature, insolation, water immobility) are satis-

fied. Nevertheless, the connection between water-

blooming cyanobacteria and phosphorus is well

documented.

Long-term investigations of Lake Peipsi (since

1962) have shown that high phytoplankton biomass

converges with periods of low water level (Laugaste

et al., 2001). During years with maximal nutrient

loading, as in the 1980s, the lake was relatively poor

in phytoplankton when there were high water levels.

There was a more than sevenfold decrease in the

application of mineral fertilizers in Estonia between

the middle of the 1980s and the end of the 1990s

(Leisk & Loigu, 2001). The external load entering

Lake Peipsi from Estonian rivers decreased 2.4 times

for N (from 14.62 to 6.19 t yr-1) but remained at

almost the same level for P (from 199 to 196 t yr-1);

total point source loads were reduced by 42% for

nitrogen and 21% for phosphorus (Mourad et al.,

2006). The concentrations of nitrogen and phospho-

rus mineral compounds in the River Velikaya on the

Russian side decreased from 0.8 mg l-1 (averaged

over 1983–1991) to 0.37 (averaged over 1997–2001)

for nitrogen and from 0.032 to 0.020 for phosphorus

(Noges et al., 2004). Long-term datasets of nutrients

and phytoplankton populations in Lake Peipsi are a

valuable resource for studying the responses of

phytoplankton to changes in water level and water

temperature and, in particular, the impact of climate-

driven changes via nutrients on phytoplankton bio-

mass and component groups. The aim of this work

was to follow the effects of water level and temper-

ature on nutrients and on phytoplankton and its major

groups (diatoms, cyanobacteria and cryptophytes)

during two periods that differed in water level and

temperature.

Study site

Lake Peipsi s.l. (3,558 km2, mean depth 7.1 m),

located on the border of Estonia and Russia, is the

largest transboundary lake in Europe. It consists of

three parts that differ in trophic state: the moderately

eutrophic clear-water Lake Peipsi s.s. (2,611 km2,

mean depth 8.4 m, maximum depth 12.9 m), the

highly eutrophic Lake Pihkva (708 km2, mean depth

3.8 m, maximum depth 5.3 m), and the narrow Lake

Lammijarv (236 km2, mean depth 2.5 m, maximum

depth 15.3 m) connecting the former two. Lake

Pihkva is situated on the Russian border, and material

from this lake was only sporadically available. Lake

Peipsi is well mixed by the wind; no stratification of

temperature, O2 or hydrochemical parameters occur

during the ice-free period. Water level is not

regulated; the reference water level is 30 m a.s.l.

(200 cm according to the Mustvee hydrometric

station). Diatoms dominate in spring and autumn,

and also in summer in some years. Besides the large

filamentous forms of Aulacoseira islandica (O.

Muller) Sim., A. granulata (Ehr.) Sim. and Stephan-

odiscus binderanus (Kutz.) Krieger, unicellular

centric species (genera Cyclotella, Puncticulata,

Stephanodiscus, Cyclostephanos) and, to a lesser

extent, pennates such as Asterionella formosa Hass.,

are also abundant. Cyanobacteria yield maximum

biomass in summer and autumn. A summer cyano-

bacterial bloom occurs every year, even if the

weather is cool. The most conspicuous forms are

Gloeotrichia echinulata (J. S. Smith) P. Richter in

summer in Lake Peipsi s.s. and Aphanizomenon flos-

aquae (L.) Ralfs in autumn in the southern parts. The

genera Microcystis and Anabaena are also important,

particularly since 2002.

4 Hydrobiologia (2008) 599:3–11
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Materials and methods

Water samples for nutrient analysis were collected

from April–May to October–November 1985–2005.

Since 1992, all stations have been located in the

Estonian area of the lake, except for nine on the

Russian side, sampled in May 1992, October 2001

and 2002 and August 2003–2005. Depending on the

year, the number of sampling sites varied from 5 to

32. The chemical composition of the water (total

phosphorus, Ptot; orthophosphate ion, PO4-P; total

nitrogen, Ntot; ammonium ion, NH4-N; nitrate ion,

NO3-N; nitrite ion, NO2-N (the last three joined as

DIN); and silicon, Si) was analysed at the Institute of

Zoology and Botany during 1985–1992, and at Tartu

Environmental Researchers Ltd, Estonia, during

1992–2005. The two laboratories mostly employed

identical methods.

Summer (July or August) phytoplankton material

covers the period 1985–1991. Monthly samples were

collected from May (April) to November in 1997–

2005. The methods for collecting samples and

treating hydrochemical analyses are described in

detail in Mols et al. (1996). Phytoplankton samples

were collected and treated by the same person during

the two periods; the methods are described in

Laugaste et al. (2001). In the present study, the

following summer phytoplankton parameters were

analysed: Chl a, total biomass (FBM) and the

biomasses of cyanobacteria (CY), diatoms (BAC),

cryptophytes (CRYP), chlorophytes (CHL), dino-

phytes (DINO) and chrysophytes (CHR).

Water temperature and water level data were

obtained from periodical issues of the

Hydrometeorological Service and from the Institute

of Meteorology and Hydrology of the Estonian

Ministry of Environment. To examine the influence

of water level and water temperature on nutrients,

total phytoplankton and phytoplankton groups, we

distinguished two time periods: 1985–1987 as the

high water level period and 2001–2003 as the low

water level period. The latter period was warmer,

especially the summers. Table 1 illustrates the sea-

sonal variation of water temperature and water level

in Lake Peipsi for the two study periods. Figure 1

presents the monthly average water levels for the

study periods.

Statistical methods

All chemical, physical and plankton variables were

log-transformed to improve their statistical proper-

ties. We used general linear modelling techniques

provided by SAS, Release 8.1 (SAS Institute Inc.,

1999), especially the MIXED and GLM procedures.

In calculating geometrical means, 95% tolerance

limits and differences between the periods or between

the parts of Lake Peipsi, we used ANOVA, the

factors being period, lake part and the effect of their

interaction. To analyse seasonality, we used a large

regression model developed by Mols et al. (2004)

and Mols (2005). This mathematical model was

developed especially for Lake Peipsi. It has 70

parameters including square root of depth (m);

latitude; longitude; a six-component beta-presenta-

tion for yearly (long-period) dependence

transformations of the year number a1–a6, where

Table 1 Mean, minimum

(min) and maximum (max)

water level and water

temperature at Mustvee

hydrometric station in Lake

Peipsi s.s. during two

periods, 1985–1987 and

2001–2003

Reference water level is

30 m a.s.l. (200 cm

according to the Mustvee

hydrometric station)

1985–1987 2001–2003

Mean Min Max Mean Min Max

Water level (cm)

May 246 208 277 208 138 241

July–August 230 195 289 184 151 221

October–November 232 189 297 152 113 181

All months 220 146 297 173 111 247

Water temperature (�C)
May 9.0 0.2 19.8 12.2 2.3 16.2

July–August 18.2 12.7 23.1 21.5 14.0 27.4

October–November 4.6 0.1 12.1 4.0 0.1 10.9

All months 11.3 0.1 23.1 13.5 0.1 27.4

Hydrobiologia (2008) 599:3–11 5
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ai = N((year-1920)/10;NN li, 1.4) i = 1,...6) ( density

function of the normal distribution), li = {3, 4.5, 6,

7, 8, 8.4}; a three-component beta-presentation for

seasonal dependence, the ß-functions: t35 = t3(1–t)5,

t44tt = t4t (1–t)4, t53 = t5(1-t)3, where t = number of

days in year/365; and a set-of-interactions term.

Water variables were predicted for every 20 days in a

year for each period. These predictions were used to

construct graphs of seasonal changes with the corre-

sponding confidence limits.

Results

Nutrients

Comparison of nutrient concentrations in the two

periods revealed that the mean content of Ptot was

significantly higher during the low water level period

(2001–2003), and the increase was markedly higher

in the shallower lakes Lammijarv and Pihkva

(Table 2). Unlike Ptot, the concentration of Ntot was

lower in the low water level period, but the differ-

ences in Ntot in the shallower parts of the lake were

not statistically significant. The mass ratio Ntot:Ptot
was higher (21) for the high water level period than

for the low water level period (14). The concentra-

tions of the mineral forms of P and N showed an

inverse trend. Although the mean value of PO4-P for

the whole lake was slightly higher in the high water

level period, this difference was not statistically

significant. The mean concentration of DIN was

significantly higher in the low water level period,

mainly because of the higher content of NO3-N; for

this reason, the mass ratio DIN:PO4-P was higher as

well.

The seasonal trends of P compounds in Lake

Peipsi s.s. and Lake Lammijarv in the two periods

were similar: the nutrient content was minimum from

early spring to June, and thereafter started to increase

towards autumn (Fig. 2). The increase in Ptot and

PO4-P started earlier when the water level was low

and the summer warmer, and higher values of

phosphates occurred during late summer and autumn.

Seasonal variations in Ntot concentration were more

pronounced in the high water level period and were

synchronous in Lake Peipsi s.s. and Lake Lammijarv

(Fig. 2). The maximum Ntot content was established

in early spring, while its minimum content was

recorded in late June and July. In contrast to Ntot, no

trend was apparent in the seasonality of DIN during

the high water level period (Fig. 2), whereas the DIN

content during the low water level period was very

high in early spring before the onset of the spring

phytoplankton bloom.

Phytoplankton

Significant differences between the two periods were

noted in total summer biomass and Chl a as well as in

some phytoplankton groups. The biomass and Chl a

in the low water level period exceeded the corre-

sponding values in the high water level period two to

threefold (Table 2, Fig. 2). The most significant

(three to sevenfold) increase occurred in CY biomass.

The biomass of BAC increased up to twofold;

however, the upper limit of BAC biomass was

threefold lower during the low water level period.

Among the minor groups, the growth of DINO (3–4

times) was quite marked. A significant decrease (3–4

times) was observed in CRYP biomass; the decrease

in CHL in some parts of the lake was less significant.

The parts of the lake that differed in trophic state also

differed in the changes in phytoplankton groups. The

increases in total biomass, Chl a, CY and DINO in

the low water level period were most pronounced in

the southern parts. Water transparency diminished

about 1.5 times in Lake Lammijarv and Lake Pihkva

in the second period. A growth in diatom biomass

was obvious in the northern part, Peipsi s.s., while

there was even some decrease in the southern parts.

The biomass of cryptophytes diminished most in

Lake Pihkva, about eight times (in Lake Peipsi s.s.

and Lake Lammijarv about three times).

Fig. 1 Mean water level in Lake Peipsi s.s f. during periods of

high (1985 1987) and low (2001 2003) water levelshigh (1985–1987) and low (2001–2003) water levels
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Chlorophytes maintained their quantity in Lake

Peipsi s.s. but declined 2.5–3 times in the southern

parts of the lake.

Some phytoplankton groups revealed significant

Pearson correlations (logarithmic values,

P\ 0.0001) with nutrients and water temperature:

CY with total P (r = 0.52), DIN:PO4-P (r = -0.35),

Ntot:Ptot (r = -0.33), NO3-N (r = -0.31) and water

temperature at the time of sampling (r = 0.47); BAC

with Ptot (r = 0.36), PO4-P (r = 0.33) and water

Table 2 Nutrients (total phosphorus: Ptot; orthophosphate ion:

PO4-P; total nitrogen: Ntot; ammonium ion: NH4-N; nitrate ion:

NO3-N; nitrite ion: NO2-N (the last three combined as DIN);

and silicon: Si), transparency (Secchi), chlorophyll a (Chl a)
and phytoplankton (total biomass (FBM), biomasses of

cyanobacteria (CY), diatoms (BAC), cryptophytes (CRYP),

chlorophytes (CHL), dinophytes (DINO) and chrysophytes

(CHR) in water in Lake Peipsi and its three parts during

periods of high (1985–1987; period 1) and low (2001–2003;

period 2 ) water levels

Variable Unit Period N Mean 95% tolerance limits Lake Peipsi s.s. Lake Lammijarv Lake Pihkva

Ptot mg P m-3 1 471 40* 14 118 32* 59* 64*

2 129 53 17 161 41 91 138

PO4P mg P m-3 1 222 13 2 92 10 19 18*

2 129 10 2 62 7 18 46

Ntot mg N m-3 1 466 841* 336 2107 756* 1080 1042

2 129 712 375 1351 642 933 963

DIN mg N m-3 1 222 45* 8 254 44* 59* 45*

2 129 110 29 412 106 126 108

Ntot:Ptot 1 461 21* 6 72 24* 18* 16*

2 129 14 6 33 15 10 7

DIN:PO4 1 243 3.3 0.2 45.8 3.5 3.1 2.9

2 129 11.2 1 104 14.7 7 2.3

Si mg l-1 1 233 0.8 0.2 3.8 0.7 1 0.9*

2 129 0.8 0.1 8.1 0.7 0.7 1.9

Secchi m 1 718 1.6* 0.7 3.7 1.8 1.2* 1.1*

2 122 1.4 0.5 3.6 1.7 0.9 0.7

Chl a mg m-3 1 488 12.6* 2.5 64.1 11.4* 12.9* 17.2*

2 132 23.7 7.2 78.1 20.1 35 44.8

FBM g m-3 1 101 3.4* 0.3 34.5 2.5* 8.5 9.8

2 77 9.2 2.6 33 7.5 14.3 22.1

CY g m-3 1 84 0.40* 0.02 10.04 0.24* 1.52* 1.52*

2 77 3.86 0.25 59.09 2.89 7.55 13.19

BAC g m-3 1 90 1.07 0.02 60.71 0.60* 4.08 6.37

2 77 2.06 0.14 30.37 1.58 3.83 5.68

CHL g m-3 1 90 0.18* 0.02 1.8 0.13 0.54* 0.52

2 77 0.15 0.03 0.86 0.14 0.17 0.21

CHR g m-3 1 55 0.004 0 0.076 0.003 0.011 0.011

2 54 0.025 0.003 0.209 0.025 0.022 0.029

CRYP g m-3 1 81 0.44* 0.03 5.75 0.45* 0.33* 0.42*

2 77 0.14 0.02 1.15 0.15 0.12 0.05

DINO g m-3 1 45 0.05 0 0.76 0.06 0.03 0.05*

2 46 0.18 0.01 3.56 0.16 0.12 1.91

* The geometrical means of the first and second periods are significantly (P\ 0.05) different
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temperature at the time of sampling (r = -0.35).

Cryptophytes showed no correlation with nutrients.

Weak positive correlations appeared between CRYP

and water level, and between CRYP and Ntot:Ptot,

while negative correlations occurred between BAC

and Ntot:Ptot.

Discussion

A substantial difference in both physicochemical

parameters and phytoplankton between the high and

low water level periods was recorded in our study. On

the basis of long-term data for Lake Peipsi, a water

iFig. 2 Seasonal patterns of

nutrients (total phosphorus:

Ptot; orthophosphate ion:

PO4P; total nitrogen: Ntot;

ammonium ion; NH4N;

nitrate ion: NO3N; nitrite

ion: NO2-N (the last three

combined as DIN); and

Ntot:Ptot mass ratio) and

chlorophyll a in Lake Peipsi

s.s. and Lake Lammijarv

during periods of high

(1985–1987) and low

(2001–2003) water levels.

Predicted mean and 95%

confidence limits for the

true value are estimated by

mathematical model

described in the part of

statistical methods
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condition factor (WCF) combining water temperature

and water level was developed by Tonu Mols (Milius

et al., 2005). In the WCF, water level had a more

marked effect on nutrients than water temperature.

The Ptot concentration showed an inverse relationship

with water level; it was higher when the water level

was lower. The influence of water level on Ntot

content was positive and somewhat less marked than

on Ptot. The effects of water level and water

temperature on PO4-P and DIN were also opposite.

The results of the present study were entirely

consistent with those data.

In an earlier article (Milius et al., 2005), we

applied a classical canonical model without consid-

ering seasonal effects; in this study, we examined the

seasonality of nutrients. The regular increase in P

content during summer is characteristic of shallow

productive water bodies with intermittent mixing in

the summer season (Prepas & Trew, 1983; Carvalho

& Kirika, 2003; Søndergaard et al., 2003). The

seasonal patterns of Ntot and DIN were different.

According to Prepas & Trew (1983), inorganic N

does not follow the same pattern as Ntot. Pettersson

et al. (2003) compared the seasonality of nutrients

and chlorophyll in Lake Erken in cold and warm

periods, and found elevated phosphate, ammonium

and Chl a levels in the warm period during August

and in autumn. The authors explain these results by

the increasing activity of bacteria, which increases

the uptake of oxygen and the release of phosphate

and ammonium from sediment into the water.

Comparison of our data with their graphs shows that

the dynamics of PO4-P and Chl a fit the data

presented by Pettersson et al. (2003) closely, while

the earlier increase in PO4-P is related to the absence

of permanent stratification in the lake. As a result of

water mixing, the PO4-P ions released from fresh

sediments are transported to the photic zone, which

renders the continuation of photosynthesis possible.

In Lake Peipsi, the higher values of DIN during the

low water level period were due to the higher content

of nitrates, not ammonium, evidently resulting from

more intensive bacterial nitrification. An increase in

NO3-N is characteristic of all parts of the lake.

In terms of mean values, Ptot has increased in

recent years, especially in Lake Lammijarv and Lake

Pihkva (Kangur et al., 2003). The polarity of Lake

Peipsi has increased more with respect of Ptot than to

Ntot (Kangur & Mols, this issue). In shallow lakes,

summer P concentrations are largely controlled by

internal processes, and P release from sediment into

lake water depends on the sediment surface:water

column ratio, which means that it is more intensive in

large and shallow lakes (Søndergaard et al., 2003).

This is confirmed by the increase in the total and

mineral phosphorus values; also, the N:P ratio

decreased much more in the shallower Lake Pihkva

than in Lake Peipsi s.s. (Table 2). In the shallower

part, phosphorus reloading from sediment when the

water level is low is also more intensive owing to

wind action, as observed in Lake Pihkva on stormy

days in August 2003.

The concentrations of the mineral forms of

nitrogen and phosphorus exceeded the values that

limit the growth of phytoplankton groups. Accord-

ing to Wilander & Persson (2001), N-deficiency

appears at a DIN concentration of 30 mg N m-3 or

lower. Only in Lake Peipsi s.s. did the lowest values

temporarily approach this limit (described by Gam-

meter & Zimmermann, 2000; Dokulil & Treubner,

2000). The ratio DIN:PO4-P should be more directly

related to phytoplankton than the ratio of total N to

total P. Although ammonia and nitrate-N are

associated in opposite ways with water level and

temperature, the correlations between DIN and

phytoplankton were stronger than those between

Ntot and phytoplankton. The ratio of the mineral

forms of N to P was higher during the low water

level period, and there was an increasing dominance

of cyanobacteria that are unable to fix N2 (species of

Microcystis). In most articles, phosphorus and the

N:P ratio are regarded as crucial, while weaker

correlations have been found with total nitrogen and

its mineral forms. Similarly, in our study, correla-

tions with nitrogen were weak or absent. In general,

CRYP and CHL prefer a higher nitrogen content

and N:P ratio (Planas, 1991; Wilk-Woźniak &

Ligęza, 2003); this may explain the decrease inee

biomass of these groups during the low water level

period. The low abundance of CY in the 1980s was

predictably related to the high N:P ratio in this

period (Noges et al., 2004). Our earlier results

showed that the high ratio was clearly caused by

the high water level, besides the high external load

(Noges et al., 2003). On the other hand, the low N:P

ratio values in the second period were not only due

to the reduced external load but also to the lower

water level in combination with warm summers.

Hydrobiologia (2008) 599:3–11 9
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As a rule, water quality deteriorates during the

warm period (Pettersson et al., 2003; Søndergaard

et al, 2003). One should keep in mind the different

seasonal dynamics of water temperature in different

years: years with similar mean water temperatures

may have very different seasonal temperatures, which

cause, e.g. the domination of diatoms in cool

summers and cyanobacteria in warm autumns. Carv-

alho and Kirika (2003) found no relationship between

phytoplankton Chl a content and annual mean water

temperature. On the other hand, spring water tem-

perature has a strong effect on summer chemical

conditions (George et al., 2000), and phytoplankton

biomass in summer depends on the total P content in

spring (Krzywosz, 1999). However, correlations

between water temperature in spring and nutrients

in summer were very weak in Lake Peipsi (r = 0.2);

as for the phytoplankton groups, only a weak positive

effect on CY was revealed (r = 0.26, P\ 0.0001).

Water temperature at the sampling time showed

significant positive correlations with the biomass of

CY and CRYP, and a negative correlation with

diatoms.

Dominance of diatoms is more associated with

silica. However, we found no correlation with silicon

in Lake Peipsi, where the mean silicon content

exceeded the limiting value of 0.5 mg l-1 reported in

the literature (Wetzel, 2001). The lower silicon:nitro-

gen mass ratio for the southern parts was obviously

integral to the decreasing diatom biomass (Table 2).

The increase in dinoflagellate biomass in the low

water level period is possibly also related to the

higher P content. A parallel dynamics of DINO and

CY in lakes in Great Britain was stressed by Fogg

(1965).

On the basis of the water condition factor (WCF),

CY were most strongly affected by weather, while

FBM, BAC and CRYP were less affected (Milius

et al., 2005). Water temperature at the sampling time

was the most important factor for cyanobacteria and

diatoms (opposite for CY and BAC), and water level

for CRYP. It was obvious that cyanobacteria and the

N:P ratio followed opposite courses. Water level in

the previous year displayed strong negative correla-

tions with the mineral forms of N and P. When the

parts of the lake were compared, the correlations

between the WCF and corresponding phytoplankton

values were evidently stronger in Lake Pihkva and

Lake Lammijarv than in Lake Peipsi s.s.

Conclusions

Data from two periods with different external nutrient

load and water level in Lake Peipsi demonstrated the

synergistic effect of water level and water tempera-

ture on nutrients and, via nutrients, on phytoplankton.

In the period of high external N and P load, high

water levels and cool summers (1985–1987), there

were higher values of Ntot and a higher Ntot:Ptot mass

ratio. The period with lower water level and warmer

summers (2001–2003) was characterized by higher

Ptot content, lower Ntot:Ptot mass ratio and higher

DIN:PO4-P mass ratio, and by higher Chl a content,

phytoplankton and cyanobacterial biomass and lower

water transparency. An increasing dominance of the

cyanobacteria that cannot fix N2 (species of Micro-

cystis) in the low water period may be explained by

the higher ratio of the mineral forms of N to P in this

period. The effect of water level and of the mechan-

ical influence of the wind and waves was stronger in

the shallowest part, Lake Pihkva. Our studies con-

firmed that lower water levels and warmer summers

resulted in a deterioration of water quality in spite of

the decreasing external load.
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Pollen, diatom and plant macrofossil assemblages indicate a
low water level phase of Lake Peipsi at the beginning of the
Holocene
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Abstract During the Fennoscandian ice recession

from the eastern Baltic area, the water level in the

Lake Peipsi basin was decreasing and reached a

minimum at the end of the Younger Dryas Chro-

nozone. The low lake level episode is represented in

the basal deposits by a ca. 0.8 m thick bed of coarse

detritus gyttja dated to 9.6–9.1 ka 14C BP. The

gyttja lies at an elevation of 20–21 m a.s.l., i.e.

about 9 m below the present lake level (30 m a.s.l.),

and is buried under a 1.5–2 m bed of fine to

medium-grained sand. The overall pollen data

indicate a shallow-water littoral environment during

the gyttja accumulation in the area studied. The

diatom flora in the gyttja is dominated by shallow-

water benthic and epiphytic taxa, indicating eutro-

phic littoral conditions at the time of gyttja

accumulation. In the uppermost portion of the gyttja

sequence the pollen and diatom successions indicate

a short period of land emergence when swampy

conditions prevailed in the surroundings.

Keywords Diatoms � Pollen � Plant macrofossils �
Lake Peipsi � Buried organic beds �
Lake level change � Early Holocene

Introduction

On the basis of palynological (Sarv & Ilves, 1975;

Hang et al., 1995, 2001) and geomorphological

(Hang et al., 1964; Raukas & Rahni, 1969; Hang &

Miidel, 1999) data, a low water phase in the early

Holocene development of Lake Peipsi (Fig. 1) has

been inferred. The early palynological evidence

concerned the surrounding wetlands (Sarv & Ilves,

1975) and suggested that the lowest water level

occurred at the beginning of the Preboreal Chronoz-

one (sensu stricto, Mangerud et al., 1974). More

recent research (Hang et al., 2001) has shown that

the lake level may already have been 10 m below the

current water table (30 m a.s.l.) at the end of the

Younger Dryas Chronozone. Recently we discovered

a layer of coarse detritus gyttja in the south-western

part of the basin of Lake Peipsi proper (Fig. 1),

located 9.2–8.2 m below the current mean water level

and buried under a sand layer. Pollen, diatom and

plant macrofossil analyses of the gyttja layer reveal

an extremely low water level period at the time of the

gyttja accumulation. The new biostratigraphic data
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and a synthesis of earlier research enable us to revise

the previous environmental reconstructions of Lake

Peipsi at its lowest level at the beginning of the

Holocene.

Lake Peipsi (30 m a.s.l.) is a rather shallow lake

with a mean water depth of about 8 m (max 15 m). It

occupies a 50–60 m deep glacially eroded bedrock

depression (Miidel et al., 2001). The sequence of

lacustrine sediments in the lake depression begins

with annually laminated or homogenous glaciolacus-

trine clay up to 10 m thick. The clay is covered by a

calcareous gyttja layer, the thickness of which varies

from about 2 cm to 1.9 m, followed by 5 m thick

pure gyttja layer. In the southern part of Lake Peipsi

proper (Fig. 1) the lake bottom is at present covered

by a ca. 2 m thick fine to medium-grained lacustrine

sand (Hang et al., 2001). This sand covers the coarse

detritus gyttja layer discussed in the current article,

which according to AMS 14C dates accumulated

around 9.6–9.1 ka 14C BP.

In the central part of Lake Peipsi proper the

transition from glaciolacustrine clays to Holocene

lake sediments is distinct and in places marked by

sand and silt rich in organic remains: the freshwater

bivalves Pisidium amnicum (O.F. Muller 1774) and

two species of snails, Valvata profunda (Clessin

1887) and Valvata depressa (Pfeiffer 1828), which

point to a rather shallow water upper littoral

environment (Hang et al., 2001) at the time of

transition from glaciolacustrine to Holocene lake

sedimentation. The ostracod fauna in the overlaying

lake marl sequence, particularly Ilyocypris bradyi and

Herpetocypris reptans (Niinemets, 1999), indicate a

water depth of around 4 m during the period (ca.

1,000 yrs) of lake marl accumulation. At the begin-

ning of the succeeding gyttja deposition the water

level of Lake Peipsi proper was still so low that it was

isolated from the body of water in the southern part of

the lake depression (Davydova & Kimmel, 1991;

Hang & Miidel, 1999).

Materials and methods

The sites of buried coarse detritus gyttja (58�3000600
N; 27�2302100 E; Fig. 1) reported in Hang et al.

(2001) were revisited and five parallel sediment

sequences were obtained by coring through the lake

ice at a water depth of 7.30 m. A Russian type peat

corer with a 1 m long and 5 cm diameter chamber

was used. The samples were wrapped in plastic film

and placed in suitable lengths of a U-shaped PVC

trough for transport and storage.

Colour determination of the sediment followed the

Munsell soil colour chart (Munsell Color Company,

1998) and the pH of fresh water-saturated sediments

was measured with an Evikon pH meter E6121.

The organic content as loss-on-ignition (LOI) was

estimated in 50 continuous 2 cm sub-samples from

the sediment sequence 8.20–9.20 m. The LOI was

estimated from dried samples by incineration at

500�C for 2 h.

Fig. 1 Location of the sediment sequences investigated in

Lake Peipsi, eastern Estonia. Basal deposits according to Hang

et a . ( 00 )et al. (2001)
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Pollen samples were prepared following the stan-

dard technique (Berglund & Ralska-Jasiewiczowa,

1986) with additional flotation treatment of highly

minerogenic samples with a heavy liquid (CdJ2 and

KJ solution with specific gravity 2.2 g cm-3). Nor-

mally, 500 land pollen grains were counted per

sample and aquatics, spores and coenobia of the

green alga Pediastrum were identified. The percent-

age pollen diagram was compiled using Tilia-

Tilia*Graph software (Grimm, 1992).

Samples for macrofossil analyses were enriched on

a 0.25 mm mesh sieve by washing with tap water.

Identification was performed by Ms. Sirje Hiie using

a Nikon SMZ800 stereomicroscope at 10–639 mag-

nification, employing the keys of Katz et al. (1965,

1977) and Schoch et al. (1988) and the reference

collection of seeds and fruits in the Laboratory of

Geoarchaeology and Ancient Technology at the

Institute of History of the Tallinn University. A

Jenaval microscope with 4009 magnification was

used to identify plant tissues.

Sediment sub-sampling and slide preparation for

diatom analyses followed the standard technique

outlined by Battarbee (1986). Diatoms were counted

using a Zeiss III RS microscope with a 1009 Plan-

apo phase contrast objective and 109 eye-pieces. At

least 500 diatom valves were counted per sample.

Broken valves were counted as a unit if at least two-

thirds had remained. Half valves were counted as a

half but smaller pieces were not counted (Miettinen,

2002). Taxonomy and grouping of diatoms by

biotype and pH and salinity preferences followed

Krammer & Lange-Bertalot (1986, 1988, 1991a, b).

Results

Sediment lithostratigraphy

The late glacial/Holocene sediment sequence ana-

lysed consists of four lithostratigraphic layers. Late

Weichselian till at the bottom of the lake depression

is overlaid by medium-grained sand with a low

organic matter content (Fig. 2, depth 9.20–9.06 m).

The sand is followed by a coarse detritus gyttja layer

(9.06–8.33 m) in which the organic content increases

from 5–10% in the lower part (9.06–8.90 m) to a

maximum of 25–40% in the upper part (8.65–

8.40 m). The topmost 7 cm (8.40–8.33 m) of the

gyttja interval is characterised by a rapid decrease in

organic content from 35% to 5%. This change marks

the transition from gyttja to the uppermost sediment

layer, the fine-grained lacustrine sand at a depth of

8.33–7.30 m (Fig. 2).

Fig. 2 Pollen percentage diagram with indication of the local

pollen assemblage zones (LPAZ: PE-1–PE-3), relative propor-

g p , g p ytions of the main terrestrial groups, lithostratigraphy and LOI

of sediments. The black areas on the diagram show the actual

pollen in percentages, while the white areas show the

p g ppercentages multiplied 10-fold

Hydrobiologia (2008) 599:13–21 15

123



The colour of the gyttja layer changes from dark

reddish brown (Munsell colour designation: 5YR/3-2)

in the lower part (9.0–8.6 m) into greenish black

(Gley1/2.5–1) in the upper portion (8.6–8.43 m), and

back to reddish brown (5YR/2.5–1) in the topmost

10 cm. The colour change is apparently due to

variable oxidation of Fe-compounds in the sediments,

reflecting predominantly ferrous (Fe2+), i.e. more

reduced, compounds in the middle part of the gyttja

layer. The pH of the gyttja interval varies between

7.18 and 7.37 with the lowest value in the upper part

(at 8.5 m), where the organic content reaches its

maximum. The gyttja layer contains a visible number

of plant macrofossils. The first AMS radiocarbon

dates of these macrofossils show that the gyttja

deposition took place between 9.6 and 9.1 ka 14C BP.

Pollen data

The percentage pollen diagram was plotted, taking

the sum of arboreal (AP) and non-arboreal (NAP)

pollen as 100% (Fig. 2). Three local pollen assem-

blage zones (LPAZ: PE-1, PE-2, PE-3) were

established from the most characteristic changes in

pollen composition (Fig. 2).

PE-1 (9.20–8.75 m): in this LPAZ the dominant

(26–28%) arboreal pollen taxon on average is Betula,

while Pinus has low relative values (8–11%). The

only exception to that rule is the lowermost sample

from the massive sand overlying the till, where these

taxa have values of 36% and 19%, respectively. The

Picea, Ulmus, Corylus and Alnus pollen grains in the

samples are believed to represent redeposited mate-

rial. Salix pollen is present regularly throughout the

whole diagram at values of 1–7%. The light-demand-

ing shrubs Juniperus and Hippophae also occur in

this LPAZ. The sum of grass and herb pollen, mainly

attributable to Cyperaceae (24–28%) and Poaceae

(17–27%), accounts for up to 50–60% of the total

pollen. In addition, Artemisia, Chenopodiaceae, Fil-

ipendula and Thalictrum are constantly present in PE-

1 and the succeeding LPAZ, PE-2 (Fig. 2). Aquatics

(Potamogeton, Nymphaea, Nuphar, Myriophyllum)

are present in this LPAZ and Pediastrum coenobia

are abundant here compared to zones PE-2 and PE-3.

Also, spores of Lycopodium (not shown in Fig. 2),

Equisetum, Polypodiaceae, Sphagnum and Selagi-

nella were recorded in PE-1.

PE-2 (8.75–8.30 m): in this LPAZ, Betula pollen

dominates over Pinus, gaining its maximum values

(60%) near the upper boundary of the zone. Ulmus,

Alnus, Picea and Corylus are present as scattered

finds. Pollen of Juniperus is present (0.2%) only in

the lower part of the zone. At the lower boundary of

the zone, Poaceae pollen accounts for up to 38% of

the total pollen and decreases upwards to 15–20%. A

similar upwards decrease (from 25% to 8%) was

recorded in the abundance of Cyperaceae pollen.

Comparatively high values (10–15%) of aquatic

pollen correspond to the level of the lowest numbers

of Pediastrum. In the upper part of the zone, at

8.37 m, there is a significant increase (12%) in

Myriophyllum.

PE-3 (8.30–8.20 m): the uppermost pollen zone,

PE-3, in the sequence is established on the basis of

the samples in which the concentration of pollen from

broad-leaved trees (Quercetum mixtum) and Corylus

is considerably higher than in PE-1 and PE-2 (3.3%

and 2.2%, respectively). In this LPAZ the amount of

Pinus pollen rises rapidly to 46% and the proportion

of Alnus reaches 5%. After its peak in LPAZ PE-2,

the amount of Betula pollen decreases to 37%. The

proportion of herb pollen is at its lowest value (9.5%)

in the whole diagram here, while spores of Polypo-

diaceae are more frequent (8%) than in PE-2.

Coenobia of Pediastrum simplex and P. kavraisky

were identified in this zone. At the boundary between

PE-2 and PE-3 there is a marked decrease in the

quantity of aquatic pollen.

Plant macrofossils

Macroscopic remains of 15 plant taxa were recorded

from the coarse detritus gyttja sequence. The highest

concentration of macrofossils was in the lower part of

the section studied (8.48–8.74 m). Submerged aquat-

ics (eight taxa) and littoral helophytes and wetland

plants (five taxa) are characteristic of the assemblage.

Table 1 gives a detailed overview of the distribution

and grouping of the plant macrofossils identified.

Diatom assemblages

About 67 diatom taxa were identified from the

sediment sequence analysed. Genera with the greatest
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number of taxa were: Navicula (13), Epithemia (6),

Cymbella (5) and Nitzschia (5). The most frequent

diatoms were Navicula scutelloides W. Smith (reach-

ing a share of 71% at 8.27 m), Ellerbeckia arenaria

(Moore) Crawford (32% at 8.20 m), Gyrosigma

attenuatum (Kutzing) Rabenhorst (24% at 8.53 m),

Epithemia adnata (Kutzing) Brébisson (15% at

8.39 m) and Synedra ulna (Nitzsch) Ehrenberg

(11% at 8.60 m). The dominant diatom species are

presented in Fig. 3. Benthic and epiphytic species

dominate throughout the sediment sequence. Plank-

tonic species were identified in low quantities in the

lower part of sequence at 9.00 m and 8.85 m

(reaching a maximum share of 5%). The diatom

flora is dominated by freshwater forms. Alkaliphilous

diatoms that thrive in high pH waters dominate,

reaching up to 82% at 8.25 m. On the basis of the

diatom composition and succession in the sediment

sequence, three local diatom zones (LDZ) were

distinguished (Fig. 3).

LDZ-1 (9.00–8.37 m): in this zone, shallow water

benthic and epiphytic species dominate, notably the

benthic Ellerbeckia arenaria (up to 30%) in the lower

part (9.00–8.65 m), while the benthic Gyrosigma

attenuatum and epiphytic Epithemia adnata are more

abundant (24% and 15%, respectively) in the upper

part (8.65–8.37 m). The epiphytic Synedra ulna and

the benthic Navicula oblonga Kutzing are present

throughout LDZ-1 in amounts between 5% and 12%.

Greater quantities of the benthic/pseudoplanktonic

Campylodiscus hibernicus Ehrenberg (up to 10%)

were observed only in the lowermost (9.00–8.90 m)

part of LDZ-1.

LDZ-2 (8.37–8.28 m): relatively few diatom frus-

tules (e.g. Cocconeis placentula Ehrenberg,

Epithemia adnata, Fragilaria pinnata Ehrenberg)

were found in this interval, probably indicating the

emergence of the sediments above the water level.

LDZ-3 (8.28–8.20 m): the lower portion of this

zone (8.28–8.23 m) comprises mainly benthic

Navicula taxa (especially N. scutelloides—up to

71%), as well as epiphytic diatom species from the

genera Epithemia and Cocconeis (Fig. 3). In the

upper part of LDZ-3 the benthic Ellerbeckia arena-

ria and the epiphytic Epithemia adnata account for

up to 32% and 15%, respectively. The amount of N.

scutelloides decreases in the upper layers of the zone

to 1–2%.

Fig. 3 Diagram displaying succession of selected diatom taxa

and diatom assemblage zones (DAZ). Grouping of taxa

g y, p paccording to salinity, habitat and pH preference. Solid curve

represents the actual percentage, while empty curves show the

percentage values multiplied by 10
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Discussion

This study focuses on the 0.75–0.80 m thick contin-

uous coarse detritus gyttja layer resting on top of

almost purely minerogenic glaciolacustrine sand. The

presence of aquatic pollen and benthic diatoms in the

glaciolacustrine sand and in the lowermost portion of

the organic-rich bed demonstrates that the area had

not entirely emerged from the lake waters either

before or at the beginning of the gyttja deposition.

However, the dominance of shallow water benthic

diatom species (e.g. Ellerbeckia arenaria) and wood

fragments in the sediments imply comparatively

shallow water conditions at that time. The LPAZ

PE-1 (9.20–8.75 m), which includes both the under-

lying lacustrine sand and the lower part of gyttja,

reflects a typical moist lake shore vegetation in which

Cyperaceae and Poaceae dominate, while the pres-

ence of the green alga Pediastrum indicates a lake

environment at the site. As the sediment was

accumulating in this shallow-lake environment, there

was an increase in organic content (Fig. 2) and a

corresponding decrease in terrigenous and possible

authigenic components. The amount of Pediastrum

also decreased in the upper portion of the gyttja layer.

The pollen composition and macrofossils Myriophyl-

lum, Potamogeton, Nymphaea alba, Nuphar lutea,

Schoenoplectus lacustris, Eleocharis and Ranunculus

as well as the presence of oogonia of the green alga

Chara sp. in LPAZ zone PE-2 indicate that the site

was continuously inundated until the end of the gyttja

accumulation. This inference is supported by the

overall diatom composition in LDZ-1 (9.00–8.37 m),

which indicates a nutrient-rich, littoral, very shallow

water sedimentary environment. From this we con-

clude that the accumulation of the coarse detritus

gyttja took place under conditions of decreasing

water depth in a nearshore freshwater environment.

A biostratigraphically distinct level was deter-

mined in the topmost part of the buried gyttja layer at

8.37–8.32 m, where a peak of Myriophyllum is

accompanied by a maximum of Betula pollen

(Fig. 2) and the presence of moss remains in the

pollen slides. Most finds of Myriophyllum are M.

verticillatum L. According to Maemets (2002), this

species occurs in different water bodies, including

shallow muddy ones, and tolerates organic sediments

better than M. spicatum L. The same sediment

interval (LDZ-2) was almost devoid of diatoms

(Fig. 3), which may indicate temporary terrestrial

conditions at the site. This conclusion is supported by

the dark reddish colour (5YR/2.5–1) in the topmost

(8.40–8.33 m) layer of gyttja, indicating more oxi-

dizing conditions, compared to the greenish black

(Gley 1/2.5–1) gyttja below that level. In the

sediments, the 8.37–8.32 m level is characterised by

a very rapid decrease in organic matter (Fig. 2) and a

corresponding increase in mineral matter. According

to our interpretation, the onset of the phase of

massive sand accumulation reflects a change in

sedimentary environment caused by an accelerated

water level rise, which followed a temporary very

low stand of the lake.

The fine sand that covers the gyttja has variable

(1–2 m) thickness (Hang et al., 2001) and its pollen

composition shows rapid changes in tree pollen, a

decrease in herb and aquatics pollen and an increase

in the alga Pediastrum (Fig. 2). The composition of

the diatom assemblage in the sand (LDZ-3) indicates

a shallow water littoral or swampy environment.

According to our interpretation, the sand overlying

the gyttja was redeposited because of wave erosion in

the surrounding foreshore area under conditions of a

continuously rising water level.

As shown by the first radiocarbon dating results,

the deposition of the discussed course detritus gyttja

may have lasted ca. 500 years and the onset of the

water level rise and deposition of sand on to the gyttja

took place after 9.1 ka 14C BP. Our data show that the

Lake Peipsi water level reached its early Holocene

minimum (ca. 22 m a.s.l.) at the end of gyttja

accumulation before 9.1 ka 14C BP.

The isolation of Lake Peipsi from the Baltic Ice

Lake (BIL) and following drainage down to the

currently described lowest lake level need further

investigation. Shore displacement curves for the

southern part of Lake Peipsi proper (Hang et al.,

1995; Rosentau, 2006) display a rapid regression

between 12.5 and 10.2 ka 14C yrs BP with the

minimum water level about 10.2 ka 14C yrs BP,

slightly after the last drainage event of the BIL (ca.

10.3 ka 14C yrs BP). Our data show that the low

stand of Lake Peipsi reached its minimum during the

early Holocene ca. 9.1 ka 14C yrs BP and was

thereafter followed by a continuous rise in water level

up to the present. Recent GIS-based simulations of

the development of proglacial lakes in eastern

Estonia (Rosentau, 2006) demonstrate that the final
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strait-like connection between the BIL and the

Glacial Lake Peipsi ceased at the Narva River valley

(Fig. 1) if the proglacial lake level was lowered to

35–32 m. a.s.l. Simulation of the lake level to the

present threshold altitude in the Narva River valley

(28–26 m a.s.l.; Hang & Miidel, 1999) shows a rather

small and shallow body of water within the depres-

sion of modern Lake Peipsi proper. This simulation

displays a water level of ca. 23 m a.s.l. in our study

area, which conforms closely to our estimates of the

minimum water level (22 m a.s.l.). Thus, the decrease

in Lake Peipsi water level to its minimum can be

explained by lake drainage through the Narva River

valley after the final drainage of the Baltic Ice Lake.

The onset of the continuous Holocene water level rise

is most probably related to the more intensive

tectonic uplift in the northern part of the lake

depression compared to the southern regions, which

hampered the only northern outflow. Currently, the

impact of a different tectonic uplift is apparent in the

emergence of northern shores and the inundation of

low coastal areas in the southern part of the lake

depression.

Conclusions

We discovered a 0.75–0.80 m thick sand-covered

continuous coarse detritus gyttja layer at the bottom

of Lake Peipsi. The pollen and diatom compositions

of the gyttja indicate accumulation under conditions

of decreasing water depth in a nearshore

environment.

The pollen composition of the lower part of the

gyttja is typical of moist lake shore vegetation.

Diatoms from the same interval indicate a nutrient-

rich, very shallow-littoral environment.

An increase in Myriophyllum pollen, accompanied

by the presence of Betula pollen and moss remains

and the absence of diatoms in the uppermost 5–7 cm

of the gyttja interval, imply a temporary emergence

of the sediment upper layer.

The Lake Peipsi water level during the early

Holocene low stand reached its minimum (ca. 22 m

a.s.l.) at the end of the gyttja accumulation.

The onset of the water level rise and deposition of

sand on to the gyttja took place after 9.1 ka 14C PB.
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Water level changes in a large shallow lake as reflected
by the plankton:periphyton-ratio of sedimentary diatoms
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Abstract Biostratigraphic diatom analyses were

carried out on a short sediment core from the large

shallow-water Lake Vortsjarv, Estonia, in order to

relate the diatom composition to the instrumental

water level record. We dated the sediment core by

radiometric methods (210Pb, 137Cs, 241Am) and

spheroidal fly-ash particle abundance chronology

and evaluated the statistical significance of the

relationships between the percentage of planktonic

diatoms and the water level continuously monitored

since 1871. Before the 1960s, the percentage of

planktonic diatoms in the sediment showed quite

strong positive relationship to water level. The impact

of eutrophication after the 1960s presumably masked

the influence of water level changes on the diatom

community. In addition, statistical analysis of the

upper part of the sediment core (1970—present day)

together with measured limnological parameters of

the lake showed that water transparency had the

strongest influence on diatoms, while temperature,

pH and alkalinity had lesser impacts. Our study

shows that the planktonic:periphytic diatom ratio in

the sediment can be used to track overall trends of the

lake-level changes in Lake Vortsjarv before the onset

of cultural eutrophication; however, the results have

to be interpreted carefully, taking into consideration

other possible limnological factors such as water

transparency, nutrients and wind.

Keywords Paleolimnology � Sediment diatoms �
Water level changes � Lake Vortsjarv �
Estonia

Introduction

Many lakes in temperate regions show fluctuations

in the water level on seasonal, annual and long-term

time scales in response to variations in their water

balance (Vassiljev, 1997). Water level changes,

presumably controlled by climatic variability and

climate change, affect biological productivity,

which has implications for water quality and the

ecological state of these lakes. There is an increas-

ing need to understand the long-term variability of
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climate and its impact on aquatic ecosystems.

However, the available instrumental records are

too short to capture the whole range of post-glacial

variability and to predict future changes. Lake

sediments provide natural archives that record the

response of lake ecosystems to environmental

changes, and different sediment proxies have great

potential for reconstructing long-term variations in

climatic and climate-driven parameters beyond the

range of instrumental records. Diatoms are abundant

and well preserved in sediments, and their ecology

and species sensitivity to changing hydrological

conditions such as water depth, nutrient concentra-

tion etc. make them applicable for reconstructing

past environmental changes (Stoermer & Smol,

1999), including water levels. Many lake-level

reconstructions based on sub-fossil diatoms have

used changes in diatom habitat groups (i.e. the ratio

of planktonic to periphytic diatoms) in sediments

(e.g. Barker et al., 1994; Hyvarinen & Alhonen,

1994; Wolin, 1996; Stone & Fritz, 2004). Plank-

tonic diatoms contribute frustules to the sediment in

pelagic deep-water areas, while benthic and epi-

phytic diatoms are primarily associated with

shallower littoral habitats closer to shores (Wolin

& Duthie, 1999); thus, a rise in the lake level is

commonly recorded in sediments as an increase in

the share of planktonic forms.

Lake Vortsjarv is one of the most thoroughly

investigated lakes in Estonia: instrumental records of

its water level date back to 1871 and water physical

and chemical parameters and biota have been

continuously monitored over the past 40 years.

Long-term records have shown that the water level

in Vortsjarv is positively correlated with the North

Atlantic Oscillation (NAO) winter index (Jarvet,

2004) and that climatic variability is the most

important factor for the hydrology and the ecosystem

of the lake. Phytoplankton records from 1964 to 2000

show a positive correlation between the water level

and the planktonic diatom biomass in spring (Noges

et al., 2003; Noges, 2004), so the sediment diatom

record from Lake Vortsjarv has great potential for

reconstructing the relationship between lake-level

oscillations and climate variability. The objective of

this study was to examine whether the trends and

directions of past lake-level changes in Lake

Vortsjarv can be inferred from sub-fossil sediment

diatom communities.

Study site

Lake Vortsjarv is situated in central Estonia and is the

second largest lake in the country with a surface area

of 270 km2 and a catchment area of 3,374 km2. This

very shallow (maximum depth 6 m, mean depth

2.8 m) non-stratified lake has six main inflows and

one outflow that carries the water into Lake Peipsi.

Owing to its shallowness and large wind-exposed

area, the water-body is turbid (Secchi depth ranges

from 0.5 to 1.0 m during the ice-free period). The

lake is eutrophic, characterised by mean concentra-

tions of about 2 mg l-1 total nitrogen and 50 lg l-1

total phosphorus.

The ecosystem of Lake Vortsjarv is strongly

influenced by the large amplitude of water level

oscillations. The average annual water level fluctu-

ation is about 1.4 m and the difference between the

extreme recorded water levels is more than 3 m

(32.2–35.3 m a.s.l.).

Materials and methods

A sediment core was taken in March 2003 from the

ice in the southern part of the lake at 58�0904200N and

26�0401000E (water depth 1.40 m) using a freeze corer

(Glew et al., 2001). The 90-cm core was sub-sampled

into continuous 1-cm thick slices, which were used

for different analyses.

The chronology of the core was based on 210Pb

activity measurements and the constant rate of supply

(CRS) model, which was applied to calculate the 210Pb

age-scale for the core (Appleby&Oldfield, 1978). This

was then corrected by reference dates of artificial

radionuclides (137Cs and 241Am). The 210Pb chronol-

ogy was independently validated by the analysis of

spheroidal fly-ash particles (SFAP), the stratigraphy of

which is related to the history of fossil-fuel consump-

tion in Estonia (Alliksaar, 2000). The SFAP were

enumerated microscopically at 2509magnification in

chemically digested samples (Rose, 1990).

Basic properties of the sediment were determined

by standard methods: the water content was deter-

mined by drying the samples to constant weight at

105�C; the organic matter and the carbonate contents

were measured as loss on ignition by heating the

samples at 550�C for 4 h and at 950�C for 2 h,

respectively (Heiri et al., 2001).
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We prepared diatom slides for microscopic anal-

ysis using the standard H2O2 method (Battarbee et al.,

2001) and mounted the diatom suspensions with

Naphrax. The diatoms were identified and counted

under a Zeiss microscope with an oil immersion

objective and phase contrast (1,0009 magnification).

At least 400 non-Fragilaria diatom valves per sample

were counted. Identification was based primarily on

Krammer & Lange-Bertalot (1986–1991). Diatoms

were grouped according to their habitats into plank-

tonic and periphytic forms, the latter including

benthic, epilithic and epiphytic forms; for the ecolog-

ical grouping of Lake Vortsjarv diatoms see Pork &

Kovask (1973). Because of the high abundance of

small-sized periphytic fragilarioid species in the

sediment assemblages, these diatoms were excluded

from the diatom frequency calculations and from the

planktonic:periphytic ratio calculations to avoid the

over-representation of these taxa. A similar strategy

has been adopted by several other authors (e.g.

Battarbee, 1986; Barker et al., 1994).

For the most recent 40-year period, in which water

quality data from Lake Vortsjarv are also available,

we conducted principal components analysis (PCA)

using Canoco for Windows 4.5 (ter Braak & Šmil-

auer, 2002) to identify the environmental variables

that appear to relate changes in diatom assemblages

in the upper part of the sediment core.

Correlating time series afflicted with a trend, or

other serial dependencies, may lead to spurious corre-

lations that do not represent actual mechanistic

relationships, but occur only due to the presence of

these instationarities (Chatfield, 1996). Therefore the

time series of the percentage of planktonic diatoms in

the sediment of Lake Vortsjarv and the 7-year moving

average of the lake water level were first log-trans-

formed (to remove the influence of non-normal

distribution of the data) and then detrended using the

Time Series analysis module of Statistica forWindows

6.0 (StatSoft, Inc., 2001).Detrendingwas done to avoid

coincidental correlation of the analysed data, which

may occur purely because of a common long-term

trend even if the series are not related to each other.

Results

The total 210Pb activity in Lake Vortsjarv sediments

(Fig. 1a) showed an irregular profile: a distinctive

down-core decrease within the uppermost 22 cm,

then an increase, then another downward decline

below the 27 cm level. At 94 cm core depth, the total
210Pb and the supporting 226Ra reached an equilib-

rium that corresponds to ca. 150 years of sediment

accumulation. A sharp peak of the artificial radio-

nuclides 137Cs and 241Am (Fig. 1b) at core-depth 35–

40 cm clearly marked the fallout from atmospheric

nuclear tests of the early 1960s. The datings indicated

that dry-mass sediment accumulation rates have been

variable (Fig. 1c), with higher values during the

1950s and 1980s.

The stratigraphy of SFAP, representing products

of high-temperature fossil-fuel combustion, con-

firmed the accuracy of the 210Pb chronology. The

SFAP abundance profile in lake sediments plotted on

the 210Pb age-scale (Fig. 1d) showed the features

characteristic of SFAP history over a wider geo-

graphical area. A small but steady rise in the particle

concentration changed to a sharp increase after the

Second World War, when there was a considerable

rise in energy demand and several power plants were

established (Heinsalu et al., 2007). The peak in

particle concentration was followed by a recent

decline, a feature that is also common to most

sediment cores in Europe and is caused by a decrease

in fossil energy production or an increased efficiency

of particle removal from the air emissions, or both.

The uppermost 18 cm of the sediment core (1992–

2003, Fig. 2) was poorly compacted with a water

content of 91–99%. The carbonate content started to

increase in 1950s and peaked sharply during the

1980s (Fig. 2). The organic matter content has also

risen during the past 15 years.

For diatom analysis, 32 sub-samples in the 0–

90 cm sequence of the sediment core were studied.

Altogether, 115 diatom taxa were identified (Fig. 3).

Small-sized Fragilaria taxa, namely Fragilaria brev-

istriata Grunow, F. construens (Ehrenberg) Grunow

and F. pinnata Ehrenberg dominated, making up 40–

65% of the assemblages. The diatom species com-

position showed no major stratigraphic changes;

however, the share of planktonic and periphytic

species fluctuated within the sequence. From the

1960s until the present, the relative abundance of the

eutrophic planktonic diatom Aulacoseira ambigua

(Grunow) Simonsen has increased significantly,

exceeding 70% in the uppermost samples. Another

eutrophic planktonic species, Aulacoseira granulata
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(Ehrenberg) Simonsen, also increased in the most

recent sediment, in which Stephanodiscus hantzschii

Grunow also appeared.

The PCA for the uppermost part of the sediment

core deposited since 1970 was based on percentages

of diatom taxa and five environmental variables. The

planktonic and periphytic groups of diatoms were

used as supplementary variables (Fig. 4). The first

principal axis explained 78.2% and the second a

further 14.6% of the variation in the data set. The

Secchi transparency, which was strongly and nega-

tively correlated with the first axis, turned out to be

an important factor in explaining the abundance of

periphytic diatoms, while water temperature, pH and

alkalinity, positively correlated with the first axis,

were related to the abundance of planktonic taxa. The

shorter arrows for the latter variables indicate weaker

correlations with the changes in diatom assemblages.

The water level showed a very low correlation with

the first axis but the variable best correlated with the

second principal axis.

Correlation analyses indicated that a higher water

level supported a generally higher percentage of

planktonic forms in the diatom assemblage; however,

the relationship had low significance (r = 0.32,

P = 0.096) if the whole studied data set was

considered. Splitting the time-series data into two

parts, at the 1960 level, which marks the onset of

pronounced eutrophication, revealed that in the pre-

1960s strata, the percentage of planktonic diatoms

was strongly and significantly related with higher

water levels in the lake (r = 0.60, P = 0.014), while

after the 1960s the correlation between these indices

was lacking (r = 0.15, P = 0.62; Fig. 5).

iFig. 1 Chronology of the

Lake Vortsjarv sediment

core: (a) total, supported
and unsupported 210Pb

activities vs. core-depth,

cm; (b) 137Cs and 241Am

activities vs. core-depth,

cm; (c) modelled age of

sediments using 210Pb CRS

model and 137Cs and 241Am

stratigraphy and calculated

sedimentation rate

(g cm-2 y-1); (d) sediment

concentration profile of

spheroidal fly-ash particles

(number g-1 dry sediment)

plotted against the 210Pb

age-scale

26 Hydrobiologia (2008) 599:23–30

123



Discussion

Within the period investigated (ca. 1840 to the

present), the sedimentary diatom flora in Lake

Vortsjarv shows no prominent changes in species

composition (Fig. 3) and is indicative of moderately

eutrophic shallow-water conditions. This paleolim-

nological information on sediment diatoms confirms

the conclusion derived by Noges & Noges (2006) that

the ecological status of Lake Vortsjarv has not

deviated substantially from the reference conditions,

and that the overall ecological quality of the lake

could be estimated as ‘good’ in terms of the EU

Water Framework Directive.

In the majority of lake sediment records studied

elsewhere (e.g. Clarke et al., 2005), the share of

planktonic diatoms has increased during the past

century in consequence of increased anthropogenic

nutrient loadings that have stimulated aquatic pri-

mary production and led to undesirable

eutrophication effects. This is also true for Lake

Vortsjarv, where the oscillations of the ratio of

planktonic to periphytic diatoms have become stron-

ger and more frequent during the last 40 years,

simultaneously with a progressive increase in the

proportion of planktonic diatoms, mostly accounted

for by the eutrophic Aulacoseira ambigua (Fig. 3).

Fig. 2 Depth profiles of sediment physical and chemical

properties of Lake Vortsjarv (CaCO3 and organic matter are

given as percentages of dried sediment weight; water content is

p p g )expressed as percentage of fresh sediment)

iFig. 3 Diatom stratigraphy

of Lake Vortsjarv with

relative frequencies (%) of

the most abundant taxa

Fig. 4 Principal components analysis biplot showing Lake

Vortsjarv environmental variables (arrows) combined with the

sediment diatom samples studied (filled circles(( ) over the period

1971–2002. The first PCA axis explains 78.2% and the second

a u t e .6% o t e va at o t e data seta further 14.6% of the variation in the data set
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These changes in sediment diatom assemblages

evidently indicate increased human disturbance and

accelerated eutrophication during the past 40 years.

Our conclusion about the progressive eutrophication

since the 1960s is also supported by the increased

carbonate content in the sediments over this period.

Carbonate precipitation is enhanced at higher pH

resulting from intensive photosynthesis (Wetzel,

1983) and, in this respect, increased carbonate

precipitation is a sign of eutrophication.

Changes in the planktonic:periphytic diatom ratio

in the sediment record have been used as lake-level

fluctuation signals in many lakes (Wolin & Duthie,

1999). Higher percentages of open-water planktonic

diatoms are expected at high water levels, while at

lower levels the share of periphytic diatoms should

increase. Studies conducted on Lake Vortsjarv dia-

tom communities since the 1960s have revealed a

weak positive correspondence between water level

and planktonic diatom biomass. This correspondence

appears strong and significant only in spring (March

and April), possibly mediated by climatic factors.

High water levels in these months generally corre-

spond to mild and short winters with less snow on the

ice and an earlier ice-off, which enable diatoms to

develop earlier and achieve a higher biomass by

March and April. For the rest of the year, the

correlation between water level and diatom biomass

in the lake turned out to be non-significant or even

negative (Noges et al., 2003; Noges, 2004). In our

sediment study, the relationship between the fre-

quency of planktonic diatoms and the water level had

low significance if the whole available data set was

considered (Fig. 5). After the 1960s, when eutrophi-

cation was presumably accelerated, the water level

ceased to be the main driver determining the plank-

tonic:periphytic diatom ratio, so the correlation

between these indices became non-significant for

this period (Fig. 5). Thus, our study suggests that

since the 1960s, eutrophication has affected the

sediment diatom composition in Lake Vortsjarv more

strongly than climatically induced water level

fluctuations.

In large shallow lakes like Vortsjarv, reconstruc-

tion of water level changes using the

planktonic:periphytic ratio of sediment diatoms may

be complicated, as several environmental factors may

cause the same signals. If water level falls, sediments

become more exposed to wave-induced re-suspension

(Noges et al., 1999). Shallower conditions have a

dual effect on light conditions, leading on one hand to

higher turbidity but on the other to shortening of the

light path through the water column. The net effect

depends mostly on the compactness and the grain size

of the sediment. Moreover, stronger resuspension at

low water levels leads to more intensive release of

iFig. 5 Relationship

between measured water

level (WL; 7-year moving

average) in Lake Vortsjarv

and the percentage of

planktonic forms among

diatoms in the sediment

core layers over the years

(a) 1873–2002; (b) 1873–
1958; (c) 1961–2002. All
correlations are calculated

between log-transformed

and detrended values; for

more details see the

‘‘Materials and methods’’

section
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phosphorus from the sediment and, correspondingly,

to enhanced internal loading, which has a positive

effect on plankton productivity (Noges & Noges,

1999). Statistical analysis of the diatom assemblages

in the upper part of the sediment core together with

the measured water indices showed that water

transparency affecting periphytic diatoms was the

main determinant in the system, while water temper-

ature, pH and alkalinity were more related to

planktonic species and had a weaker influence

(Fig. 4). Nevertheless, the strong influence of water

transparency on the diatom community may be

indirectly related to water level changes.

Considering only the earlier sediment diatom data,

pertaining to the pre-eutrophication period before the

1960s, the percentage of planktonic diatoms showed

a strong positive correlation with the instrumentally

registered water levels in Lake Vortsjarv (Fig. 5). We

suppose that there was no systematic error in the

chronology despite the steady increase in the standard

error of the 210Pb dates with time, especially before

the 1920s, when it might to some extent hamper the

comparison of sediment diatom data with the instru-

mental water level record. Our study suggests that the

composition of sediment diatoms can still be consid-

ered an applicable indicator for reconstructing the

pre-eutrophication water levels in Lake Vortsjarv,

providing information about changing hydrological

conditions and thus about other climate change

indicators in the long-term perspective.
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Abstract We investigated changes in the spatial

distribution of nitrogen (N) and phosphorus (P) in

Lake Peipsi using limnological data from 1970 to

2005. The results show differences in nutrient content

between the northern and southern parts of the lake

(polarity) and indicate possible causes of eutrophica-

tion of this large international lake. The results show

a steady gradient in total P (TP) and total N (TN)

content along the lake: the northern and deepest part,

Lake Peipsi s.s., is significantly less loaded with

nutrients than the southern and very shallow part,

Lake Pihkva, into which the main inflow, the

Velikaya River, discharges. However, the long-term

temporal patterns of N and P polarity are different.

Statistical analysis, using a parametric functions

technique in the framework of general linear analysis

provided by the SAS procedures GLM and MIXED,

revealed that the polarity of N compounds has been

relatively stable over the years and can be related to

differences in natural conditions between different

parts of the lake. Our study indicates that Lake Peipsi

is quite resistant to year-to-year changes in N load,

and the in-lake N concentrations are quite stable on a

long-term scale. In contrast, the increasing difference

in P concentrations between the northern and south-

ern parts of the lake clearly shows that the input of P

from the south is increasing. Our results confirm that

the anthropogenic input of P is the main reason for

the deterioration of the Lake Peipsi ecosystem.

Keywords Phosphorus � Nitrogen �
In-lake gradients � Pollution � Eutrophication

Introduction

Large shallow lakes are unique and vulnerable

ecosystems. Many of the structural and functional

properties of large lakes, e.g. their morphology,

hydrography, biogeochemical cycles and food-web

structure, are directly related to lake size (Tilzer,

1990). Differences in natural conditions between

parts of a lake can lead to prominent lake-wide

gradients of water quality and heterogeneity in biota.

Human impact may also lead to increased differences

in nutrient concentrations between different parts of a

large lake.

Lake Peipsi is the largest transboundary lake in

Europe, shared between Estonia and Russia. The lake

is elongated in the north-south direction, and the

major part of the catchment area is situated to the

south (Jaani, 2001a). Differences in natural
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conditions (topography, water depth, relative size of

catchment area) among parts of the lake may

determine the varying sensitivity and response of

the ecosystem to eutrophication in addition to natural

processes (e.g. fluctuations of water level and tem-

perature). Interactions between natural factors and

human impact are complicated and long-term studies

are needed to elucidate them. In addition, the

transboundary conditions complicate the implemen-

tation of policies that might prevent or mitigate

environmental damage in the Lake Peipsi region.

Unfortunately, long-term data on the nutrient emis-

sions from the Russian part of the catchment area are

not currently available (Mourad et al., 2006).

According to Battarbee et al. (2005), the natural

evolution of a lake is defined as ontogenesis, whereas

eutrophication is a result of external nutrient loading

from human sources. Both these processes may

induce increase in bioproductivity and changes in

the biological structure of a lake. It is not always easy

to distinguish between natural and human-induced

processes, and they may amplify each other (Padisák

& Koncsos, 2002).

As in many shallow lakes in Europe, eutrophica-

tion is the most serious environmental problem for

Lake Peipsi. Owing to its shallowness and relatively

long water residence time (about two years), the

ecological state of the lake is also strongly influenced

by natural processes, among which periodic fluctua-

tions of water level and temperature are the most

important (Kangur et al., 2003; Milius et al., 2005).

Previous long-term investigations have demon-

strated that the water characteristics and biological

communities in Lake Peipsi change from north to

south (e.g. Laugaste et al., 2001; Starast et al., 2001;

Kangur et al., 2002; Milius et al., 2005). A difference

in conditions between the opposite ends of a lake

basin is termed polarity. This study focuses on the

polarity of N and P compounds as primary indicators

of variable human impact on Lake Peipsi. We

examine the spatial distributions of N and P and

compare the temporal patterns of N and P polarity in

Lake Peipsi. The aim of the study is to clarify

whether the differences in nutrient content between

the northern and southern parts of the lake have

remained relatively stable over the years, showing

that they are mainly due to natural environmental

conditions, or whether they are increasing and

showing greater human impact. We try to identify

the primary effects of nutrient enrichment.

Materials and methods

Study site

Lake Peipsi is a large shallow lowland lake (surface

area: 3,555 km2), consisting of three limnologically

different parts (Fig. 1). The northern part, Lake

Peipsi s.s. (sensu stricto) is the largest and has the

greatest mean depth (Table 1). The southern part,

Lake Pihkva (Pskov), has a mean depth only half that

of Lake Peipsi s.s. The strait between them is known

as Lake Lammijarv. According to Estonian lake

typology, Lake Peipsi is a unique water body and

belongs to a type of its own as a large unstratified

eutrophic lake with a light (oligohumic) water of

medium hardness (average 2.29 mEq l-1 in 1985–

2005).

iFig. 1 Location of Lake

Peipsi and its three parts
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The catchment area of Lake Peipsi (47,800 km2,

including lake surface) extends from 56�080 to

59�130 N and from 25�360 to 30�160 E (Jaani,

2001a). The catchment is shared between Russia

(27,917 km2), Estonia (16,323 km2) and Latvia

(3,560 km2). The drainage basin is flat, with the

highest point 318 m above sea level. The main

inflows are the Velikaya River in Russia and the

Emajogi River in Estonia with catchment areas of

25,200 km2 and 9,745 km2, respectively. The out-

flowing Narva River (mean annual discharge

399 m3 s-1) runs into the Gulf of Finland in the

Baltic Sea. The residence time of water in the whole

lake is about 2 years. The water level is not regulated.

Natural water level fluctuations have shown an

overall range of 3.04 m over the last 80 years, with

an average annual range of 1.15 m (Jaani, 2001b).

Due to the large surface area and relative shal-

lowness of the lake, temperature stratification is

unstable and can even be disturbed by a moderate

wind or undulation. Therefore, the lake water is

usually rich in oxygen during the open water period.

The lake is typically ice-covered from December to

April, and during that period the near-bottom water

frequently suffers from oxygen deficiency. According

to the OECD (1982) classification, the present-day

conditions characterize Lake Peipsi s.s. as an eutro-

phic waterbody, while the trophic status of Lake

Lammijarv is close to hypertrophic and Lake Pihkva

is a hypertrophic basin (Table 1).

Sampling and analyses of water

This study is based on a large dataset for Lake Peipsi,

which contains more than 120,000 measurements of

different hydrochemical and hydrobiological variables

from 1950 to 2005 (Mols, 2005). Data for dissolved

inorganic P (PO4-P) are available since 1970 and for

dissolved inorganic nitrogen (DIN = NH4-N + NO3-

N + NO2-N) since 1975. Total phosphorus (TP) and

total nitrogen (TN) were analysed from 1985 to 2005,

but earlier data are absent. The datawere averaged over

5-year periods (geometric mean values for the open

water period, days 100–310 within the year) to reduce

the effect of inter-annual variation.

Most studies since 1992 have been on the Estonian

part, but several joint Estonian–Russian expeditions

to the whole lake have also been conducted.

Depending on the year, the number of sampling sites

monitored has varied between 3 and 41 (Kangur

et al., 2002). Seasonal (or monthly) water samples for

routine hydrochemical analysis (Starast et al., 2001)

were obtained from the surface layer of 0.1–1.0 m

and from the near-bottom layer of water (0.5 m above

bottom), both with a Ruttner sampler.

Table 1 Selected morphometric, chemical and phytoplankton characteristics of Lake Peipsi and its three parts (Lake Peipsi s.s.,

Lake Lammijarv and Lake Pihkva)

Characteristic Lake Peipsi s.s. Lake Lammijarv Lake Pihkva Whole Lake Peipsi

Surface area, km2 2611 236 708 3555

Maximum depth, m 12.9 15.3 5.3 15.3

Mean depth, m 8.3 2.5 3.8 7.1

Water volume, km3 21.79 0.60 2.68 25.07

TP, mg P m-3 39.8 (16.4–96.4) 77.4 (38.4–156.0) 143.2 (82.2–249.2) 50.2 (16.3–154.2)

PO4-P, mg P m-3 6.6 (1.3–34.5) 12.1 (2.0–71.5) 31.4 (5.9–168.3) 8.3 (1.3–54.1)

TN, mg N m-3 658 (375–1155) 856 (525–1397) 1006 (527–1919) 718 (389–1327)

DIN, mg N m-3 121 (29–494) 130 (33–520) 108 (35–339) 122 (31–489)

TN:TP mass ratio 16.5 (6.4–42.7) 11.1 (6.1–20.3) 7.0 (5.6–8.8) 14.3 (5.4–38.1)

DIN:PO4-P mass ratio 18.4 (1.9–179.5) 10.8 (1.0–119.6) 3.4 (0.6–18.8) 14.7 (1.3–166.1)

Chlorophyll a content, mg m-3 17.5 (5.4–56.2) 28.5 (9.1–89.5) 53.5 (23.9–119.6) 20.9 (5.7–76.5)

Secchi depth, m 1.7 (1.6–1.8) 0.9 (0.8–1.0) 0.7 (0.5–0.8) 1.4 (1.3–1.5)

OECD (1982) classification Eutrophic Eutrophic/hypertrophic Hypertrophic Eutrophic

Water quality parameters are presented as geometric means and 90% tolerance limits are given in brackets. These estimates

correspond to the open water periods (Julian days 100–310 within each year) in 2001–2005
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TP and PO4-P were determined in the water

samples by the ammonium molybdate spectrometric

method (EVS-EN 1189). TN, ammonium nitrogen

(NH4-N), nitrite nitrogen (NO2-N) and nitrate nitro-

gen (NO3-N) were measured by flow analyses and

spectrometric methods (EVS-EN ISO 10304-1,

11732, 13395). Chemical analyses were performed

at the Institute of Zoology and Botany of the Estonian

University of Life Sciences, and since 1992 at Tartu

Environmental Researches Ltd, Estonia.

Data analysis

Since the dataset used is highly unbalanced, we have

estimated the content of nutrients in Lake Peipsi by

covariance analysis, using a large generalized linear

model that depends on 70 parameters. The model

parameters (terms) include various functional trans-

formations of the observation year, day within year,

geographical coordinates and sampling depth (Mols

et al., 2004; Mols, 2005). For the analyses we used

procedures provided by the SAS System, Release 8.2

(SAS Institute Inc., 1999), especially the GLM

procedure. For each dependent variable, the param-

eters of the model were fitted to the hydrochemical

dataset so that the estimated model presents all the

essential information contained in the data.

Prior to analysis, the chemical variables (TP, PO4-

P, TN, DIN) were log2-transformed to make their

residual distribution closer to the normal distribution

needed for correct statistical inferences. To enable

logarithms to be calculated, we replaced zeroes with

small positive numbers approximately equal to half

the detection limit of the relevant parameter. The

whole data array was filtered twice iteratively by

inspecting studentized residuals and excluding obser-

vations with absolute studentized residuals[3.0. The

means and predicted values of the logarithmically

transformed variables, after they were reconverted to

the natural scale, are referred to throughout the article

as geometric means.

Using the basic linear model, the logarithmic

chemical variables were predicted for all the factor

combinations ‘year 9 day of the year 9 geographical

point’ from a formal regular grid and the predicted

values were thereafter averaged separately for Lake

Pihkva and Lake Peipsi s.s. (Mols, 2005). The

concentrations were averaged over the Julian days

100 to 310 within each year and for the 1 m surface

samples only. The difference between the two within-

basin averages is called Logarithmic Polarity, and

mathematically presented as a parametric function for

the basic linear model; it was estimated, together with

the corresponding 95% confidence limits, using the

SAS GLM procedure. The resulting estimates were

used to construct polarity graphs. The Y-axis on these

graphs represents a binary logarithm of the ratio

between the geometric means of water variables in

the two basins. For example, if in a given year the

logarithmic TP polarity was 2, then the geometric

mean of TP content in Lake Pihkva in that year was

four times higher than the corresponding mean in

Lake Peipsi s.s. The SAS GLM procedure was also

used to test hypotheses about trends and differences

in 5-year means of water variables.

Results

Changes in the spatial distribution of nutrients

A comparison between the three parts of Lake Peipsi

reveals steadily differing concentrations of TP and

TN: throughout the period studied, the northern Lake

Peipsi s.s. was significantly (P\ 0.0002) poorer in

nutrients than the southern Lake Pihkva (Fig. 2).

However, the spatial distribution patterns of TP and

TN are not similar on a long-term scale. In Lake

Peipsi s.s., the TP content has not changed signif-

icantly (P[ 0.6). In contrast, a continuous increase

in TP concentration can be observed in Lake Pihkva

(P = 0.0006); it has doubled during the past two

decades (Fig. 2), which clearly indicates eutrophica-

tion of the lake. Compared to the TP concentration,

the TN concentration in the lake water has remained

relatively stable on the long-term scale: the small

changes visible in Fig. 2 are not statistically signif-

icant (P[ 0.1).

The long-term patterns of the TN:TP mass ratio

are different in the southern and northern parts of the

lake (Fig. 2). In Lake Peipsi s.s., this ratio has not

changed significantly (P[ 0.1), but it has decreased

steadily in Lake Pihkva (P = 0.0142).

Long-term patterns in the spatial distribution of the

mineral forms of nutrients (PO4-P and DIN) are

complicated (Fig. 3). We could detect no statistically

significant large-scale linear or quadratic tendencies
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(P[ 0.2). The highest values of PO4-P content were

measured in the late 1970s (Fig. 3). However, the

PO4-P content of Lake Pihkva has been increasing

during the past few years. The levels of PO4-P and

DIN were relatively low in the late 1980s (Fig. 3),

but since then higher values of DIN have again been

measured in the whole lake.

Long-term changes in the polarity of nutrients

The key nutrients (P and N) show different patterns of

polarity (Figs. 4, 5). The polarity of P compounds has

increased during recent years. In 1995, the TP content

was 1.3 times higher in Lake Pihkva than in Lake

Peipsi s.s.; in 2005, the ratio was about 3 (Fig. 4).

The changes of PO4-P polarity have been similar: the

ratio increased from 1 to 4 over the period 1995–2005

(Fig. 6). However, the spatial gradient of PO4-P in

1970–1995 was relatively small, the logarithmic

polarity ranging between 0 and 0.6 (Fig. 6).

The polarity of TN has been rather stable on the

long-term scale, the concentration in Lake Pihkva

Concentrations of total phosphorus (TP), total nitrogen

(TN) and the TN:TP mass ratio averaged for 5-year periods in

the three parts of Lake Peipsi in 1985 2005the three parts of Lake Peipsi in 1985–2005

Fig. 3 Concentrations of dissolved inorganic phosphorus

(PO4 r-P) and dissolved inorganic nitrogen (DIN) averaged for

5 year periods in the three parts of Lake Peipsi5-year periods in the three parts of Lake Peipsi

Fig. 4 Logarithmic polarity of total phosphorus (TP) in Lake

Peipsi in 1985–2005. Polarity is defined as the binary logarithm

of the ratio (Mean TP in Lake Pihkva):(Mean TP in Lake

Peipsi s.s.). In this and the following Figs. 5–7, the surface

rwater means for each variable were estimated by the model for

days 100–310 within the year. Dashed lines show 95%

confidence limits for the polarity estimateconfidence limits for the polarity estimate
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being about 1.4 times higher than in Lake Peipsi s.s.

(Fig. 5). However, the difference in TN concentration

between the northern and southern parts of the lake

has slightly increased during recent years (Fig. 5).

The temporal pattern of DIN polarity has also been

fluctuating, with almost no gradient observed during

the 1980s (Fig. 7).

Discussion

Eutrophication is well known to be the main reason

for ecological deterioration of almost all lowland

lakes worldwide (Gulati & van Donk, 2002; Moss

et al., 2005). Carpenter (2003) defines eutrophication

as the degradation of lake water quality by excessive

inputs of P. In most lakes, P concentration limits

productivity (Håkanson et al., 2003). Even a small

excess of phosphorus runoff can cause eutrophica-

tion, while reversing this process is difficult and slow

(Carpenter, 2005). These statements are supported by

the results of the present study on Lake Peipsi. Our

results also support the notion of Scheffer (2005) that

the critical nutrient loading may be much lower for

large lakes than for small ones.

Our results demonstrate that the patterns of spatial

distribution of N and P in the lake are dissimilar on

the long-term scale, which indicates different caus-

ative factors. The polarity of TN has remained

relatively stable over the years, while the difference

in P content between the northern and southern parts

of the lake has been increasing. These results suggest

that the increasing polarity of TP content is the

primary eutrophication phenomenon in the lake and

indicates increased P input from the south (e.g. the

Russian part of the lake’s catchment). An increasing

concentration of P has been observed in Lake Pihkva,

where the inflow of the Velikaya River contributes

more than half the entire inflow to the whole of Lake

Peipsi. Although long-term data on the external P and

N loads from the Russian part of the catchment area

are not available, previous assessments have indi-

cated that most (about 65%) of the nutrients are

carried into the lake via the Velikaya River

Fig. 5 Logarithmic polarity of total nitrogen (TN) in Lake

Peipsi in 1985–2005. Polarity as indicated by the ratio (Mean

TN in Lake Pihkva) (Mean TN in Lake Peipsi s.s.); cf. Fig. 4

capt o o deta scaption for details

Fig. 6 Logarithmic polarity of dissolved inorganic P (PO4-P)

in Lake Peipsi in 1970–2005. Polarity as indicated by the ratio

(Mean PO4-P in Lake Pihkva):(Mean PO4-P in Lake Peipsi

s.s.). o ca cu at o deta s see g. capt os.s.). For calculation details see Fig. 4 caption

Logarithmic polarity of dissolved inorganic N (DIN) in

Lake Peipsi in 1975–2005. Polarity as indicated by the ratio

(Mean DIN in Lake Pihkva):(Mean DIN in Lake Peipsi s.s.).

For calculation details see Fig. 4 captionFor calculation details see Fig. 4 caption
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(Stålnacke et al., 2002). Despite dramatic reductions

of N and P emissions in the drainage basin in the

1990s (Mourad et al., 2006), the overall mean TP

content in the lake was higher in the 1990s than in the

1980s (Fig. 2).

Temporal stability in the polarity of TN content is

probably caused mainly by differences in natural

conditions between parts of the lake. The relative

catchment size of Lake Pihkva is 2.5 times larger

than that of Lake Peipsi s.s. in terms of lake surface

area and 5 times larger in terms of volume. There-

fore, the relative natural background loading level of

Lake Pihkva is much bigger than that of Lake Peipsi

s.s. Our results indicate that Lake Peipsi is highly

resilient to year-to-year changes in N load, and the in-

lake N concentrations are rather stable on the long-

term scale. This might be due to in-lake processes: N2

fixation by heterotrophic bacteria and cyanobacteria,

and reduction of nitrate to N2 by denitrification,

might smooth out variations in N load. Within a

certain trophic level, the internal mechanisms of

matter circulation in a lake can compensate for

variations in the external load (Punning et al., 1999).

Similarly, Stålnacke et al. (2004) suggest that the

dramatic decline in agricultural intensity in Eastern

Europe after the late 1980s has led only to a slow and

limited reduction in nutrient levels in many rivers.

However, a thorough investigation of streams and

rivers of the Estonian part of the Lake Peipsi drainage

area detected statistically significantly declining

trends in TN from 1984 to 2001 (Iital et al., 2005).

According to Carpenter (2003), lake P dynamics

can be explained by a critical threshold value. Once

the P level in the lake exceeds this threshold, it may

take many years to return to low P levels; in some

cases, the lake will never recover. In the case of Lake

Peipsi, this threshold level of P seems to have been

exceeded and the lake is ‘‘full’’ of P. Even a small

emission of P from external sources, plus release of P

from sediments into the water (Kangur & Kangur,

2008), have pushed the ecosystem of Lake Peipsi

over a threshold to a degraded state. The limnological

time-series data from 1950 to 2005 indicate deteri-

oration of lake water quality and adverse changes in

the whole ecosystem of Lake Peipsi. Eutrophication

has led to an undesirable growth of algae, massive

blooms of cyanobacteria accompanied by oxygen

depletion during the night and fish kills, low water

transparency and siltation of the lake bottom

(Laugaste et al., 2001; Kangur et al., 2003, 2005).

The eutrophication phenomena are most intensive in

the southern part of the lake, Lake Pihkva. Doubled

TP, PO4-P and chlorophyll a contents, increased total

alkalinity (HCO�
3 ) and pH, as well as decline in water

transparency and winter oxygen conditions, indicate a

clear rise in the trophic level of Lake Pihkva (Kangur

et al., 2007).

Many environmental changes can be reversed only

slowly, and some changes are irreversible (Ludwig

et al., 2005; Millennium Ecosystem Assessment,

2005). According to Carpenter (2005), it takes more

than a century to reduce the phosphorus concentra-

tions of agricultural soils to levels that do not degrade

freshwater quality. Therefore, long-term horizons are

necessary for making many environmental decisions,

because they may have consequences that span many

generations. Although the nutrient load from the

Estonian part of the Lake Peipsi catchment has

decreased since the early 1990s (Leisk & Loigu,

2001; Iital et al., 2005), we have been unable to

observe any significant improvement in lake water

quality. Judging by the state of the biota, the trophic

situation in the lake has not improved.

Conclusions

The results of this study confirm previous assess-

ments that high P content is the main reason for

degradation of shallow lowland lakes. Our results

indicate that the polarity of P content in Peipsi is

increasing, which indicates pollution from the Veli-

kaya River catchment. The relatively stable TN

polarity pattern demonstrates that internal processes

(e.g. N2 fixation by cyanobacteria and heterotrophic

bacteria, and bacterial denitrification) can largely

compensate for year-to-year changes in the external

N load. Our results demonstrate that eutrophication

phenomena in this large shallow well-mixed lake

with a relatively long residence time (about 2 years)

are quite stable on the long-term scale and the

observed ecosystem changes are probably of long

duration or irreversible.
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Håkanson, L., A. P. Ostapenia & V. V. Boulion, 2003. A mass-

balance model for phosphorus in lakes accounting for

biouptake and retention in biota. Freshwater Biology 48:

928–950.
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Recent trends in Lake Ladoga ice cover
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Abstract The condition of the ice on a large lake is

an important sensitive indicator of regional climate

change. We have investigated the ice regime on Lake

Ladoga using aircraft surveys and satellite images.

Nearly 1,000 surveys of the lake’s ice cover covering

the years from 1943 to the present were analyzed to

determine the first basic statistical characteristics of

Ladoga ice cover based on long-term observation.

The aim was to estimate long-term trends in the ice

cover. Analysis showed that the average period of

ice-cover formation is up to 1.5 times longer than the

period of ice-cover destruction. The inter-annual

trends in first and last ice dates, and in the duration of

ice cover, are a few days per century, i.e. significant

but rather small. We created the Relative Ice Cover

Index (RICI), a dimensionless single-number variable

that allowed the characteristics of winter seasons to

be compared. A statistically significant downward

trend of no more than 12% in RICI was observed over

the 63-winter periods. The distribution of RICI was

compared with the North Atlantic Oscillation Index

(NAO) in an effort to explain the ice cover trend.

Keywords Lake Ladoga � Ice cover �
Climatic trend

Introduction

Ice cover on a lake affects mass and energy

exchanges between the lake surface and the atmo-

sphere. Its spatial and temporal characteristics are of

considerable interest because of their great impor-

tance for the fishing industry and the winter aquatic

system. Ice cover is a major component of the annual

thermal cycles of lakes; it impacts on weather,

navigation, and shoreline processes. In addition, it

influences thermal/density structures, with conse-

quences for convective overturn, oxygenation,

currents and lake level. Ice cover reduces the

penetration of sunlight available for photosynthesis

within the water body. The potential economic

impacts of climate warming include prolongation of

the navigation season on the one hand, and on the

another a reduced possibility of transit over stable ice

to monasteries on the islands of Valaam and Konevits

(Fig. 1).

The year-to-year variation in lake ice conditions is

determined not only by the heat flux on the water

surface in winter but also by the distribution of

depths, and depends on the severity of winter in the
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region. Partial ice cover reduces heat and momentum

exchange between the atmosphere and the water

mass, while full ice cover stops it completely. Even

thin ice cover markedly reduces heat loss from the

water surface. Thus, ice-free water depletes the heat

storage of the water mass; low heat storage influences

the vernal thermal regime.

The thermal and ice regimes of the large lakes in

North-West Russia were investigated by Tikhomirov

(1966). Medres (1957) plotted the freezing and ice-

breakup patterns in Lake Ladoga under average

conditions. Marszelewski & Skowron (2006) studied

ice cover in Polish lakes. Assel et al. (2003) inves-

tigated recent trends in ice cover on the Laurentian

Great Lakes. Wang et al. (2006) applied a sea ice

dynamics model to simulate ice events in a large lake.

Palecki & Barry (1986) derived statistical relation-

ships between the freeze-up and ice-breakup dates

and the air temperature for 63 lakes in Finland.

The purpose of our study was to calculate the

basic statistical characteristics for Lake Ladoga,

which include the dates and durations of both ice

phenomena. A further goal was to plot, and derives

a formula for, the typical seasonal course of

percentage ice cover. We then investigated the

inter-annual variations of all the aforementioned

parameters.

Continuous observations of ice conditions can be

used as a basis for local climate analysis. Climate

changes in north-western Europe are reflected in the

increasing trend of the North Atlantic Oscillation

(NAO) Index. Climate change strongly affects the

hydrology and biology of a shallow lake (Noges,

2004). In an effort to explain our observations we

have developed a Relative Ice Cover Index (RICI)

(see below), which represents each winter as a single

dimensionless number, for comparison with the NAO

Index.

iFig. 1 MODIS Lake

Ladoga ice cover image for

February 2nd 2006, with a

grid to calculate mean lake

ice concentration
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Material and methods

Lake Ladoga is the largest dimictic lake in Europe

with a total area of 17,700 km2, average depth 47 m

and maximum depth 230 m. Ice phenomena on the

surface of Lake Ladoga can be seen for more than

half the year (from the beginning of November until

the end of May).

The spatial distribution of ice over Ladoga has

been observed regularly since 1943. Aircraft surveys

were made by the Hydrometeorological Service until

1992 and charts of the ice concentration on Ladoga

were published approximately twice a month. In

addition to the aircraft surveys, satellite images on the

visual, infrared and microwave channels have been

made since 1971. Information on ice cover before

1982 was obtained from published tables (Medres,

1957; Lebedev & Medres, 1966; Usachev et al.,

1985). We have continued to calculate ice cover

concentration (percentage area covered by ice) by

aircraft surveys and satellite images using the same

methods. Recently, NOAA and MODIS satellite

images have became the main sources accept for

studying ice cover of the lake for in situ information

and scientific purposes.

The increase in the number of surveys per ice-

cover period from early 1940s to the present is shown

in Fig. 2. On an average, 15 surveys were carried out

each winter; the maximum was 37 surveys in 2006.

Generally, ice characteristics were mostly observed

in Ladoga during April. This is related to the growing

interest in ice conditions before and throughout the

time of breakup. Also, the weather becomes clearer at

the beginning of spring.

Aircraft and satellite information on Ladoga ice

cover conditions has been collected from 1943

through 2006. However, ice cover data for the period

1992–1996 are missing.

In order to calculate the extent of lake ice cover,

taking its concentration into account, the surface area

of Ladoga was split into 183 cells (10 km per side)

(Fig. 1). Each ice chart, from either an aircraft or a

satellite image, was converted into a geographic

projection. The average percentage ice cover was

estimated for each cell with 10% accuracy. The ice

concentration was averaged over all grid cells to

calculate the lake-averaged ice concentration on each

composite chart for a given winter season. Till date,

about 1,000 surveys have been processed for the 63-

year period. We took account only of the spatial ice

concentration, not its thickness.

Results

In order to calculate the average long-term seasonal

ice cover pattern, all available data for October

through May were plotted without regard to year of

observation. The data were approximated by a fifth

order polynomial fit (Eq. 1). The main criteria of fit

order choice were the maximum coefficient of

determination and curve smoothness. In our case,

the coefficient of determination was 64% (Fig. 3).

IC ¼ � 0.11 þ 0.05 � D� 0.008 � D2

þ 0.00026 � D3 � 1.64 � 10�6 � D4

þ 2.93 � 10�9 � D5 ð1Þ
where IC is the lake ice concentration (percentage)

and D represents days since October 1st. The curve

application is valid for the period November 5th

through May 29th.

The first feature we should mention is that the

mean curve does not extend to 100% ice concentra-

tion. The same result was cited by Tikhomirov

(1966). The absence of the 100% value from the

average ice-cover curve is due to a scatter of years
Fig. 2 The number of ice surveys per winter from 1943 until

20062006
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with less than full ice cover. The second feature is

that the average period of ice-cover formation is up to

1.5 times longer than the period of ice–cover

destruction. This can be explained by wind action:

wind prevents freeze-up and promotes ice breakup.

All changes in ice concentration were plotted for

each year from the time of appearance of the first ice,

through its maximum spatial distribution, and up to

its complete disappearance from the water surface

(Fig. 4). It is sometimes difficult to establish the time

of appearance and disappearance of the lake ice using

information from remote sensing surveys. In such

cases, we used dates that were either taken from the

coastal hydrometric network or obtained by extrap-

olating the chronological ice concentration curve to

zero.

We propose the RICI to characterize each year

in terms of a single dimensionless value. The RICI

represents the area under the actual chronological

ice concentration curve for a given year divided by

the area under the mean seasonal curve (Fig. 3).

The RICI allows years to be compared with each

other. Figure 4 shows examples of different ice

concentration curves with corresponding RICI

values.

Data obtained throughout the continuous period

of observation from 1943 to 2006 were used to

estimate the main statistical characteristics of ice

event dates and the durations of ice cover. Mean

X ¼ Pð ÞP
xi =N; median M, standard deviation

r ¼
h iP ð Þxi � x

2=N 1=2 and standard error of mean

E ¼ r � ð ÞN �1=2
were calculated for each winter

season, where N is number of seasons (Table 1).

The date of freeze-up was taken as the date of

appearance of the first ice. The date of ice breakup

was considered as the date of last ice set in the lake.

The total ice cover period was calculated as the

number of days between freeze-up and breakup

(Assel et al. 2003). The complete ice cover was

found to be unstable in some years, so the complete

ice cover period was taken as 95% ice concentration.

The date of 95% ice cover freeze-up represents the

first date of complete ice cover, and the date of 95%

ice cover breakup represents the last (Table 2).

Inter-annual changes in the first and last ice dates

and in the duration of total and complete ice cover in

the lake were analyzed together with the RICI. We

calculated the linear trends of these parameters for

the whole period of observation to investigate the

inter-annual changes of ice conditions. All parame-

ters under consideration showed significant (95%)

trends. The slopes of regression lines and coefficients

of determination were rather small for all trends.

We estimated the linear freeze-up date trend

(Fig. 5c, curve 2) and found that freeze-up starts

earlier every year (-0.14 days/year); however, the

coefficient of determination for this trend is only 3%.

The dates of ice break-up (Fig. 5c, curve 1) have

very small inter-annual variability (Table 1) and have

no significant tendency at all (0.01 days/year), with a

coefficient of determination of 0.3%.

The inter-annual changes in the duration of total

ice cover for the period investigated (Fig. 5b, curve

1) have a minor tendency to growth (0.06 days per

year), mostly due to later freeze-up dates.

The duration of complete ice cover on the lake (if

it takes place) (Fig. 5b, curve 2) can reach 4 months

(e.g. winter 1986–1987). The inter-annual change

over the study period shows a minor tendency to

growth (0.04 days per year) with a very small

coefficient of determination (0.03%).

The RICI was calculated for all winters for

which there were sufficient data to build up a

Fig. 3 The mean curve of ice concentration and average dates

of basic winter stages (D) 1—freeze-up starting date, 2—50%

ice cover date, 3—100% ice cover, 4—100% ice cover

breakup, 5—50% ice cover breakup, 6—end of breakup (see

Table 1)Table 1)
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complete course of ice cover conditions. The linear

trend of the RICI (Fig. 5a) shows a negative

tendency (-0.002 unit/year). The coefficient of

determination of this trend, however, is only 3%.

The decrease in RICI was no more than 12% over

this time.

iFig. 4 Examples of various

types of ice cover patterns

during the winter period in

selected years. Numbers

within plot are RICI

Table 1 The statistical characteristics of dates of ice cover stages in Lake Ladoga

Date Freeze-up 50% ice cover

freeze-up

95% ice cover

freeze-up

95% ice cover

break-up

50% ice cover

break-up

Break-up

Mean X November 24 January 11 February 13 March 24 April 23 May 13

Std.err. E. days 1.8 2.6 3.2 3.7 2.5 1.3

Median M November 24 January 9 February 11 March 22 April 26 May 12

Std.dev.r, days 12.7 18.4 20 23.1 18.3 10.2

Minimum 03/11/75 09/12/55 08/01/87 18/01/50 25/02/90 20/04/75

Maximum 26/12/72 19/02/01 28/03/57 09/05/85 21/05/56 29/05/74,79

Range, days 53 72 79 111 85 39

Total number of winter

seasons used, N

50 52 38 39 52 59
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Table 2 The statistical

characteristics of the

duration of ice cover in

Lake Ladoga

Duration, (days) 95% ice cover Total ice cover

Mean X 34 172

Std.err. E 4.6 2.5

Median M 27 172

Std.dev. r 34.2 14.7

Minimum (years) 0 (1945, 1961, 1971, 1975, 1989,

1990, 2000, 2004)

118 (1973)

Maximum (years) 117 (1987) 203 (1976)

Range, days 117 85

Total number of winter seasons used, N 55 53

iFig. 5 (a) Relative Ice

Cover Index (RICI), (b)
total (curve 1) and

compliete (curve 2) ice

duration, and (c) dates of
last (curve 1) and first

(curve 2) ice with linear

trends (dashed lines)
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Discussion

As a rule, the first ice on Ladoga is formed in the

shallow southern Petrokrepost Bay. It forms later in

VolkhovBay and SvirBay, then along the eastern coast

up to Mantsinsari Island. The water along the west

coast and the northern deep-water zone are the last to

become ice-covered. Water remains ice-free for lon-

gest over the deepest areas of the lake, and sometimes

this area does not become ice-covered.An example of a

MODIS Lake Ladoga ice-cover image (for 2 February

2006) is presented in Fig. 1. Stable ice cover along

each shore (white color) is seen in the image; moveable

ice is seen to the south from the Valaam Archipelago

(grey color with crack), and there is a wide area of ice-

free water (black) with clouds over it.

In spring, the ice in the central area of Ladoga can

drift under the wind that breaks the floating ice.

Depending on the wind direction, the ice is driven to

inshore regions, where it melts. A small portion is

driven to Petrokrepost Bay and reaches theNevaRiver.

In order to interpret the inter-annual changes of ice

cover in Lake Ladoga, the RICI was compared with

the NAO index (http://www.cru.uea.ac.uk/cru/data/

nao.htm), which was calculated as an index sum for

the period from October to May (Fig. 6). The coef-

ficient of determination of this correlation was 18%.

Importantly, the points on the graph (Fig. 6) were

higher for winters with periods of complete ice-cover

exceeding 77 days (1956, 1958, 1960, 1966, 1967,

1970, 1972, 1979, 1985, 1987, and 2003), while for

winters with periods of total ice cover less than

148 days (1973, 1975, 2000, 2001, 2004 and 2005)

the points were below the regression line. These years

are marked with ellipses in Fig. 6. If we exclude them

from the correlation analysis, the coefficient of

determination increases to 58%, indicating that the

NAO index cannot fully explain the extreme ice-

covering years. This implies that years with extreme

ice cover in the north-western region of Russia are

influenced not only by the North Atlantic.

Conclusion

A number of important results follow from this

analysis. Information about the percentage ice cover

on Ladoga obtained from aircraft and satellite

surveys between 1943 and 2006 has been collected

and organized into a database. The database was used

to derive the mean seasonal curve of ice cover and a

formula to represent ice conditions in Lake Ladoga.

The mean curve shows asymmetric branches: ice

formation on the lake is slower than its destruction.

Basic statistical characteristics for the dates of the

main ice phenomena and the duration of coverage

have been determined.

Analysis of the inter-annual variation in ice phe-

nomena dates and the duration of coverage shows

very small but significant trends (1–6 days per

100 years). The trend is most marked for the freeze-

up dates (14 days per 100 years), but the coefficient of

determination is no more than 3%. The RICI was

derived to characterize each winter by a single

dimensionless value. It shows a significant negative

climatic trend. The decrease in RICI was no more than

12% over the 63-winter periods, with a rather small

coefficient of determination. The RICI for Lake

Ladoga correlates well with the winter NAO Index

for average ice conditions. Nevertheless, the NAO

Index cannot explain years with extreme ice cover.
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Abstract We investigated stratigraphic changes in

fossil pigments and the molecular structure of the

UV-absorbing fraction of pore-water dissolved

organic matter in a sedimentary record from Lake

Peipsi (Estonia/Russia) temporally covering the 20th

century. The aims of the study were to define the

onset of eutrophication in the lake and to track its

course. An attempt was also made to reconstruct lake

conditions before the intensive nutrient loading

began. Fossil pigment analysis indicated that the

eutrophication of the lake started in the 1960s and

accelerated in the 1970s. Sedimentary pigments also

indicate a continuing tendency of the lake ecosystem

towards eutrophy in the 1980s and 1990s. However,

changes in the molecular size structure of pore-water

dissolved organic matter indicated that the contribu-

tion of autochthonous matter to the organic pool of

the lake ecosystem had already started to increase

around the end of the 1930s. We conclude that this

rise was generated by a coincidence of several

anthropogenic and natural factors. The pore-water

data also show that a slight relative reduction in the

autochthonous organic matter took place in the

1990s. A discordance in the paleodata obtained for

the beginning of the 20th century complicates clear

conclusions about earlier conditions in the lake. On

the one hand, the qualitative characteristics of pore-

water dissolved organic matter and the low concen-

tration of chlorophyll a indicate that the

phytoplankton biomass was low in Lake Peipsi

during that period. On the other hand, the concentra-

tions of marker pigments of specific phytoplankton

groups are high, comparable with the values in the

recent sediments. Possible reasons for the high levels

of these pigments in the early 1900s sediments, such

as a shift in the preservation conditions of organic

substances and their transport from the lake’s catch-

ment, are discussed.
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Introduction

Increased nutrient loading due to intensified agricul-

ture, industry and urbanization has been one of the

forcing factors influencing European lakes during

recent centuries. In particular, the period since the

Second World War has been characterized by the

enrichment of water bodies with biogenic substances.

However, initial changes and the course of eutrophi-

cation in large water ecosystems are often either

poorly documented or information on them is entirely

missing. In such cases, a paleolimnological approach

is often the only way to reconstruct the history of a

lake.

Lake Peipsi is the fourth largest lake in Europe by

surface area. The catchment consists of fertile soils;

there are several municipalities with up to 200,000

inhabitants and numerous industrial establishments.

The lake has been subjected to increasing anthropo-

genic inputs of nutrients from the 1950s onwards, as

demonstrated by paleoecological analyses of diatom

assemblages (Heinsalu et al., 2007). Monitoring data

collected since the early 1960s reveal subsequent

nutrient inputs and changes in the lake ecosystem

(Noges, 2001; Pihu & Haberman, 2001).

In this study, we present a reconstruction of the

recent eutrophication history of Lake Peipsi at a high-

resolution scale based on fossil pigment records and

stratigraphic changes in the molecular size structure

of pore-water dissolved organic matter (p(( DOM). Two

methods were employed in the analyses of pigments

and pDOM: first, crude samples were analysed

spectrophotometrically; thereafter, compounds in

the sample were separated and analysed by high-

performance liquid chromatography (HPLC).

Although measurements of pDOM are not yet widely

employed in paleoinvestigations, several studies have

demonstrated the capacity of these methods to

provide insight into the origin and character of

organic matter (OM) (Peuravuori & Pihlaja, 1997;

Chin et al., 1998; Lepane et al., 2004). Moreover,

results from a recent study have proved that the

absorbance characteristics of pDOM have high

potential for tracking the sources of organic carbon

and for assessing the paleoproductivity of a lake

(Leeben et al., 2005).

Study site

Lake Peipsi is a large (3,555 km2), shallow (mean

depth 7.1 m, max depth 15.3 m), unstratified and

eutrophied water body, which consists of two exten-

sive basins (Peipsi proper and Lake Pihkva) joined by

a narrow strait (Lammijarv). The lake receives its

water from a catchment area of 47,800 km2 and has

an outflow into the Gulf of Finland. The mean

residence time of the water is about 2 years. A

characteristic feature of the lake is the fluctuation of

the water level (mean annual range 1.2 m). Approx-

imately 40% of the lake’s catchment area is covered

by coniferous and mixed forests, and approximately

another 40% is used for agricultural purposes. The

soils of the catchment are very diverse (loamy

Cambisols, Luvisols, Podzoluvisols, sandy Podzols,

Planosols, Gleysols, Histosols). During wintertime,

the lake is covered by ice for an average of 114 days.

A comprehensive overview of the catchment and

limnology of Lake Peipsi can be found in Noges

(2001) and Pihu & Haberman (2001).

Materials and methods

Sediment coring and dating

Sediment samples were obtained from the middle of

the broadest part of the lake (58�47014@ N,
27�19020@ E; water depth 9.2 m) with a freeze corer

(Wright, 1980) in winter 2002 and 2006. The cores

were sectioned into consecutive 1-cm sub-samples.

The 2002 core was subjected to dating and pore-water

analyses; pigment analyses were performed on the

2006 core. The two cores were correlated through

their loss-on-ignition curves.

For dating, the sediment samples were analysed

for 210Pb, 226Ra and 137Cs by gamma spectrometry

using a well-type coaxial low background intrinsic

germanium detector (Appleby et al., 1986). For the
210Pb chronology, the CRS model (Constant Rate of

Supply; Appleby et al., 1986) was applied. The
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methodology, results and reliability of the chronology

are presented and discussed in detail in Heinsalu

et al. (2007).

Analyses of pore-water dissolved organic matter

(p(( DOM)

The frozen sediment samples were thawed at 4�C.
The pore water was collected and clarified by

centrifugation and filtration (pore size 0.2 lm).

Absorption spectra were recorded over the range

200–800 nm with a Cadas 100 scanning spectropho-

tometer (Dr. Lange) using Milli-Q water as a blank.

The ratio of the absorbances at 250 and 365 nm was

calculated to evaluate the character and molecular

structure of pDOM: a high ratio indicates organic

substances with a low degree of aromaticity and

small molecular size (Peuravuori & Pihlaja, 1997).

The absorbance values were converted into carbon

concentrations using a linear relationship between the

absorbance values of pDOM at 250 nm and the

concentration of dissolved organic carbon (DOC) in

the pore water (r = 0.87, n = 10). The DOC concen-

tration was determined by the standard method ISO

8245 (1999) using a DC-80 Total Organic Carbon

Analyzer (Rosemount-Dohrmann): the organic car-

bon is converted to CO2 by ultraviolet-promoted

persulphate oxidation, and the CO2 formed is

detected in the infrared part of the spectrum.

High-performance size-exclusion chromatography

(HPSEC) of pore-water samples was carried out

using an HPLC system with a UV detector (Knauer)

coupled to a biocompatible BIOSEP-SEC-S2000

column (7.5 9 300 mm, Phenomenex). A 100-ll
sample was injected into the column. Compounds

were eluted with 0.02 M phosphate buffer (pH 6.8) at

a flow rate of 1 ml min-1 and detected by absorbance

at 254 nm. The HPLC system was calibrated using

protein standards, which were run individually; the

corresponding elution times were recorded and

plotted against their molecular weights. Full details

of the HPSEC equipment and procedures are

described in Lepane et al. (2004). The total peak

areas were calculated from the chromatograms,

representing the total UV-absorbing fraction of the

DOM in the pore-water sample. To obtain the

percentages of molecular fractions, the chromato-

grams were divided into three molecular size

fractions: 0.01–0.2 kDa (low molecular weight,

LMW); 0.2–100 kDa (medium molecular weight,

MMW) and 100–2,000 kDa (high molecular weight,

HMW). The areas of the respective fractions were

calculated and divided by the total peak area. Weight-

average and number-average molecular weights of

pDOM (MwMM and MnMM , respectively) were determined

using the formulae

MwMM = Rðhi �MiM Þ=Rhi and MnMM ¼ RðhiÞ=Rðhi=MiM Þ,
where hi is the detector output and Mi is the

molecular weight, both at the ith retention time

(Mori & Barth, 1999). Thus, MnMM is the weight of an

‘average’ molecule in the mixture, while MwMM is the

weight of the molecule to which the ‘average’ atom

belongs (Zhou et al., 2000).

Analyses of fossil pigments

Sediment pigments were extracted and analysed

following the recommendations of Leavitt & Hodg-

son (2001). The frozen sediment samples were

freeze-dried and pigments were extracted with an

acetone-methanol mixture (80:20 v:v) at -20�C for

24 h under a N2 atmosphere. Thereafter, the extracts

were clarified by filtration through a 0.45 lm pore-

size filter (Millex LCR, Millipore). The absorption

spectra of the pigment extracts were recorded with a

Hitachi U-3010 spectrophotometer over the wave-

length range 400–800 nm. The ratio between the

absorbances at 410 and 665 nm was calculated from

the spectra as an indicator of chlorophyll (Chl) a

preservation. The degradation products of Chl a have

an absorbance peak at 410 nm, while the absorbance

peak around 665 nm is due to Chl a and its deriv-

atives (Rowan, 1989).

The pigments were separated with an HPLC

installation consisting of two pumps (CE 1100 Cecil

Instruments Ltd, UK), a dynamic mixer (Cecil), an

injection valve (Rheodyne 7125) with a 100-ll
injection loop and a UV detector (CE1200, Cecil).

A Spherisorb ODS2 column (4.6 9 150 mm, 3 lm
particle size, Waters) was used for the separation.

Prior to the HPLC run, an ion-pairing solution was

added to the sample extract. The pigments were

eluted using a non-linear binary gradient at a constant

flow rate of 1.5 ml min-1 (Table 1) and identified by

their retention times reported in the literature and
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standards provided by DHI (Denmark). The chro-

matograms were quantified by absorbance at 450 nm.

Results

Pigment stratigraphy

According to Laugaste et al. (1996), the assemblage of

dominant species in Lake Peipsi has not changed

during the last 100 years: the main portion of phyto-

plankton biomass in the lake is formed by diatoms

[Aulacoseira islandica[[ (O. Muller) Sim., Aulacoseira.

granulata (Ehr.) Sim., Stephanodiscus binderanus

(Kutz.) Krieger], followed by cyanobacteria [Gloeo-

trichia echinulata (J. E. Smith) Richter,

Aphanizomenon, Microcystis and Anabaena species].

Third come green algae, but their biomass is consid-

erably smaller than that of the two predominant groups.

Unfortunately, because the peaks overlap with those of

other pigments, the HPLC method we used failed to

separate fucoxanthin (a marker pigment for diatoms)

and myxoxanthophyll (a marker pigment for cyano-

bacteria) properly. Therefore, Chl c2 (for diatoms) and

echinenone (for N2-fixing filamentous cyanobacteria)

were chosen to track changes in the dominant phyto-

plankton groups in the sediments (Leavitt & Hodgson,

2001; Bianchi et al., 2002). We also present zeaxan-

thin and canthaxanthin data, because the actual

pigment composition of cyanobacteria species occur-

ring in Lake Peipsi is not fully known. Zeaxanthin has

been detected in Microcystis species (Bianchi et al.,

2002; Kupperstein & Boyer, 2005), but it is also a

common pigment in vascular plants. Canthaxanthin

has been used as a marker pigment for colonial and

filamentous cyanobacteria (Lami et al., 2000; Leavitt

& Hodgson, 2001); however, sometimes herbivore

tissues also contain this xanthophyll (Leavitt, 1993).

Chlorophyll b was chosen as a proxy for green algae

and Chl a as a proxy for total phytoplankton. However,

one should keep in mind that both these are also major

pigments in higher plants.

The quantities and profiles of fossil pigments in

the sediment record of Lake Peipsi vary greatly. The

concentrations of Chl a and Chl c2 in the lower part

of the record (50 and 1 nmol g-1 OM, respectively)

are approximately one quarter of those in the upper

part (Fig. 1a, c; Table 2). Their concentrations started

to increase in the 1970s. The distribution of cantha-

xanthin exhibits a reverse pattern, having a slightly

higher concentration (around 50 nmol g-1 OM)

before the 1920s, after which it diminishes somewhat

(to 40 nmol g-1 OM) and remains stable up to the

top of the core (Fig. 1f). The concentrations of

echinenone and zeaxanthin vary over the ranges 15–

30 and 30–45 nmol g-1 OM, respectively (Fig. 1d,

e). Their lowest concentrations are detected around

the mid-20th century. The concentration of Chl b

varies over the range 5–10 nmol g-1 OM (Fig. 1g)

and its stratigraphy appears similar to those of

echinenone and zeaxanthin. The lowest concentra-

tions of Chl b occur in the 1960s and 1970s.

Temporal changes in the quantity and structure

of pDOM

The concentration of pDOM (expressed as carbon) in

the sediment varies from 2 to 3 mM (Fig. 1k,

Table 2). Its highest values are around 1900 and at

the end of the 20th century. The weight-average

molecular weight was less than 7 kDa, varying from

3.5 to 5 kDa (Fig. 1l). The number-average molec-

ular weight of pDOM was less than 4 kDa and mainly

in the range 1–3 kDa (Fig. 1m). In two sediment

layers, one dated to the late 1960s and the other to the

very early 1990s, the pore-water organic substances

have very high molecular weights (Fig. 1l, m). We

would point out that the values for pDOM obtained

here are not ‘real’ concentrations and molecular

weights of organic substances in the pore water.

Freezing and subsequent thawing of organic material

in aqueous solution disintegrates particulate OM and

disrupts dissolved organic molecules. Comparison of

the molecular characteristics of pDOM in fresh and

frozen samples showed that the molecular weights are

approximately 2–3 times higher in unfrozen samples

than in frozen samples (Lepane et al., 2006).

Table 1 Elution scheme and solvents used in the separation of

pigments by HPLC

Solvent (%) Time (min)

0 2 15 23 25

A 100 50 0 0 100

B 0 50 100 100 0

Solvent A = 80% methanol : 20% 1 M ammonium acetate (pH

7.2) (v:v)

Solvent B = 80% methanol : 20% acetone (v:v)
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The ratio of MwMM to MnMM , called polydispersity, has

been used as a quantitative measure of the molecular

weight distribution of OM in a mixture (Chin et al.,

1998). For pure organic substances the ratio is equal

to 1; for a mixture of molecules it is greater than 1. In

the sediments of Lake Peipsi, the polydispersity of

pDOM varies over a very narrow range (Fig. 1n),

indicating that temporal changes in the molecular

weight distribution are small. However, the aroma-

ticity index estimates of pDOM demonstrate slightly

elevated values from the 1960s to the late 1980s

(Fig. 1o, Table 2), implying that the proportion of

substances of smaller size and lower aromaticity has

increased in the OM accumulated during this period.

Ordinarily, lower aromaticity and molecular weight

(hence also size) are characteristic of autochthonous

OM, while compounds with higher aromaticity and

molecular weight predominate in OM derived from

terrestrial sources (McKnight et al., 2001). Strati-

graphic changes in the distribution of different

molecular weight fractions confirm that the propor-

tion of high molecular weight pDOM has decreased

Fig. 1 (Upper panel) Age-resolved profiles of the concentra-

tions of selected fossil pigments (a, c–g) and their ratios (h–j– )

in the sediments of Lake Peipsi. Preservation index of

chlorophyll a (PI), calculated as the ratio between absorbances

at 410 and 665 nm (A410/A665), is also shown (b). (Lower
ppanel) Age-related changes in the characteristics of pore-water

dissolved organic matter (k–p). For comparison, the profiles of

major sediment constituents (q, r) and lithology (s) (reprinted
with permission from Heinsalu et al., 2007) are also shown.

bb ev at o s: C C o op y ; c c e o e; eaAbbreviations: Chl—Chlorophyll; Echi—Echinenone; Zea—

Zeaxanthin; Cantha—Canthaxanthin; pDOC—Pore-water dis-

solved organic carbon; MwMM and MnMM —Weight-average and

number-average molecular weight, respectively; AI—Aroma-

ticity index calculated as the ratio between absorbances at 250

and 365 nm (A250/A365); LMW—Low molecular weight;

MMW—Medium molecular weight; HMW—High molecular

weight; OM—Organic matter; dw and ww—Dry and wet

weight of sediments, respectively. For details see Materials and

methods
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somewhat since the 1940s and the proportion of low

molecular weight substances has increased (Fig. 1p,

Table 2).

Discussion

Onset and course of eutrophication

Qualitative phytoplankton proxies—the concentra-

tions of Chl a, Chl c2, echinenone and zeaxanthin—

indicate that a shift of the lake ecosystem towards

eutrophy started in the 1970s. From that time

onwards the concentrations of the pigments are

higher than in earlier years, or are gradually increas-

ing. Statistical analysis reveals that changes in the

concentration of Chl a correlate well with those of

echinenone and Chl c2 (Table 2), suggesting that the

main contributors to the phytoplankton biomass in the

lake have been cyanobacteria and diatoms. However,

it is difficult to estimate which of these has made the

larger contribution. On the one hand, chlorophylls are

more photosensitive than carotenoids. On the other,

diatom cells sink more rapidly than cyanobacteria.

Moreover, many cyanobacteria species form surface

blooms and even after the bloom collapse, their

colonies continue to float on the surface, prolonging

their exposure to sunlight. Different sinking rates of

cyanobacteria, and hence different times of exposure

to sunlight, could also explain why the concentration

of zeaxanthin was higher than that of echinenone in

the sediments of Lake Peipsi, whereas according to

the monitoring data, the biomass of filamentous

cyanobacteria in the lake has been higher than that of

unicellular Microcystis species (Noges et al., 1996).

The findings of Bianchi et al. (2002) suggest that

unicellular cyanobacteria (including picocyanobacte-

ria) may have higher sedimentation rates than the N2-

fixing filamentous cyanobacteria.

Canthaxanthin is the only pigment whose concen-

tration shows no change during the 1970s. As

mentioned previously, canthaxanthin has been widely

detected also in herbivores. Moreover, when Quibli-

er-Llobéras et al. (1996) observed the summer

planktonic community in an oligo-mesotrophic lake,

canthaxanthin was found only in zooplankton, but it

Table 2 Spearman rank order correlations for selected characteristics of pore-water dissolved organic matter (p(( DOM) and fossil

pigments obtained by different methods (given in parentheses) for the analysed sediments of Lake Peipsi

Pair of characteristics Spearman P-level

Fossil pigments

A665 (Abs1) and Chlorophyll a (HPLC) 0.846 0.000

A665 (Abs1) and Chlorophyll b (HPLC) 0.247 0.095

A665 (Abs1) and Chlorophyll c2 (HPLC) 0.691 0.000

A665 (Abs1) and Echinenone (HPLC) 0.804 0.000

A665 (Abs1) and Zeaxanthin (HPLC) 0.484 0.000

A665 (Abs1) and Canthaxanthin (HPLC) -0.257 0.081

pDOM

pDOC (PO + Abs2) and Total area (HPSEC) 0.882 0.000

A250/A365 (Abs2) and HMW (HPSEC) -0.545 0.000

A250/A365 (Abs2) and MMW (HPSEC) -0.257 0.109

A250/A365 (Abs2) and LMW (HPSEC) 0.274 0.087

MwMM /Mww nMM (HPSEC) and HMW (HPSEC) -0.011 0.947

MwMM /Mww nMM (HPSEC) and MMW (HPSEC) 0.440 0.004

MwMM /Mww nMM (HPSEC) and LMW (HPSEC) 0.169 0.327

A665—Absorbance of crude pigment extract at 665 nm; pDOC—Concentration of pore-water dissolved organic carbon; Total area—

Total area of chromatogram; A250/A365—Ratio of absorbances of pore water at 250 nm and 365 nm; HMW, MMW, LMW—

Respective areas of the high, medium and low molecular weight fractions in the chromatograms; MwMM /Mww nMM —Ratio of weight-average

molecular weight and number-average molecular weight; PO—Persulphate oxidation method; Abs1—Absorption spectroscopy of

pigment extracts; Abs2—Absorption spectroscopy of pore water; HPLC—High-performance liquid chromatography; HPSEC—

High-performance size exclusion chromatography. For details see Materials and methods
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was totally absent from phytoplankton. In the case of

Lake Peipsi, further investigations should be con-

ducted to determine whether canthaxantin is a marker

pigment of specific cyanobacteria taxa or whether it

is confined to herbivores.

The changes in the pigment ratios in the sediment

record imply that the ecosystem changed in the 1960s

(Fig. 1h–j). The sediment composition data suggest

that the sediment deposited since the 1960s clearly

differs from the underlying layers: it is richer in OM

and less compacted (Fig. 1q, r). The preservation

index of Chl a declines steadily, simultaneously with

changes in the pigment ratios, and this also implies

that conditions in the water column or/and sediments

have changed since the 1960s (Fig. 1b).

On the basis of long-term investigations of Lake

Peipsi, it is generally considered that the lake trophy

started to increase in the 1960s. In the 1970s, the

process accelerated and a high level was reached in

the 1980s. From the early 1990s until 1996 an

improvement in the lake water quality was observed.

However, since 1997 there has been a continuous and

even accelerating deterioration of the lake status

(Noges et al., 1996; Noges & Noges, 2006). Changes

in fossil pigments accord well with the monitored

course of eutrophication, except for the transient

recovery of the lake in the 1990s, which is not clear

in the fossil pigment stratigraphy. However, limno-

logical data of phytoplankton biomass from that

period suggest that despite a lowered nutrient level in

1988–1994 (Loigu & Leisk, 1996), the average

phytoplankton biomass remained high (Laugaste

et al., 1996).

As shown by the pDOM data, changes in the lake

OM occurred even before the 1960s. The distribu-

tions of molecular weight fractions of pDOM indicate

a change in the late 1930s to early 1940s (Fig. 1p),

suggesting a rise in the proportion of autochthonous

matter in the OM pool. The increase in the autoch-

thonous contribution to the bulk of OM becomes

more and more evident over the following years.

According to the pDOM characteristics, the autoch-

thonous component in the sediments was highest

during the 1970s and 1980s (Fig. 1o, p). A sub-

sequent reduction in the proportion of the LMW

fraction and an increase in the proportion of OM with

higher aromaticity in the pDOM implies a somewhat

decreased contribution of autochthonous matter in the

bulk of OM during the 1990s, thus indicating a slight

deceleration of eutrophication. The stratigraphic

changes in the molecular size structure of pDOM

(Fig. 1o, p) coincide well with the zonal changes in

the sediment lithology (Fig. 1s), demonstrating that

the dissolved organic fraction in the sedimentary OM

has changed in concert with changes in the particulate

fraction.

There is no clear explanation for the autochtho-

nous shift in the character of pDOM in the late 1930s

to early 1940s. A similar qualitative shift in pDOM

was observed in the measurements of the fluores-

cence of pDOM from the same core in an earlier

study (Heinsalu et al., 2007: Figs. 5, 6c, d). We

suppose that the cumulative effects of several

anthropogenic and natural factors (pre-war increases

in agriculture and urban sewage discharges, intensive

fishing, establishment of the Zebra mussel Dreissena

polymorpha Pallas in the lake, numerous extensive

forest fires and low water levels) may have triggered

these changes in OM.

According to monitoring observations, very large

fluctuations in the summer phytoplankton biomass

are characteristic of the Peipsi ecosystem: the inter-

annual differences can be up to 10-fold (Laugaste

et al., 1996). Somewhat unexpectedly, we could

detect no prominent changes in the productivity

proxies in the sediments. However, the two abrupt

peaks of pDOM molecular weights (Fig. 1l, m)

appear to coincide temporally with the two densest

phytoplankton bloom events registered by monitoring

observations in Lake Pihkva, in 1972 and 1991

(Laugaste et al., 1996: Fig. 9b), when the biomass of

cyanobacteria exceeded the mean annual biomass

level by factors of 10 and 22, respectively. However,

these bloom events are not detectable in other

constituents of the sediments. Moreover, we are

unable to surmise whether (1) the blooms extended to

Lake Peipsi proper and/or (2) the OM produced in

Lake Pihkva could be carried to and settle in Lake

Peipsi proper. Therefore, the coincidence may be just

accidental.

Conditions prior to the 1930s

The paleolimnological inferences about the nutrient

loading response in Peipsi over the past 40 years,

based on the stratigraphic changes in fossil pigments

and molecular structure of pDOM, are consistent with
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the monitoring results for the lake. Thus, we conclude

that even the pre-eutrophication conditions in Peipsi

can be assessed by the sedimentary organics.

Comparison of the fossil pigment chromatograms

suggests that the pigment composition of phytoplank-

ton has remained relatively unchanged over the entire

time span investigated. This finding coincides well

with the results of Laugaste et al. (1996). A rather

stable, mesotrophic species composition character-

izes the sedimentary diatom assemblage for the

period 1880–1950 (Heinsalu et al., 2007). The sed-

imentary profile and preservation index of Chl a

obtained in the present study indicate a low algal

standing crop and high stability of the lake conditions

at that time (Fig. 1a, b).

Besides the low Chl a concentrations, the high

levels of echinenone, zeaxanthin and Chl b in the

sediments dated to the 1900–1920s are noteworthy

(Fig. 1d, e, g). A slight concurrent increase in the

pDOC concentration is also discernible (Fig. 1k).

Constituents of fluorescent pDOM were also present

in greater quantities in the lower part of the sediment

record than in the sediment layers dated to the mid-

20th century (Heinsalu et al., 2007: Fig. 6a, b). This

may be explained by the fact that the environmental

conditions in the lake during that period were

favourable for the preservation of OM and also other

pigments, e.g. canthaxanthin (Fig. 1f), diatoxanthin

and b-carotene (the last two are not shown). Another

possible reason is revealed by comparing the tempo-

ral changes of these OM constituents with the

changes of water level (Fig. 2). Keeping in mind

that the dating of the lower part of the core involves a

greater error, one could speculate that the runoff of

OM from the lake catchment was higher in that

period than in previous and subsequent decades. The

presence of a greater proportion of large aromatic

organic substances supports the hypothesis of inten-

sive terrestrial transport of OM, as they indicate that

allochthonous OM predominated in the lake ecosys-

tem before the 1930s. Unfortunately, the water level

observation series is too short to detect any further

regularities, especially since the influence of water-

level fluctuations is severely masked in the upper part

of the sediment record by progressive eutrophication

of the water body. Therefore, the extent of external

loading of OM to the Lake Peipsi ecosystem at the

beginning of the 20th century still remains

ambiguous.

Conclusions

The first symptoms of environmental disturbance of

Lake Peipsi appeared in the settled matter dated to the

Fig. 2 Comparative curves (fine line—raw data, solid line—

smoothed data, Loess curve fitting) of the annual water-level

dynamics (elevation, m above sea level) and temporal

distribution of proteinaceous matter, zeaxanthin and chloro-

phyll b (Chl b) in the settled material of Lake Peipsi. The

initial unsmoothed curve of the proteinaceous matter is

redrawn with permission from Heinsalu et al. (2007). OM—

O ga c atteOrganic matter
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late 1930s, where changes in the molecular size

composition of pDOM indicate an incipient relative

increase of autochthonous matter and a corresponding

reduction of allochthonous OM. In subsequent

decades, this trend becomes more and more obvious.

In the fossil pigments, an increase in water column

production appears in the 1960s and since then the

OM constituents indicate a gradual trend towards

eutrophy. The stratigraphic changes in pDOM size

fractions imply that the nutrient availability for

phytoplankton might have declined somewhat in the

1990s. However, these changes are minor and

subsequent persistently high concentrations of fossil

pigments in the early 2000s do not suggest that the

eutrophication level of the lake had been reduced.
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Abstract Data on Secchi disk transparency in Lake

Ladoga, the largest lake in Europe, collected between

1905 and 2003, were used to detect climatic (inter-

annual) trends for lake regions with various depths.

The seasonal variations in Secchi depth (Ds) during

the ice-free period both for limnetic regions with

large differences in bathymetric characteristics and

for the whole lake were estimated by more than 7000

transparency measurements. The two-dimensional

data sets have a spatial resolution of approximately

20 km and are geo-referenced by latitude and longi-

tude in Lake Ladoga. Monthly mean spatial

transparency distributions and their variances were

calculated from May to October. The spatial distri-

butions of the transparency for each month are

discussed within the context of lake bathymetric

patterns. The maximum values of Secchi depth (more

than 4 m) occur during May and October in deep

regions. Both the minimum mean value of water

transparency and minimum horizontal gradients of Ds

for the lake occur in August. The regions with

significant interannual (climatic) decreasing trends of

Ds have been identified. These areas increase in

summertime and cover approximately half the lake

area. In spring and autumn the areas decrease and

occur in the southern near-shore regions. The mean

downward climatic trend of water transparency in

Lake Ladoga is 0.02 m/year.

Keywords Secchi disk transparency �
Climatic trends � Lake Ladoga

Introduction

Secchi disk transparency observations have become

an integral component of large lake surveillance

strategies. These measurements form the only major

‘‘optical history’’ for water bodies on a global scale.

The transparency of the surface water layer in large

lakes defines the depth of light penetration, which is

essential for the growth of green plants as sunlight

provides the energy for photosynthesis. Water trans-

parency decreases as color, suspended sediments and

algae increase. The basic standard integrated param-

eter of surface water layer transparency is the depth

(Ds) at which the white disk (Secchi disk) disappears

from the surface observer’s view (Preisendorfer,

1986).

Moreover, the depth of disappearance of the

Secchi disk is a visual index of the trophic state of
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a lake. Secchi disk transparency is the most fre-

quently measured characteristic of lake waters and

can be regarded as a parameter for analyzing

interannual (climatic) changes in the lake. For

example, climatic trends in Secchi disk transparency

have been detected in various North American lakes

(Francis et al., 1994; Siver et al., 1996; Lathrop

et al., 1999).

Morphometrical features of the world’s large lakes

along with their thermal and dynamic regimes

determine the distribution of total suspended matter

(organic and inorganic) within a water body, which

ultimately regulates the optical properties of the lake

water surface layer. The purpose of the present paper

is to obtain a monthly mean spatial distribution of the

transparency in Lake Ladoga for the period of open

water within the context of the lake’s bathymetric

patterns. In addition, the climatic trends in Ds for the

period 1905–2003 were analyzed for every month

from May to October. The biological features deter-

mining interannual variations in Ds over the period

examined were not considered in the present paper.

Materials and methods

The first measurements of water transparency in the

largest European lake, Lake Ladoga (surface area:

17,800 km, mean depth: 47 m, maximum depth:

230 m), were carried out at the end of the 19th

century. The most comprehensive water transparency

and color data for Lake Ladoga, obtained using

the white Secchi disk, were generalized in the

monograph ‘‘Lake Ladoga’’ published in 1945

(Molchanov, 1945). Later, Petrov (1967) investigated

the vertical transparency distribution by analyses of

water samples. In the last quarter of the 20th century,

eutrophication of Lake Ladoga resulted in a decline

in Secchi disk depths (Petrova, 1982). Modern

generalizations of water transparency distributions

for spring, summer, and autumn are given in the Atlas

of Lake Ladoga (Hvorov & Utin, 2002).

Data were assembled using the Lake Ladoga

database, including 7,085 measurements of transpar-

ency by the white Secchi disk for the periods of open

water since 1905. The database includes all the data

obtained by the Institute of Limnology of the Russian

Academy of Sciences and the State Hydrometeoro-

logical Service. The locations of the observation

stations on Lake Ladoga at which Secchi disk

transparencies were recorded between 1905 and

2003 are shown in Fig. 1.

Basic statistical analysis and linear regression

analysis were used to detect climatic trends for every

month of individual measurements.

It is evident that the seasonal changes in water

transparency differ among different areas of the lake

owing to the morphological features of the coastal

zone, distributions of inflow waters, and degrees of

biological activity. Therefore, to calculate the

monthly mean distribution of water transparency in

Lake Ladoga, the total surface area of the lake was

divided into 20*20 km grid cells. This division is

optimum for analyzing both spatial distribution and

interannual trends. The specified values were referred

to the average coordinates of each grid cell. All water

transparency measurements were analyzed on a

monthly basis (from May to October) for each of

the 71 cells. The monthly mean values, dispersions,

and trends were calculated. Climatic trends were

analyzed by a linear model for every month for each

grid cell. The cells with significant trends (at a

significance level of 5%) were identified for each

Fig. 1 Location of Secchi disk transparency observations

points over Lake Ladoga. Isobaths 18, 50, 70, 100, and

140 m correspond to the limnetic regions140 m correspond to the limnetic regions
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month. The coefficient of determination (R2) was

used to estimate how well the data are explained by

the best-fit line. ‘Zero’ means that the fitted line

explains no data variation. R2 = 1 means that the

fitted line explains all the data variation. For linear

regression, R2 is the square of the correlation

coefficient.

Results and discussion

The penetration of sunlight into a water body

determines the depth of distribution and quantity of

phytoplankton, macroalgae, and other underwater

plants. The variability of water transparency during

the season depends on the periods of the greatest

runoff from the catchment basin, temperature, and

wind regime, as well as conditions of development of

lake microorganisms (plankton). In Fig. 2 the quan-

titative characteristics of the data for all periods of

observations on the lake are presented. It is obvious

that only since 1955 measurements have been con-

ducted regularly. The linear trend (represented by the

thick line), which indicates the decrease in water

transparency for all the data combined, does not

exceed 0.73 m per hundred years. The slope of the

regression line, 0.0073 m/year, is statistically signif-

icant. We accept this value as a limiting value from

which the trend is apparent.

The empirical distribution of Ds is consistent with

the normal distribution function: the mean, modal,

and median values of Ds for the whole observation

period practically coincide with each other and are

equal to 2.9–3.0 m with a standard deviation of

0.9 m. As the data are normally distributed, the

parametric method of trend analysis was used.

Figure 3 shows the seasonal course of Lake

Ladoga water transparency for limnetic regions,

which were described by Naumenko (1995). Each

limnetic region is characterized by light, thermal,

hydrological, and hydrochemical features. Ds in a

shallow area (to a depth of 18 m) hardly changes

during the ice-free period because of the constant

intensive wind activity and wave motion, which stir

up the bottom sediments. Volkhov Bay, included in

this area, is the bay of Lake Ladoga with the lowest

surface transparency in all seasons. The Volkhov

River brings turbid water to the lake with a significant

amount of suspended particulate matter.

Strongly marked minimum in water transparency

occurs during August in the regions with bottom

depth more than 50 m. The greatest differences

between maximal and minimal monthly mean water

transparencies are observed in the very deep-water

area with water depth more than 100 m.

It is necessary to mention that the maximal water

transparency never exceeded 6.6 m throughout the

whole period. Molchanov’s assumption (1945) that

the transparency can be 7–8 m was not corroborated.

The monthly mean spatial distributions of transpar-

ency and their trends for each month of six-month open

water period are presented in Fig. 4. In May–June,

iFig. 2 Changes in the

Secchi disk transparency

(m) with linear trend over

the whole observation

period
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variations in spatial transparency correspond to

the distribution of lake depths. Water transparency

increases with the distance from the shore. The

maximum horizontal gradients between the deep-water

part of the lake and the shallow Volkhov Bay are

observed inMay. In thismonth the surface temperatures

are less than 4�C and the total suspended matter

concentration is low in regions with depths exceeding

100 m,where theDs reaches 4.5 m. The Secchi depth in

Volkhov Bay at this time is less than 1.5 m. When the

water becomes warmer in June–July both the water

transparency and the horizontal gradients of Ds

decrease. During this period the spatial distribution of

transparency does not follow the distribution of lake

depths; it is mainly defined by the level of development

of biological communities. Water transparency minima

over Lake Ladoga as well as minimum horizontal

gradients of Ds occur in August. This is related to

phytoplankton development, which leads to an

increased amount of suspended organic matter in the

lake. The eastern part of the lake has the greatest number

of river inflows rich in colored dissolved organicmatter.

In these areas the transparency is less than 2.5 m, several

kilometres away from the coast. This value (Ds = 2.5 m)

can apparently be regarded as the limit for separating

river plumes from the open lake waters and shows no

particular change in either space or time. The western

part of Lake Ladoga has greater transparency than the

eastern part (Ds = 3 m).

To estimate the relationship between bottom depth

distribution and spatial distribution of Ds, a third-

degree polynomial approximation was used. The

Secchi disk transparency was plotted as a function of

bottom depth for the grid points (Fig. 5) using a

digital morphometric model (Naumenko, 1995). The

value of the determination coefficient R2 evidently

varies during the period of open water. The largest

share of the dispersion (i.e., maximum R2 = 64%)

explained by this model was in May and decreased

slightly in June (Fig. 5). The same trend in the

Fig. 3 Monthly mean water transparency for limnetic regions

w t va ous dept s a e adogawith various depths in Lake Ladoga

Fig. 4 The spatial distributions of mean monthly transparen-

c es a e adoga a d t e t e dcies in Lake Ladoga and their trend
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determination coefficient typified the spatial distri-

bution of temperature in Lake Ladoga (Naumenko &

Karetnikov, 2002). In August, when the surface water

temperature had reached its maximum, the determi-

nation coefficient fell to less than 40%. This indicates

that the spatial Ds distribution during this month was

controlled more by hydrobiological and hydrody-

namic factors than by bottom depth distribution. In

August both the mean value of Ds and its spatial

gradients were minimal in the lake. After September

the determination coefficient increased but did not

reach the spring value. The polynomial approxima-

tion of the spatial transparency distribution allows

the location of maximum water transparency to

be determined for each month. In May and June,

water transparency with a value greater than 4 m

occurred above the bottom depths over 100 m. In

August–tt September the maximum appeared over

iFig. 5 Correlations

between transparency and

bottom depth (upper) and

mean coefficient of

determination (lower) for

May–October. (Curves are

third-degree polynomial.

Triangles denote monthly

mean water transparency

over the lake)

Table 1 Portion of Lake

Ladoga area with significant

decreasing trends in water

transparency and

R2 min
pp

�max
mean

Month

May June July August September

Area (%) 32.7 29.8 48 44.9 12.7

Coefficient of

determination R2 (%)

22�92
48

7�55
24

14�45
25

12�66
31

30�40
34
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depths of 60–80 m, i.e., in the central part of the lake.

As Naumenko & Karetnikov (2002) reported, the

surface water temperature in May–June correlates

strongly with bottom depth. This correlation results

from continuous water warming and the appearance

of vertical temperature stratification near the shore. In

spring the thermobar phenomenon occurs, which

divides the stratified water from the cold central

water (Naumenko, 1994, Naumenko et al., 1996). In

mid-July the thermobar disappears in the deep part of

Lake Ladoga. Full stratification takes place, and the

correlation between depth distribution and surface

water temperature becomes insignificant. Therefore,

Secchi disk transparency is significantly correlated

with the bottom depth in May–June when inshore

surface water temperature and nutrients strongly

affect the spatial phytoplankton distribution and, in

turn, the water transparency.

The analysis of spatial distribution of water

transparency dispersions as a measure of interannual

variability shows that during the period of open water

the greatest dispersions take place in the southern part

of lake.

Practically all significant interannual trends of Ds

were negative, indicating a distinct decline in surface

water transparency over the study period. The

determination coefficients R2 of the linear trends

describe about 20–50% of the total dispersions

(Table 1). The spatial distribution of the areas with

significant trends in Ds varies depending on the

month.

In summer, the area with a significant trend in Ds

is larger than in spring or autumn (Fig. 4). Because of

the lack of data, the spatial Ds trend distribution for

October is not presented. The marked areas have a

significant Ds trend with a regression line gradient of

more than 0.01 m/year. The greatest area, about half

the Lake Ladoga surface, is subject to a negative Ds

trend in July (Table 1). In spring and autumn this area

is much smaller and occurs in the southern parts of

the lake. Using the comparison of monthly spatial

distributions of water transparency trends shown in

Fig. 4, the area in which the trend of water transpar-

ency always exceeds 0.01 m/year was identified. The

area is situated in the southern part of the lake with

depths from 10 to 30–40 m, and its location practi-

cally coincides with the September distribution of Ds

trends presented in Fig. 4.

The results obtained demonstrate the Secchi disk

transparency trends for the period from 1905 to 2003

in Lake Ladoga (Fig. 6). The average values of the

negative summer and autumn Ds trends are approx-

imately identical and vary from 0.027 to 0.015 m/

year (on average, 0.02 m/year). As an exception, the

largest value is -0.07 m/year in May.

This research provides an opportunity to determine

the areas of Lake Ladoga with significant long-term

variability in water transparency during different

seasons.
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Abstract We studied the formation of dissolved

silicon loads from rivers to lakes, the development of

diatoms in lakes and the role of climatic forcing on

the silicon cycle in three river-lake systems in

Sweden, Estonia and Northern Germany. We found

coherent seasonality in the silicon loads of the two

northern rivers, which was probably caused by the

common snow-type hydrology of the catchments as

distinct from the rain-type hydrology of the

catchment, further south. The similarity among lakes

in the dynamics of the Si-related variables studied

resulted from similarities in mean lake depth and

mixing type rather than the climatic regime. Among

the variables measured at the three sites, river water

discharge responded most coherently to climatic

forcing as synchronized by the North Atlantic

Oscillation winter index (NAOw). Water discharge

and Si load were strongly linked variables and

showed coherent patterns among the river systems.

We found significant season-specific correlations of

the NAOw with either the biomass or the share of

diatoms in each lake, but no coherent pattern among

the lakes. Our results indicate that processes driven

by water discharge are more coherent across regions

than in-lake processes.

Keywords Silicon � Lakes � Rivers �
Diatoms � Climate � NAO � Discharge

Introduction

Human activities are mainly responsible for changes

in the riverine delivery of nitrogen (N) and phospho-

rus (P). Unlike N and P, the source of dissolved

silicon (Si) in aquatic systems is mainly the chemical

weathering of silicate minerals and the delivery of Si

by rivers is influenced by lithology, weathering

intensity, climatic variation and diatom production

(Conley, 1997; Conley et al., 2000). Weathering of
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silicate rocks is considered to be a sink for atmo-

spheric carbon dioxide (Ittekkot et al., 2000).

Another process in which silicon plays a key role is

anthropogenic CO2 sequestration: silicate inputs

fertilize the seas by stimulating the production of

diatoms, which play a crucial role in the biological

uptake of CO2 by the ocean through the so-called

biological pump (Smetacek, 1998). As rapidly sink-

ing particles, diatoms play a major role in exporting

organic carbon to deep ocean layers and thus in

sequestering CO2 (Tréguer & Pondaven, 2000).

Anthropogenic activities have significantly

increased the riverine loading of N and P (Smith et al.,

1999), while their effects on Si loading have been

minor (Berner & Berner, 1996). The essential differ-

ence in behaviour among N, P and Si lies in their rates

of regeneration and recycling. Si is released back to the

water column via the dissolution of biogenic silica,

which is a considerably slower process than the

remineralisation of N and P. If Si influx were constant,

the Si:N and Si:P ratioswould change due to changes in

N and P loadings (Ptacnik et al., 2005). However, the

Si load may also decrease as a result of increasing Si

retention in watersheds, e.g. because of dam construc-

tion (Humborg et al., 2000; Ittekkot et al., 2000).

Large-scale hydrological alterations of rivers change

the ratios of N:P:Si and these changes affect phyto-

plankton species composition and diversity, and hence

carbon sequestration (Ittekkot, 2003). The excess

delivery of N and P relative to Si by rivers affects the

development of diatoms. If the spring diatom bloom is

terminated by exhaustion of Si while N and P are still

present, the residual N and P in the water column are

subsequently used by non-siliceous organisms, among

which cyanobacteria may form harmful and nuisance

blooms in lakes (Huisman & Hulot, 2005). In view of

the role of Si in global carbon sequestration as well as

its importance in the structuring of biological commu-

nities, long-term changes in Si concentrations should

be followed through the aquatic continuum comprising

rivers, lakes, wetlands and estuaries where intense

physico-chemical and biological processes occur.

We have analyzed long-term data on Si concen-

tration, Si loading and the development of diatoms in

three systems, each composed of a lake and its main

inflowing river, located in Sweden, Estonia and

Northern Germany. We address the following

questions:

1. What are the similarities and differences in Si

load formation between catchments of different

hydrological regimes (snow-type versus rain-

type hydrology)?

2. Are Si concentrations and the development of

diatoms in the three lakes related to the riverine

Si load?

3. How similar are the dynamics of different Si

cycle variables—Si concentrations in rivers and

lakes, Si loadings to the lakes, Si loss rates

during diatom development and diatom bio-

mass—among the three river/lake systems, and

how coherent is the response to climatic forcing?

Study sites

The study encompasses three well-studied lakes

together with their main inflowing rivers (Table 1)

in three countries surrounding the Baltic Sea. Con-

sidered in pairs, these river-lake systems show some

common features. The two northern systems,

L. Ekoln (basin of Lake Malaren) in Sweden and

L. Vortsjarv in Estonia, are characterized by the

northern snow regime of their catchments, while the

runoff from the Muggelsee catchment is smoother

with a less-developed spring peak. Muggelsee and

Vortsjarv are shallow polymictic lakes, differing in

this respect from the dimictic Ekoln basin. Muggelsee

and the Ekoln basin both have rather short water

residence times, 0.1 and 0.5 y, respectively, com-

pared to 1 year in Vortsjarv. Vortsjarv exhibits large

changes in water level. The average discharge of the

Fyris River is about 1.5 times higher than those of the

other two rivers. Despite differences in trophic status,

size and mixing regime among the lakes, there are

similarities in their dominating diatom species.

Materials and methods

We used three-letter codes for the sites comprising the

letters R or L indicating river or lake, and the two-letter

ISO code for the name of the country: SE for Sweden,

EE for Estonia, DE for Germany. For example, REE

stands for the Estonian River Vaike Emajogi and LEE

for the Estonian Lake Vortsjarv (Table 1).

68 Hydrobiologia (2008) 599:67–76

123



We based our study on long-term records of

monthly mean water discharges from our three rivers

(Q), the dissolved silicon concentrations in the rivers

(SiRiver) and lakes (SiLake), and the biomasses of

diatoms (Bbac) and total phytoplankton (Bphy). The

time series covered periods from 12 to 40 years

(Table 2). The data covered the full 12-month period

from all sites except for LSE, for which data were

available from March to October. The derived

variables were the silicon loading (Si*Q) and the

percentage of diatoms in the total phytoplankton

biomass (Bac%). Monthly sampling frequencies were

used in LSE and LEE, while LDE was sampled

weekly during the growing season and biweekly

during winter.

Dissolved Si was determined by a colorimetric

method based on the ammonium molybdate reaction.

Phytoplankton biomass was determined according to

Utermohl (1958). As a proxy indicator for climate

forcing we used the North Atlantic Oscillation winter

index (NAOw; December–March http://www.cru.

uea.ac.uk/cru/data/nao.htm), which shows strong

relationships with a number of natural phenomena in

the northern hemisphere in winter and spring (Wey-

henmeyer et al., 1999; Gerten & Adrian, 2000;

Ottersen et al., 2001; Hurrell et al., 2003). Prior to

correlation analyses, the NAOw series were detr-

ended and all the other data series were log-

transformed and detrended. STATISTICA for Win-

dows (v 6.0) was used for statistical analyses.

We used a two-step approach to study coherence

in the responses to climatic forcing by Si-cycle

variables such as Si concentrations in rivers and

lakes, Si loadings to the lakes and diatom biomass.

First, we correlated the NAOw data to the monthly

data of our variables. Second, we analysed the

Table 1 General descriptors for the study sites

Descriptor Sweden (SE) Estonia (EE) Germany (DE)

Lake: Name Ekoln (=LSE) Vortsjarv (=LEE) Muggelsee (=LDE)

Coordinates 59�450 N 57�500–58�300 N 52�260 N
17� 300 E 25�350–26�400 E 13�390 E

Area (km2) 30 270 7.3

Mean depth (m) 15.7 2.8 4.9

Maximum depth (m) 37 6 8

Water retention time (y) 0.5 1 0.1

Ice cover (months) 4–5 4–5 0–4

Mixing type Dimictic Polymictic Polymictic

Trophic type Eutrophic Eutrophic Hypertrophic

Dominating diatom taxa Aulacoseira spp. Aulacoseira ambigua
(Grun.) Simonsen,

Aulacoseira granulata
(Ehr.) Simonsen,

Stephanodiscus hantzschii Grun. A. granulata (Ehr.) Simonsen, Stephanodiscus hantzschii
Grun., Synedra acus Kutz.

Diatoma tenuis Agardh Synedra acus Kutz.

River: Name Fyris (=RSE) Vaike Emajogi (=REE) Spree (=RDE)

Catchment area (km2) 1982 1271 7000

Length (km) 80 82 400

Proportion in total water

discharge to the lake (%)

62 41 97

Precipitation to the

catchment (mm y-1)

563 680 568

Hydrological regime Northern snow

regime with

low winter- and

relatively high

spring snowmelt runoff

Northern snow

regime with

low winter- and

high spring

snowmelt runoff

Mixed snow-

and rain

regime with

higher winter

runoff
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similarities among the monthly correlograms by

Pearson correlations. This kind of ‘‘metacorrelation’’

enabled us to identify sites at which the variables

analysed showed similar types of seasonal response

to the climatic signal despite the often weak and

noisy character of the correlations among single

monthly values.

Results

Silicon concentration was highest in the German

system and lowest in the Estonian one, but the

differences among the regions were not very great

(Table 2). Si load, determined as a product of SiRiver

and water discharge, showed a strong hysteresis

caused by higher SiRiver values during periods in

which the limbs of the hydrographs were rising

(Fig. 1). The graph shows that in RSE, Qmax and Qmin

differed by a factor of nine, while the concentrations

differed by a factor of five only. In RDE, character-

ized by the widest range of SiRiver values (factor of

five across seasons), the seasonal variability of Q was

the lowest (factor of two). The correlation between Q

and SiRiver was positive for all months in RSE

(Fig. 2) with a significant relationship in January and

from August to November. Also in REE this

relationship was positive and significant in August

and September, but revealed a dilution effect (neg-

ative relationship) at the time of the flood peak in

April. In RDE no significant correlation between Q

and SiRiver was found.

Table 2 General statistics of the data used in the analyses

Variable Water body Period Months n Mean Median Min Max

Discharge (m3 s-1) RSE 1965–2004 Jan–Dec 480 12.9 8.5 0.4 68.0

REE 1965–2004 Jan–Dec 480 8.2 6.3 1.3 38.3

RDE 1979–2000 Jan–Dec 263 8.6 8.2 2.2 20.1

Silicon concentration (mg l-1) RSE 1965–2004 Jan–Dec 480 3.98 4.01 0.12 8.32

REE 1993–2004 Jan–Dec 142 3.13 3.10 0.95 6.00

RDE 1991–2004 Jan–Dec 159 4.26 4.55 0.06 7.55

LSE 1965–2004 March–Oct 226 2.49 2.46 0.11 5.73

LEE 1993–2004 Jan–Dec 145 2.13 2.00 0.10 5.40

LDE 1979–2004 Jan–Dec 312 3.79 3.90 0.00 8.90

Phytoplankton biovolume (mm3 l-) LSE 1965–2004 March–Oct 236 1.70 0.71 0.00 20.5

LEE 1965–2004 Jan–Dec 440 14.5 10.4 0.0 100

LDE 1979–2004 Jan–Dec 312 8.25 5.74 0.12 50.6

Biovolume of diatoms (mm3 l-) LSE 1965–2004 March–Oct 236 0.80 0.07 0.00 16.5

LEE 1965–2004 Jan–Dec 440 3.23 2.21 0.00 33.5

LDE 1979–2004 Jan–Dec 312 4.21 2.48 0.00 35.4

Share of diatoms (%) LSE 1965–2004 March–Oct 232 33 27 0 100

LEE 1965–2004 Jan–Dec 440 25 19 0 100

LDE 1979–2004 Jan–Dec 312 47 47 0 97

Fig. 1 Seasonal cycle of the relationship between monthly

average discharge (Q) and silicon concentration (Si) in the

Swedish River Fyris (RSE), Estonian River Vaike Emajogi

(REE) and German River Spree (RDE). Error bars indicate the

standard error, number 1 indicates January and the arrows

show the direction of the seasonal cycle
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The resulting silicon loads (Si*Q; Fig. 3) had a V-

shaped dynamic in RDE with the highest loadings in

winter and the lowest in May. The loading patterns in

the northern rivers followed more or less the annual

hydrograph with peak values during the spring flood

and an extended summer low-load period. From June

to September the silicon loadings remained very low

in all three systems.

The dissolved silicon concentrations had a V-

shaped seasonal dynamic in all three lakes (SiLake;

Fig. 3). There were strong correlations between the

monthly average silicon loads and in-lake concentra-

tions (r from 0.3 to 0.6, P\ 0.001) but not between

the annual values (not shown). The median Si

concentration was highest in LDE, being nearly

double of that in LEE (Table 2). In the latter, the

iFig. 2 Relationship

between monthly average

water discharge (Q) and

silicon concentration in the

Estonian River Vaike

Emajogi (REE), Swedish

River Fyris (RSE), and

German River Spree (RDE).

All data series were log-

transformed and detrended

prior to analysis

Fig. 3 Seasonal dynamics of dissolved silicon loads (Si*Q),

in-lake silicon concentrations (SiLake), diatom biomass

( ), p g p y p(Bbac), and diatom percentage in the total phytoplankton

biomass (Bac%) at the study sites in Germany (DE), Sweden

(SE) and Estonia (EE)
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annual minimum Si concentations also reached

significantly lower values (0.5 mg l-1 on average)

than those in LDE and LSE (0.9 and 1.1 mg l-1,

respectively).

The average phytoplankton biomass (Bphyto) and

the biomass of diatoms (Bbac) were several times

higher in LEE and LDE compared to LSE, while the

average Bac% was rather similar in LEE and LSE,

and 1.5 times higher in LDE (Table 2).

All river-related variables (discharges, Si concen-

trations and Si loads) were significantly correlated

among all three rivers (Table 3). All lake-related

variables were significantly correlated between the

two shallow lakes, LEE and LDE, while phytoplank-

ton biomass was the only variable that correlated

between LSE and LDE. No correlations between the

Estonian and Swedish lakes were found for any of the

lake variables (Table 3).

On average, the rate of Si decrease in spring

ranged from -1 to -2 mg l-1 month-1 in all three

lakes (Fig. 4). However, the increase in diatom

biomass was nearly four times higher in the nonstr-

atified lakes (LEE, LDE) than in the stratified lake

LSE.

Seasonal correlograms relating the NAOw index

and Q (Fig. 5) had similar dynamics in the two

northern rivers, REE and RSE. In high NAOw years,

Q was significantly higher in both rivers during

winter, while the discharge peak in April or May

tended to be smaller. The correlation between these

correlograms (r = 0.91; P\ 0.01) was stronger than

the correlation between the monthly Q values at these

sites (r = 0.71; P\ 0.01; Tables 3, 4). We found a

significantly similar response of Q to the NAOw for

RSE and RDE (r = 0.71; P\ 0.01; Table 4), while

the pair REE-RDE (r = 0.56; P[ 0.05) was the least

coherent. Despite strong correlations between the

silicon concentrations in the rivers (Table 3), no

significant relationship between SiRiver and the

NAOw index could be found in any river for any

given month (not shown). Given the linkage between

the NAOw and Q, silicon loads still showed a certain

coherence between two pairs of rivers (Table 4).

In years with high NAOw, the silicon concentra-

tion was significantly lower in both shallow lakes

(LEE, LDE) in February and March (not shown), but

later the coherence between these lakes disappeared

and as a whole the similarity between the correlo-

grams was non-significant. Total phytoplankton

biomass was positively related to NAOw from

February to May in LEE and in June and July in

LDE. The same relationship in LSE was negative in

July (not shown). The biomass of diatoms showed a

significant positive relationship with NAOw only in

LEE from February to April. The percentage of

diatoms in the total phytoplankton biomass showed

some significant relationships at all three sites but

there was no coherence in their occurrence.

Discussion

In all rivers the highest SiRiver values occurred

during winter at medium discharge rates and the

minimum values were found during or just before the

summer low-flow period. In the two northern

Table 3 Pearson correlation coefficients between the log-

transformed and detrended monthly average water discharges

(Q), silicon concentrations in the rivers (SiRiver) and lakes

(SiLake), silicon loads (Q*Si), biomasses of phytoplankton

(Bphy) and diatoms (Bbac), and the share of diatoms in total

phytoplankton biomass (Bac%) at the three study sites in

Sweden (SE), Estonia (EE) and Germany (DE)

Variable EE-DE N EE-SE N SE-DE N

Q 0.46** 264 0.71** 480 0.52** 264

SiRiver 0.41** 144 0.41** 144 0.18* 161

Q*Si 0.24* 96 0.74** 144 0.31** 113

SiLake 0.43** 145 0.15 58 -0.16 150

Bphyto 0.34** 300 0.44** 217 -0.03 158

Bbac 0.33** 300 0.13 216 -0.14 158

Bac% 0.14* 300 0.03 212 0.05 157

N, number of monthly mean values used for each analysisNN

*P\ 0.05, **P\ 0.01
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catchments, the hysteresis cycle was stretched along

the discharge axis, implying that changes in discharge

were mostly responsible for the variability in loading.

However, the relationship between SiRiver and Q

differed between basins being always positive only in

Sweden where a more continuos supply of silicon

from the weathering of silicate minerals can be

speculated. Unusually high loadings of reactive silica

to Lake Malaren during high water discharges in the

year 2000 were described also by Weyhenmeyer

et al. (2004). In Estonia high water discharge in

spring caused a dilution effect of silicon in the river.

The V-shaped seasonal dynamic of dissolved

silicon in all three lakes concentrations was probably

caused by large loadings at the beginning and at the

end of the year and by losses due to the uptake by

diatoms in spring/summer. The strong correlations

between the monthly silicon loads and in-lake

concentrations arose mainly from a similar seasonal-

ity as there was no correlation between the annual

values.

The higher yield of diatom biomass per unit loss of

reactive silicon from the water column in nonstrat-

ified lakes can be explained by smaller sedimentation

losses in these systems. As planktonic diatoms are

balanced between sinking losses and mixing-induced

resuspension (Raubitschek et al., 1999), most of the

biomass produced remains suspended in the water

column in polymictic lakes while a considerable part

settles to the lake bottom in deeper lakes once they

sink below the thermocline. Loss of silica from the

trophogenic layer in LSE was probably one reason

why diatoms developed only one seasonal peak. A

distinct autumn peak of diatoms with biovolumes

above 10 mm3 l-1 was observed in LDE in several

years during the 1980s (Kohler & Hoeg, 2000), while

an autumn peak occurred regularly in LEE with

diatom biomasses comparable to the spring maxi-

mum. González Sagrario et al. (2005) pointed out

that in shallow lakes, in contrast to deep lakes, silicon

limitation is often a short-lived phenomenon in

spring, because silicate is returned to the water

column via remineralisation shortly after sedimenta-

tion. The discrepancy between the decrease in silicon

concentrations and the increase in planktonic diatom

Fig. 4 Relationship between the changes in diatom biomass

(Bbac) and dissolved silicon concentration (SiLake) in the

lakes studied during the spring diatom growth phase. LSE—

Ekoln, LEE—Vortsjarv, LDE—Mu rggelsee. I–II etc. stand for

o t smonths

Fig. 5 Correlograms between river discharge and the NAO

winter index at the study sites. The discrete values of monthly

correlation coefficients are connected by lines for easier

visualisationvisualisation

Hydrobiologia (2008) 599:67–76 73

123



biomass may be related to lake-specific differences in

Si-loading and biomass flushing, zooplankton grazing

(Poister & Armstrong, 2003), silicon uptake by

benthic or periphytic diatoms, sorption of dissolved

silicon on to clay particles and surficial iron hydrox-

ides (Mortlock & Frohlich, 1987), and to differences

in Si cell quota. Different diatom species have

different cell quotas of biogenic silica (Sommer &

Stabel, 1983; Conley et al., 1989) but the cell quota

of a single species might also decrease under Si-

limiting conditions (Harrison et al., 1977). The

overall range of silicification in diatoms measured

under different conditions was 4.7-fold, which is

much greater than variations in the C or N cell quota

(Hildebrand, 2002). Moreover, in lakes with rather

short residence times such as LDE and LSE, in-lake

processes may be masked by water exchange rates,

which are of minor importance in lakes with long

residence times.

The river and lake variables showed different

levels of coherence in their seasonal changes and

responses to the NAOw signal. In the three rivers,

water discharge, silicon concentration and silicon

loading showed a rather similar seasonality. Si

concentrations were highest in winter and Si load

into the lakes was most pronounced during spring.

The lower silicon concentration observed in Feb-

ruary and March of high NAOw years in both shallow

lakes (LEE, LDE), revealed either a diluting effect by

the increased winter discharge or an earlier onset of

diatom development, or both. As no clear dilution

effect caused by the enhanced winter discharge was

apparent in the river data (Fig. 2), the earlier uptake

of silicon by diatoms seems the more likely cause of

the lower SiLake values. Early spring diatom devel-

opment in high NAOw years has indeed been

described for LDE (Gerten & Adrian, 2000), LSE

(Weyhenmeyer, 2004) and other lakes (Adrian et al.,

1995, Weyhenmeyer et al., 1999).

In general, on the basis of the correlograms, there

was no significant similarity among the three lakes in

the responses of phytoplankton to the NAOw,

indicating that lake-internal biological processes are

rather lake-specific.

Our findings, which showed high coherence in the

discharge and loading variables in contrast to the low

or absent coherence in the in-lake and biological

variables, are in good agreement with results from

lakes and terrestrial ecosystems from the UK, the US

and Sweden, where high levels of coherence were

recorded for physical variables but lower levels for

biological variables (Magnuson et al., 1990; Kratz

et al., 1997; George et al., 2000; Blenckner &

Hillebrand, 2002; Weyhenmeyer, 2004).

The results of our study showed that the three

rivers studied, being mostly physically driven sys-

tems, were supra-regionally more coherent in their

responses to climatic forcing than the patterns

observed in the three lakes. The discharge regime

of rivers is largely determined by precipitation and

temperature regimes, i.e. by climatic variables. In

lakes the climate signal is transformed by the lake

morphology and subsequently by the mixing regime

and the water residence time. The nature of catch-

ment and lake features that may modify the climate

signal has led to the development of an ‘‘effect filter’’

Table 4 Pearson correlations between the seasonal correlo-

grams relating monthly average water discharges (Q), silicon

concentrations in the rivers (SiRiver) and lakes (SiLake),

silicon loads (Q*Si), biomasses of phytoplankton (Bphy) and

diatoms (Bbac), and the shares of diatoms in phytoplankton

biomass (Bac%) to the North Atlantic Oscillation winter index

(NAOw) in the three study sites in Sweden (SE), Estonia (EE)

and Germany (DE)

Correlogram EE-DE N EE-SE N SE-DE N

Q–NAOw 0.56 12 0.91** 12 0.71** 12

SiRiver–NAOw 0.05 12 -0.40 12 0.22 12

Q*Si–NAOw 0.06 12 0.64* 12 0.72** 12

SiLake–NAOw 0.49 12 -0.38 8 0.23 8

Bphyto–NAOw 0.16 12 0.57 8 -0.25 8

Bbac–NAOw 0.35 12 0.21 8 0.16 8

Bac%–NAOw 0.57 12 -0.33 8 -0.06 8

N, the number of casesNN

*P\ 0.05, **P\ 0.01
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concept, in terms of which the different pathways of

climate impact on lakes are described (Blenckner,

2005). Even in lakes with similar mixing regimes,

such as LEE and LDE in our study, which showed

highly correlated seasonality of several variables

(SiLake, Bphyto, Bbac), we found only very limited

coherence in the responses to climatic forcing

expressed by NAOw. However, these two lakes

differ considerably in size, and LEE is mostly driven

by changes in water level, unlike LDE (Noges &

Noges, 1998; Noges et al., 2003).

Conclusions

1. In all three rivers, the silicon concentration–

water discharge relationship showed a strong

seasonal hysteresis with higher dissolved con-

centrations during periods in which the limbs of

the hydrographs were rising. In RDE, character-

ised by rain-type hydrology, the resulting silicon

loads had a V-shaped dynamic with the highest

loadings in winter and the lowest in May. In the

northern rivers, chacterized by snow-type hydrol-

ogy, the loading patterns followed the annual

hydrograph with peak values during the spring

flood and with an extended summer low-load

period. Of the two components of silicon load

formation (discharge and Si concentration), river

discharge was the more variable in the two

northern rivers while silicon concentration varied

most markedly in RDE.

2. Strong correlations between monthly silicon

loads and in-lake concentrations were most

probably caused by similar seasonality; there

were no correlations on an annual basis. The

rates of decrease of the in-lake silicon concen-

tration in spring were fairly comparable in all

three lakes, but obviously because of a large

sedimentation loss, the visible increase in diatom

biomass was nearly four times smaller in the

stratified lake than in the nonstratified lakes.

3. The high seasonal correlation in the two northern

rivers went along with the common snow-type

hydrology of their catcments. The similarity

between lakes arose more from lake morphom-

etry than from the climatic regime: the shallow

lakes in Estonia and Germany had more similar-

ities than the Estonian and the deeper Swedish

lake because they share a similar type of

catchment hydrology.

4. Among the variables measured at the three sites,

river discharge responded most coherently to

climatic forcing as represented by the NAOw.

Because of the hydraulic linkage, silicon loads

also demonstrated a certain coherence. Phyto-

plankton variables had several significant

correlations with NAOw in different seasons

but they were mostly non-coherent among the

sites. Our study confirmed the view that rivers, as

mostly physically driven systems, are likely to

show more supra-regionally coherent reactions to

climatic forcing than lakes.
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Abstract In the 1990s a sharp decrease in nitrogen

loading occurred in Estonian rivers, bringing about a

reduction of the nitrogen-to-phosphorus ratio (N:P

ratio) in the large shallow lakes, Peipsi (3,555 km2,

mean depth 7.1 m) and Vortsjarv (270 km2, 2.8 m).

The average mass ratio of total nitrogen (TN) and

total phosphorus (TP) in Vortsjarv (45) was about

twice as high as that in Peipsi (22). In Peipsi, the N2-

fixing Gloeotrichia echinulata, Aphanizomenon flos-

aquae and Anabaena species prevailed in the summer

phytoplankton, while in Vortsjarv the dominant

cyanobacteria were Limnothrix planktonica, L. rede-

kei and Planktolyngbya limnetica, which cannot fix

N2; the main N2-fixing taxa Aphanizomenon skujae

and Anabaena sp. seldom gained dominance. In

May–October the critical TN:TP mass ratio, below

which N2-fixing cyanobacteria (Nfix) achieved high

biomasses, was *40 in Vortsjarv and *30 in Peipsi.

The percentages of both total cyanobacteria (CY) and

Nfix (CY% and Nfix%) in Peipsi achieved their

maximum values at an N:P mass ratio at or below 20

for both TN:TP and Nmin:SRP. In Vortsjarv, the

TN:TP supporting a high Nfix% was between 30 and

40 and the Nmin:SRP supporting this high percentage

was in the same range as that in Peipsi (\20), though

the maximum Nfix% values in Vortsjarv (69%) were

much lower than in Peipsi (96%). The Nmin:SRP

ratio explained 77% of the variability in Nfix% in

May–October. The temperature dependence of Nfix%

approximated to the maximum function type, with an

upper limiting value at a certain water temperature,

and this was most distinct in May–October. The

critical TN:TP ratios obtained from our study

(roughly 30 for Peipsi and 40 for Vortsjarv) are

much higher than the Redfield N:P mass ratio

routinely considered (7). Our results represent valu-

able guidelines for creating effective management

strategies for large shallow lakes. They provide a

basis for stressing the urgent need to decrease

phosphorus loading and to keep the in-lake P

concentration low, and not to implement nitrogen

reduction measures without a simultaneous decrease

of phosphorus concentration.
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Introduction

Understanding the causes of cyanobacterial domi-

nance has been a focal point of classical and

contemporary limnological research (Havens et al.,

2003). Schindler (1977) noticed that high concentra-

tions of P and a low N:P supply ratio favour the

development of cyanobacteria blooms. Focus on N

and P is fundamental because these macronutrients

most frequently limit primary production in aquatic

ecosystems (Hall et al., 2005). The critical N:P ratio

at which plankton switches over from P limitation to

N limitation, favouring cyanobacteria, has often been

considered close to the ‘Redfield ratio’ (N:P 16:1 by

atoms or 7:1 by mass), which has been found to be

characteristic of the plankton and seawater in oceans

throughout the world (Redfield, 1958; Falkowski &

Davis, 2004). Cyanobacterial dominance at lower

N:P ratios has been linked to the fact that cyanobac-

teria compete better for nitrogen than other

phytoplankton. Because many cyanobacterial species

are capable of fixing N2, they usually dominate in

lakes with low N:P ratios (Huisman & Hulot, 2005).

According to Howarth et al. (1988), planktonic N2-

fixation can occur if the N:P ratio is equal to or lower

than the Redfield mass ratio of seven. However, the

critical N:P mass ratios at which cyanobacteria, both

N2-fixing and non-fixing, tend to dominate in lakes

are found to range from 5 to 10 (Schindler, 1977;

Seip, 1994; Michard et al., 1996; Bulgakov &

Levich, 1999) up to 29 (Smith, 1983). Smith et al.

(1995) showed that an N:P mass ratio of 22:1

provides a rather distinct boundary between lakes

dominated by N2-fixing cyanobacteria and lakes in

which few of these algae occur. Cyanobacterial

blooms in moderately deep, stratified eutrophic lakes

are typically composed of N2-fixing taxa, including

Anabaena and Aphanizomenon (Paerl et al., 2001). In

contrast, shallow eutrophic lakes are typically dom-

inated by cyanobacterial taxa that do not fix N2, in

particular the Oscillatoriaceae family, including

Oscillatoria, Planktothrix and Limnothrix (Havens

et al., 2003). Oscillatoriaceae can attain high bio-

masses in shallow eutrophic lakes, but do not form

surface blooms. They continue to grow even when

the biomass and light attenuation become extremely

high, possibly by setting up a stable feedback

mechanism that maintains their dominance by creat-

ing shady conditions (Scheffer et al., 1997); it has

been shown that non-N2-fixing cyanobacteria can

maintain net growth at low underwater irradiance

(van Duin et al., 1995).

In their treatise on ecological stoichiometry,

Sterner and Elser (2002) hypothesize that the N:P

content of producers should closely match the ratio of

N and P supplied to ecosystems. In contrast, Hall

et al. (2005) provided evidence that the cellular

stoichiometry of primary producers in nature is much

less responsive to variations in the N:P supply ratios

than previously proposed. They stressed that other

mechanisms potentially influence the N:P content of

producers. For instance, N2 fixation by cyanobacteria

could elevate producer N content and thus increase

the N:P ratio of the whole ecosystem; in shallow

lakes, phytoplankton may contain resuspended ben-

thic algae that receive nutrients from sediments, and

the N:P supply from these sediments may differ from

that measured in the water column.

According to many authors (Smith et al., 1987;

Willén, 1992; Lathrop et al., 1998; Downing et al.,

2001), cyanobacterial dominance and blooms may be

connected more strongly to the variations in P and N

concentrations than to changes in the N:P ratio. Other

factors such as water temperature, pH, light intensity

and total carbon dioxide concentration are also

important.

To obtain a better understanding of the causes of

cyanobacteria dominance in large shallow temperate

lakes, and to develop an effective nutrient manage-

ment strategy, the aim of the present study was to

estimate the critical N:P ratio favouring cyanobacte-

rial development and nitrogen fixation in two large

shallow lakes in Estonia (North West Europe).

Study site

Lake Peipsi (3,555 km2) is the fourth largest lake in

Europe by surface area. Being shared between

Estonia and Russia, Peipsi is the largest transboun-

dary lake in Europe. The lake consists of three parts:

Lake Peipsi s.s. (the largest; 2,611 km2, mean depth

8.4 m, maximum depth 12.9 m), Lake Pihkva and the

river-shaped Lake Lammijarv connecting two larger

basins. The outflowing River Narva runs into the Gulf

of Finland, the Baltic Sea.

Lake Vortsjarv (270 km2, mean depth: 2.8 m,

maximum depth: 6 m) is a large shallow lake located
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in the watershed of Peipsi (for the location map see

Noges et al., 2007). The water residence time in

Peipsi is about 2 years and in Vortsjarv about 1 year.

Both lakes are typically ice-covered from mid-

November until mid-April. According to Noges et al.

(2007) the loading of nitrogen to Lakes Peipsi (from

Estonian catchment) and Vortsjarv decreased sub-

stantially from 1980–1991 to 1992–2004 (by 39%

and 51%, respectively), whereas phosphorus loading

decreased much less (by 13% and 35%, respectively),

so the N:P ratio was considerably lowered in both the

loading (30% and 33%, respectively) and the water

(18% and 31%, respectively) of these lakes.

Materials and methods

We used nutrient concentration, phytoplankton bio-

mass and species composition data for Lakes

Vortsjarv and Peipsi gathered within different mon-

itoring programmes and research projects in Estonia

in 1985–2004. Monthly data were collected through-

out the year in Vortsjarv and from March to

November in Peipsi s.s. Total N (TN), total P (TP),

soluble reactive phosphorus (SRP) and the forms

of mineral nitrogen (Nmin = nitrates + nitrites +

ammonium) were analysed by the methods described

by Grasshoff et al. (1983) against the corresponding

ISO standards at the accredited laboratory, Tartu

Environmental Research Centre Ltd. Phytoplankton

samples were preserved with formaldehyde (1962–

1995) and Lugol’s iodine (1996 onwards). Micro-

scopic counting was performed at 4009magnification

in a Fux-Rosenthal chamber in 1962–1999 and from

2000 onwards by the Utermohl (1958) method.

Intercalibration of the different preservation and

counting methods revealed good correspondence

among the results obtained using all the methods

applied (R. Laugaste & P. Noges, unpublished data).

We used the program Statistica for Windows

version 7.0 for statistical analyses. We used Spear-

man rank correlation throughout the analysis to avoid

the influence of non-normality in data distributions.

Results

In Vortsjarv, the average total nitrogen concentration

(TN) has been about twice as high as that in Peipsi,

while the total phosphorus (TP) concentration has

remained in roughly the same range in both lakes.

The TN:TP mass ratio in Vortsjarv has been about

twice as high as in Peipsi, and the mass ratio of the

mineral forms of nitrogen (Nmin) to the soluble

reactive phosphorus (SRP) 3–4 times higher

(Table 1). In both lakes, changes in the TN:TP ratio

correlate significantly with changes in Nmin:SRP

(Spearman 0.48 and 0.59 for Peipsi and Vortsjarv,

respectively; P\ 0.0001). The N:P ratio in both

lakes has typically been quite high in spring,

achieving its lowest values in the period July–

November (Fig. 1a and b).

The N2-fixing Gloeotrichia echinulata (J. E.

Smith) Richter, Aphanizomenon flos-aquae (L.) Ralfs

and Anabaena spp., and non N2-fixing Microcystis

species, prevail in the summer phytoplankton in

Peipsi. In Vortsjarv, the dominant cyanobacterial

species Limnothrix planktonica (Wolosz.) Meffert,

L. redekei (Van Goor) and Planktolyngbya limnetica

(Lemm.) Kom.-Legn. cannot fix N2; the main N2-

fixing taxa, Aphanizomenon skujae Kom.-Legn. &

Cronb. and Anabaena sp., seldom achieve dominant

status. In both lakes, the average share of cyanobac-

teria and N2-fixing taxa in the phytoplankton biomass

in May–October increased substantially from 1980–

1991 to 1992–2004 (in Peipsi by 31% and 66%, and

in Vortsjarv by 13% and 783%).

Even though the share of cyanobacteria in the

phytoplankton in Vortsjarv has remained twice as

high as that in Peipsi (Table 1), the share of N2-fixing

species in Vortsjarv has never achieved such high

values as in Peipsi (maximum values 69% and 96%,

respectively).

The biomasses of all cyanobacteria (CY) and

N2-fixing cyanobacteria (Nfix), and the percentages

of the total phytoplankton biomass represented by

these two groups (CY% and Nfix%, respectively),

correlated strongly with water temperature in both

lakes (Fig. 2). As regards nutrients, the biomass and

the share of CY and Nfix correlated positively with

phosphorus concentration in Peipsi, whereas in

Vortsjarv there was only a weak positive correlation

with TP and the correlation with SRP was negative.

The biomass and share of CY and Nfix correlated

negatively with nitrogen concentrations in Vortsjarv,

the strongest negative correlations occurring with

Nmin; the respective correlations with N compounds

were much weaker in Peipsi. In Peipsi, the TN:TP
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ratio was more closely related to cyanobacterial

indices, while in Vortsjarv these indices corre-

sponded slightly more strongly with the Nmin:SRP

ratio (Fig. 2).

The temperature (Temp) dependence of CY% and

Nfix% showed a seasonal hysteresis: the water

temperatures corresponded better with lower CY%

and Nfix% during the increasing phase in spring and

summer than during the decreasing phase in autumn.

The maximum values of CY% and Nfix% coincided

with the highest water temperatures in August

(around 20�C) in both lakes (Fig. 3).

To elucidate the temperature-dependence of algal

blooming, we ran a further set of analyses focusing

on the period May–October, because our lakes are

completely ice-free in this period and the water

temperature is high enough to support the

development of cyanobacteria. In May–October the

critical TN:TP mass ratio below which N2-fixing

cyanobacteria potentially achieve high biomasses was

*40 in Vortsjarv (Fig. 4a and b) and *30 in Peipsi

(Fig. 4c–e). TN:TP ratios below 40 favoured an

increased biomass of Microcystis sp. in Peipsi

(Fig. 4f) and total cyanobacterial biomass in both

lakes (Fig. 4g and h).

CY% was persistently higher and Nfix% lower in

Vortsjarv than in Peipsi, and during the increasing

phase of CY% and Nfix% (June–August in both lakes)

the unit decrease of Nmin:SRP brought about a much

higher increase of both indices in Peipsi than in

Vortsjarv (Fig. 5). In Peipsi both CY% and Nfix%

achieved their highest values at N:P mass ratios at or

below 20 for both TN:TP and Nmin:SRP. In Vortsjarv

the CY% remained high over a wide range (20–60) of

Table 1 Average values of Secchi depth, biomass of phyto-

plankton (Bphyto), share of cyanobacteria and share of N2-

fixing species in total phytoplankton biomass (CY% and

Nfix%, respectively), concentration of total nitrogen (TN), total

phosphorus (TP), and the mass ratios of TN:TP, and mineral

nitrogen (Nmin) to soluble reactive phosphorus (SRP), in

Peipsi s.s. and Vortsjarv in 1985–2004

Peipsi s.s. 1985–2004 Vortsjarv 1985–2004

n Mean Median Std CV (%) n Mean Median Std CV (%)

Secchi, m 627 1.9 1.8 0.7 37 590 1 0.9 0.4 40

Bphyto, gWW m-3 619 6.9 4.6 11.5 167 438 13.1 9.7 12.5 95

CY% in biomass 593 29 23 26 90 430 58 67 29 50

Nfix% in biomass 563 10.6 0.4 19 179 435 3.2 0.6 6.8 213

TN, g m-3 654 0.73 0.64 0.34 47 786 1.62 1.4 0.9 56

TP, mg m-3 658 43 40 21 49 859 53 45 46 87

TN:TP (mass) 647 20 17 13 65 785 45 31 53 118

Nmin:SRP (mass) 447 22 11 29 132 529 76 45 93 122

Chl a, mg m-3 696 19 16 14 74 897 27 26 19 70

Fig. 1 Seasonal cycle of monthly average mass ratios of total

nitrogen to total phosphorus (TN:TP) and of mineral nitrogen

p p ( )to soluble reactive phosphorus (Nmin:SRP) in Vo jrtsja (rv (a))

and Peipsi s.s. (b) in 1985–2004. Critical ratios—TN:TP (30

for Peipsi and 40 for Vortsjarv) and Nmin:SRP (20 for both

)lakes)—are denoted with dashed lines
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TN:TP (Fig. 5a and b) while high Nfix% occurred at

TN:TP ratios between 30 and 40 (Fig. 5c). The

Nmin:SRP values connected with high Nfix% were

in the same range as those in Peipsi (\20), even though

the maximum Nfix% values in Vortsjarv were much

lower (Fig. 5d). On the basis of the monthly average

Nmin:SRP ratios, a common power function could be

developed for both lakes, which explained 42% of the

variability of Nfix% when all monthly averages were

considered and as much as 77%when the periodMay–

October was considered (Fig. 6a). The temperature

dependence of Nfix% approximated to the maximum

Fig. 2 Spearman correlations between the biomass of all

cyanobacteria and share of cyanobacteria in total phytoplank-

ton biomass (CY and CY%, respectively), and the biomass of

N2-fixing cyanobacteria and share of N2-fixing cyanobacteria

in total phytoplankton biomass (Nfix and Nfix%, respectively),

p ( p),with water temperature (Temp), concentration of total

phosphorus (TP), soluble reactive phosphorus (SRP), total

nitrogen (TN), mineral nitrogen (Nmin) and the TN:TP and

Nmin:SRP ratios in Peipsi s.s. and Vortsjarv based on all data

in 1985–2004. All r[ 0.12 and r\-0.12 are significant at

the P\ 0.01 level

iFig. 3 Seasonal cycle of

the relationship between

monthly average values of

the share of cyanobacteria

and share of N2-fixing

species in total

phytoplankton biomass

(CY% and Nfix%,

respectively) and water

temperature in Vortsjarv (a
and c) and Peipsi s.s. (b and

d) in 1985–2004
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function type, with an upper limit for Nfix% at certain

water temperatures, and this was again most evident in

the period May–October (Fig 6b).

Discussion

In both lakes, cyanobacterial blooms were already a

common phenomenon at the beginning of the 20th

century (Muhlen & Schneider, 1920; Laugaste et al.,

2001). No blooming was observed under the heavy

nitrogen loading conditions in the 1980s, but started

again in Peipsi in the 1990s when the TN:TP ratio in

the inflows and in the lake decreased (Noges et al.,

2007). Between the 1980s and 2001, the average

TN:TP mass ratio in Peipsi decreased from 38 to 14,

mainly because the nitrogen loading was reduced. In

Peipsi, the declining TN:TP ratio favoured the

iFig. 4 The relationships

between TN:TP ratio and

the biomass of N2-fixing

cyanobacteria

AAphanizomenon (a, b),
AAnabaena (c, d),
MMicrocystis (e),
Gloeotrichia (f) and allff
cyanobacteria (g, h) in
Peipsi s.s (b, d–g) and
Vortsjarv (a, c, h) in May–

October, 1985–2004
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development of cyanobacteria including N2-fixing

species (Noges et al., 2004). In Vortsjarv, the TN:TP

mass ratio has remained above 30 until the present and

massive blooms have not reappeared. Smith et al.

(1995) showed that an N:P mass ratio of 22:1 defines a

rather distinct boundary between lakes dominated by

N2-fixing cyanobacteria and lakes in which these

algae are relatively rare. Our results are consistent

with this finding, especially regarding the Nmin:SRP

ratio. In both lakes, an Nmin:SRP ratio of 20 appeared

to be a boundary at and below which the share of

N2-fixing algae increased sharply (Fig. 5d). The

Nmin:SRP ratio appears to be a more straightforward

indicator than the TN:TP ratio for the resource supply

stoichiometry for phytoplankton, but the latter should

not be neglected. During the period of phytoplankton

growth, the concentrations of inorganic forms of N

and P may be close to the detection limits, and

consequently the precision with which their ratio can

be measured may be quite low. Furthermore, con-

cerning N and P loading in lakes, the total amounts of

N and P and the TN:TP ratio reproduce the supply

ratio more reliably than the amounts of inorganic

forms or the Nmin:SRP loading ratio. Havens et al.

(2003) described a relationship between CY% and

Nfix% and water column TN:TP, comparing the data

of Smith (1985) with records from the shallow

subtropical Lake Okeechobee (Fig. 9 in Havens et al.,

2003). These graphs showed that at TN:TP mass ratios

below 30, CY%, and especially Nfix%, increases.

iFig. 5 Seasonal cycle of

the relationship between

monthly average values of

the share of cyanobacteria

and share of N2-fixing

species in total

phytoplankton biomass

(CY% and Nfix%,

respectively) with (a and c)
the mass ratio of total

nitrogen to total phosphorus

(TN:TP), and (b and d) the
ratio of mineral nitrogen to

soluble reactive phosphorus

(Nmin:SRP) in Peipsi s.s.

and Vortsjarv in 1985–2004

iFig. 6 The relationship

between the monthly

average values of the share

of N2-fixing species in total

phytoplankton biomass

(Nfix%) and the mass ratio

of the concentration of

mineral nitrogen to soluble

reactive phosphorus

(Nmin:SRP, a), and to

water temperature (b), in
Peipsi s.s. and Vortsjarv in

yMay–October 1985–2004
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Comparing our data with these graphs, we can see

that Nfix% in both lakes and also CY% in Peipsi

correspond closely to the data presented by Havens

et al. (2003), but CY% in Vortsjarv (60%) is excep-

tionally high given the TN:TP mass ratio of 40 in this

lake. The high CY% in Vortsjarv could be explained

by the species composition of cyanobacteria in this

lake. Vortsjarv is a typical light-limited lake (Noges

et al., 1998) with a mean depth of\3.0 m and a low

Secchi depth, dominated by Oscillatoriaceae, which

are adapted to harvest light effectively under low

irradiance conditions (Berger, 1989). These ‘‘shade

algae’’ (Reynolds, 1984) may achieve near-complete

dominance of the plankton in strongly light-limited

lakes (Hall et al., 2005), while the share of N2-fixing

cyanobacteria remains low because of the poor light

climate, high N:P ratio, high shear stress and low

water column stability (Havens et al., 2003), which is

also the case in Vortsjarv.

Earlier studies on Vortsjarv showed that N2

fixation starts when the TN:TP mass ratio decreases

to about 20. However, throughout the period in which

N2-fixation has been observed to occur, this ratio has

never declined below 17 (Tonno & Noges, 2003).

The present study revealed that the critical TN:TP

mass ratios for the cyanobacterial communities in

Lakes Peipsi and Vortsjarv are around 30 and 40,

respectively, and the critical Nmin:SRP mass ratios in

both lakes are around 20. The probable reason why

the symptoms of N-limitation appear at higher N:P

ratios than predicted by Redfield’s ratio is that P is

recycled more rapidly than N and the ratio of

recycled N to recycled P is lower than the N:P found

in the lake water. In principle, the faster turnover of P

compared to N in lakes is a widely acknowledged

phenomenon (Harris, 1986). In shallow lakes such as

Vortsjarv and Peipsi the turnover rate of P could be

much higher than in deep stratified lakes. Noges et al.

(2007) found a significant positive relationship

between the P content of sediments and the relative

depth of the lake, supporting this possibility. In deep

lakes, most of the bound phosphorus, which settles

out from the euphotic zone during the growing

season, first becomes available for photosynthetic

organisms after the turnover in the following spring.

In shallow lakes where sediments are in permanent

contact with the water, the same portion of phospho-

rus could be recycled and brought back to water

column much more rapidly and may support

planktonic photosynthesis several times during one

vegetation period. The finding that N:P ratios are an

important determinant of cyanobacterial dominance

is of major practical importance from a water

management perspective, because N:P ratios can be

manipulated by sewage diversion and nutrient

removal. However, several studies have also shown

that the absolute levels of nutrients, primarily P, may

be even more important for cyanobacterial domi-

nance than the nutrient ratios. Cyanobacteria are

rather poor competitors for phosphorus and do not

prevail at low P concentrations. In Peipsi, where

the cyanobacterial biomass and the dominance of

potentially toxic and bloom-forming N2-fixing cya-

nobacteria increase with increasing TP (Fig. 2) and

decreasing TN:TP ratio, reduction of P loading would

appear to be the most effective measure for reducing

cyanobacterial blooms in the lake. Nutrient supply

should be kept strictly under control at the drainage

basin level and also reduced in Vortsjarv, because

without high nutrient levels no eutrophication prob-

lems will exist. However, in Vortsjarv, where the

development of cyanobacteria is much less correlated

with the P concentration and the N:P ratio, other

factors such as the water level obviously also have a

strong influence on the composition of the phyto-

plankton community. In earlier studies of Vortsjarv,

light limitation was shown to be an important factor

controlling the phytoplankton community (Noges

et al., 1998, 2003).

The temperature dependence of cyanobacterial

development and N2 fixation should be taken into

account in the context of global warming. Since a

higher water temperature supports both cyanobacte-

rial growth (Huisman et al., 2005) and P recycling

from sediments (Genkai-Kato & Carpenter, 2005),

and since the temperature dependence of Nfix%

proves to be a maximum function (Fig. 6) determin-

ing the highest possible Nfix% at certain water

temperatures, there are management implications: to

avoid blue-green blooms in a warmer world, the

phosphorus supply has to be reduced even further

than predicted on the basis of existing data sets.

Conclusions

Our study revealed that the critical TN:TP mass ratios

for the cyanobacterial communities in Lakes Peipsi
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and Vortsjarv are around 30 and 40, respectively, and

the critical Nmin:SRP mass ratios in both lakes are

around 20. The critical N:P ratios deduced from our

study are much higher than the routinely considered

Redfield N:P mass ratio (7) and represent valuable

guidelines for creating effective management strate-

gies for large shallow lakes. Our results provide a

basis for stressing the urgent need to decrease

phosphorus loading and to keep the in-lake P

concentration low, and not to implement nitrogen

reduction measures without simultaneously decreas-

ing the phosphorus concentration.
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Abstract Since the middle of 1990s the trend of

Lake Balaton towards an increasingly trophic status

has been reversed, but N2-fixing cyanobacteria are

occasionally dominant, endangering water quality in

summer. The sources of nitrogen and its uptake by

growing phytoplankton were therefore studied.

Experiments were carried out on samples collected

from the middle of the Eastern (Siófok) and Western

(Keszthely) basins between February and October

2001. Ammonium, urea and nitrate uptake and

ammonium regeneration were measured in the upper

5-cm layer of sediment using the 15N-technique.

Ammonium was determined by an improved micro-

diffusion assay. N2 fixation rates were measured by

the acetylene-reduction method. Ammonium regen-

eration rates in the sediment were similar in the two

basins. They were relatively low in winter (0.13 and

0.16 lg N cm-3 day-1 in the Eastern and Western

basin, respectively), increased slowly in the spring

(0.38 and 0.45 lg N cm-3 day-1) and peaked in late

summer (0.82 and 1.29 lg N cm-3 day-1, respec-

tively). Ammonium uptake was predominant in

spring in the Eastern basin and in summer in the

Western basin, coincident with the cyanobacterial

bloom. The amount of N2 fixed was less than one

third of the internal load during summer when

external N loading was insignificant. Potentially, the

phytoplankton N demand could be supported entirely

by the internal N load via ammonium regeneration in

the water column and sediment. However, the

quantity of N from ammonium regeneration in the

upper layer of sediment combined with that from the

water column would limit the standing phyto-

plankton crop in spring in both basins and in late

summer in the Western basin, especially when the

algal biomass increases suddenly.
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M. Présing (&) � P. Spr}ober} � A. W. Kovács �
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Introduction

Lake Balaton is the largest shallow lake in Central

Europe with a surface area of 594 km2 and a mean

depth of 3.5 m. The lake is of international

significance as an environmental resource and of

great importance to the Hungarian economy as a

recreational resort, visited by four million tourists

annually; apart from Budapest it is the most

important source of tourist income in Hungary.

Because of increased nutrient loading during the

1980s the Western part became hypertrophic, the

Central and Eastern basins eutrophic (Herodek,

1986). Several measures have been taken to reduce

the nutrient load, particularly phosphorus. Reser-

voirs have been built on the main tributaries

feeding Lake Balaton. Phosphorus precipitation

has been applied at the sewage treatment plants,

and a sewage transfer pipe system diverts waste-

water from the catchment area of the lake. Pollution

from liquid manure has been stopped and fertiliser

use has been reduced. The biologically available

phosphorus loads in the Eastern and Western basins

have decreased by 60 and 30%, respectively

(Somlyódy et al., 1997). Since the most recent

bloom in 1994 the phytoplankton biomass has been

low, the Eastern basin of the lake has become

mesotrophic, while the Western basin remains

eutrophic. However, since the algal biomass has

decreased, the presence and often the dominance of

nitrogen-fixing and potentially toxic cyanobacteria

in summer give rise to concern. The most probable

reason for their success is that they benefit from

extremely warm summers, they are able to take up

P very rapidly and they may be able to store it.

They also benefit from the low N to P ratio and

ability to fix molecular nitrogen as an additional N

source if necessary. Due to nitrogen deficiency may

contribute to the development of these species

(Blomqvist et al., 1994), it seemed worthwhile to

study the importance of the different nitrogen

sources used by the phytoplankton. Following

earlier studies of ammonium regeneration in the

water column and sediment (Présing et al., 2001b),

the present study was designed to estimate ammo-

nium regeneration in sediment over several seasons,

using a newly established measurement method and

comparing it with the external nitrogen load in the

lake.

Materials and methods

Experiments were carried out between February and

October 2001 (Fig. 1) on samples collected from the

middle of the Western and Eastern basins of the lake.

Details of the methods used for sampling, chloro-

phyll-a and nutrient analysis of integrated water

samples were published previously (Présing et al.,

2001b). Ambient nutrient and chlorophyll-a concen-

trations were determined in three replicates with

coefficients of variation less than 10 and 5%,

respectively. The mean values of ammonium, urea

and nitrate concentrations were compared with paired

sample t-test. Ammonium and nitrate concentrations

in interstitial water and extractable ammonium in the

sediment layers were determined as follows: for each

experiment, 10 sediment cores were sliced at 5 cm

intervals and the corresponding layers were mixed.

From each homogenised sediment layer, 40 g was

immediately centrifuged for 10 min at 4,000 rpm in a

Hermle Z 320 centrifuge. Extractable ammonium was

analysed in another 40 g sample of the same layers.

The sediment was mixed with 10 ml of 2 M KCl,

incubated for 1 h and centrifuged. The centrifugation

supernatants were used for chemical analysis as

described above. Ammonium standards were pre-

pared in an equivalent concentration of KCl.

Phytoplankton samples taken from the integrated

water samples from the basins were preserved in

Lugol’s solution. Algal species were enumerated with

an inverted plankton microscope (Utermohl, 1958).

The wet weight of each species was calculated from

cell volumes (Németh & Vorös, 1986). At least 25

cells (or filaments) of each species were measured to

determine biomass and at least 400 were counted. N2

fixation in both basins was measured by a modified

acetylene-reduction technique (Présing et al., 2001a)

in the middle of June, July and August. Carbon

uptake was estimated using a model developed for

the lake (Vorös & V.-Balogh, 1998) based on water

temperature and chlorophyll-a concentration. The

methods for measuring phytoplankton ammonium,

urea and nitrate uptake and the calculations of

nitrogen uptake rates were detailed previously (Pré-

sing et al., 2001a). The nitrogen contents and 15N/14N

ratios of dried seston samples (60�C) were deter-

mined by an automated elemental analyser interfaced

with an Isotope Ratio Mass Spectrometer (ANCA-

MS, Europa Scientific Ltd., UK). Ammonium, urea
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and nitrate uptake per unit surface area was calcu-

lated from the uptake velocities measured at optimal

light intensity (110 lmol photon m-2 s-1) at the

average depth of the basins. In order to obtain daily

uptake, the conversion factors described previously

(Présing et al., 2001a) were used, taking account of

global irradiation, vertical light attenuation and day–

night rhythm.

Ammonium regeneration in the sediment was

measured by 15N dilution. The upper 5 cm layers

from 10 sediment cores were mixed and supple-

mented with 15NH4Cl. Filtered lake water (20 ml)

was pipetted on top of the mixed, labelled 40 g

samples in centrifuge tubes. The samples were

incubated in the dark for 1–12 days at the lake

temperature. After incubation, the samples were

mixed with an equal volume of 2 M KCl for 1 h

and then centrifuged. The supernatant was used for

microdiffusion and chemical analysis. Ammonium

was measured in the supernatant by an improved

microdiffusion method after Brooks et al. (1989) and

Slawyk & Raimbault (1995) using our modified

ammonium trap. Supernatant (10–30 ml) was pipet-

ted into incubation bottles (Duran Schott, 100 ml

volume) and 10 mg of MgO and 5 glass beads

(4 mm) were added. An aluminium capsule was fixed

under the acidified (25 ll of 0.5 N H2SO4) filter trap,

separated from the top of the incubation bottle with a

specially bent stainless steel wire, to gather the

occasional drops and avoid loss of ammonium. The

bottles were gently shaken with a vertical shaker for

10 days at 24�C, then the filters were dried for 1–

2 days in a helium atmosphere in desiccators

containing H3PO4. The dried filters were placed in

the same capsule. The regeneration rate was calcu-

lated on the basis of the 15N dilution of ammonium at

T0TT , i.e. the start of the experiment, when the KCl was

added. 15N enrichment was analysed using the same

isotope ratio mass spectrometer used to measure

nitrogen uptake.

Results

Temperature and phytoplankton succession in

Lake Balaton

After a relatively mild winter the water temperature

of the lake rose to 10�C in March, and a cold April

2001 was followed by a second period of increasing

temperature in May (Fig. 1). The water temperature

reached 20�C by the middle of June and remained

above this level until the beginning of September. In

July and August the water temperature reached or

exceeded 24–25�C often and for long periods. From

September to December the lake cooled rapidly. In

the Eastern basin, chlorophyll-a concentrations were

low, ranging between 2 and 20 lg l-1. There were

two small maxima, one in early spring and the other

in late summer–autumn (August–September). In the

Western basin, chlorophyll-a concentrations were

higher and peaked at around 30 lg l-1 at the end of

February and at 75 lg l-1 in August–September.

During the period under investigation the phyto-

plankton biomass varied between 0.5 and 6.1 mg l-1

in the Eastern basin, and Heterocontophyta dominated

iFig. 1 Water temperature

and chlorophyll-a
concentration in Eastern

and Western basins of Lake

Balaton in 2001
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in spring (Fig. 2a). Of the two classes included in this

division, Bacillariophyceae formed the overwhelming

majority with a predominance of centric diatoms

(Cyclotella spp.), while Chrysophyceae were negligi-

ble. In early summer, the phytoplankton community

became more diverse with dinoflagellates increas-

ingly noteworthy: (Ceratium hirundinella (O.F.M.)

Schrank) and the N2-fixing cyanobacterium (Aphani-((

zomenon flos-aquae (L.) Ralfs). In August and

September, N2-fixing cyanobacteria (A. flos-aquae((

and Cylindrospermopsis raciborskii (Wołosz.) Seen-

ayya and Subba Raju) dominated. In October,

filamentous cyanobacteria disappeared; centric dia-

toms, cryptophytes and picocyanobacteria became the

dominant species. Total phytoplankton biomass was

much higher in the Western basin of the lake, varying

between 1.4 and 21 mg l-1 (Fig. 2b). In April, centric

diatoms prevailed, but towards summer they were

slowly replaced by cryptophytes (Rhodomonas min-

uta Skuja), dinoflagellates (C. hirundinella) and

N2-fixing blue-greens (Anabaena aphanizomenoides((

Forti, A. flos-aquae). Phytoplankton biomass was

highest (14–21 mg l-1) in August and was dominated

by N2-fixing cyanobacteria, A. flos-aquae, Aphani-

zomenon issatschenkoi (Ussach.) Prosk.-Lavr. and C.

raciborskii. From September, the total biomass

decreased markedly and cryptophytes along with

chlorophytes were the most abundant organisms.

Pelagic inorganic nitrogen and urea concentration,

uptake rates and nitrogen fixation

Annual mean concentrations of ammonium

(8.01 ± 3.98 lg N l-1) and urea (21.98 ± 10.95 lg
N l-1) in pelagic water of both basins were low the

entire year and did not follow a seasonal pattern.

Nitrate concentrations changed during the year in both

basins with higher values from late autumn to spring

(55.6 ± 21.7 lg N l-1) and significantly (P\ 0.001)

lower ones during summer (5.7 ± 2.53 lg N l-1).

Nitrate and ammonium concentrations were similarly

low and did not differ significantly (P[ 0.05) in

summer. However annual mean concentrations of urea

were also relatively low, significantly (P\ 0.001)

exceeded those of ammonium and summer values of

nitrate. Nitrate concentrations from autumn to spring

were far above (P\ 0.001) the highest ambient

nitrogen concentrations of other N-forms during the

whole year.

The results of the nitrogen uptake experiments are

shown in Table 1. In the Eastern basin the uptake

rates were mostly below 1 lg N l-1 h-1 with peaks

of 3.24 lg N l-1 h-1 for ammonium in August.

Because of the higher algal biomass, uptake rates

were higher in the Western than the Eastern basin,

especially for ammonium at the time of the cyano-

bacterial bloom in August (6.18 lg N l-1 h-1). For

the most part, ammonium assimilation was the most

pronounced, followed by nitrate and/or urea uptake.

However, the nitrate uptake rate exceeded that of

ammonium in the Western basin in February and in

the Eastern basin in June. In the Eastern basin with

only one exception, and in the Western basin always,

the VmaxVV was highest for ammonium. The greatest

values were determined in May and August in both

basins. On the basis of the calculated daily uptake per

unit surface area, ammonium was taken up in highest

amount in both basins between March and October.

Its contribution to the daily nitrogen supply of the

Fig. 2 Seasonal changes in phytoplankton composition and

biomass in Eastern (A) and Western (B) basins of Lake Balaton
in 2001in 2001
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phytoplankton usually exceeded 50% (up to 66% in

May). The contribution of urea to the daily nitrogen

uptake was between 18 and 53% and was the largest

portion of daily nitrogen demand in June. While

ammonium was the preferred nitrogen source of

phytoplankton, urea sometimes contributed more

than ammonium to daily total nitrogen uptake during

2001 because the ambient urea concentrations were

higher. Nitrate uptake was not dominant in the

nitrogen supply to the phytoplankton. In the Eastern

basin, its highest value (24 mg N m-2 day-1 in June)

represented 31% of total daily uptake. At other times

Table 1 Characteristics of ammonium, urea and nitrate uptake in Eastern and Western basin of Lake Balaton in 2001

Date N-forms KsKK v (lg N l-1 h-1) VmaxVV (lg N l-1 h-1) VmaxVV /Chl-a a mg N m-2

day-1VmaxVV /KsKK

Eastern basin

2 Mar NH4 10.00 0.39 0.65 0.14 0.06 22.96

NO3 0.13 5.92

Urea 0.19 9.98

2 May NH4 7.80 0.71 1.75 0.57 0.22 42.13

NO3 2.98 0.21 0.26 0.09 0.09 9.38

Urea 2.87 0.22 0.25 0.08 0.09 11.74

22 Jun NH4 15.6 0.18 0.56 0.13 0.04 10.87

NO3 4.86 0.53 0.80 0.18 0.16 24.03

Urea 7.81 0.77 1.16 0.27 0.15 40.30

N2-fixation 1.33

16 Aug NH4 1.09 3.24 3.99 0.47 3.66 192.87

NO3 0.30 0.35 0.04 13.65

Urea 144.65

N2-fixation 18.64

25 Oct NH4 15.97 0.21 0.49 0.12 0.03 12.78

NO3 0.03 0.00 1.14

Urea 24.8 0.01 0.02 0.01 0.00 0.53

Western basin

27 Feb NH4 2.87 1.17 1.50 0.05 0.52 49.53

NO3 1.45 47.13

Urea 0.75 28.13

3 May NH4 3.06 2.78 4.22 0.62 1.38 118.17

NO3 0.50 16.25

Urea 1.74 2.36 2.75 0.40 1.58 88.58

18 Jun NH4 12.50 0.86 2.38 0.54 0.19 36.58

NO3 8.48 0.13 0.13 0.03 0.02 4.23

Urea 27.43

N2-fixation 10.23

8 Aug NH4 16.20 6.18 15.20 0.41 0.94 262.66

NO3 2.10 0.11 0.15 0.004 0.07 3.47

Urea 196.99

N2-fixation 50.68

29 Oct NH4 3.17 0.97 1.58 0.19 0.50 41.10

NO3 9.71 0.16 0.32 0.04 0.03 5.28

Urea 3.87 0.25 0.45 0.05 0.12 9.51

v = uptake velocity at ambient concentration, KsKK = half saturation constant, VmaxVV = uptake velocity at the saturation concentration
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it contributed only 4–15%. N2 fixation was negligible

in June and July (only 2–5%) and reached only 5%

even when 70% of the phytoplankton biomass

comprised N2-fixing cyanobacteria. The amount of

fixed nitrogen was only a few percent of the total

nitrogen demand of the phytoplankton. In the

Western basin the ratios of daily ammonium, urea

and nitrate uptake per unit surface area to the total

nitrogen utilisation by phytoplankton were similar to

those in the Eastern basin. Nitrogen fixation played a

more important role in the Western than the Eastern

basin. Considering the measured N fixation rate

(50.68 mg N m-2 day-1) and the surface area of the

Western basin (38 km2), the amount of nitrogen fixed

during August may be about 60 ton.

External nitrogen load and ammonium generation

in the sediment

It was assumed that the external load of the Western

basin was determined by the single significant inflow,

the River Zala, which transports up to 90% of the

total nutrient load of the basin. The load was

calculated from daily water discharge and nutrient

concentrations and was summarised monthly

(Table 2). It showed a clear annual trend, with higher

quantities in autumn and winter and lowest in the

summer months. The total DIN charged by Zala to

the lake was only 0.22 ton in August.

At the end of February, when the lake temperature

was 5�C, the daily ammonium productions per cm3

wet sediment were 0.13 and 0.16 lg in the Eastern

and Western basins, respectively. This means that

ammonium regeneration in the upper 5-cm layer of

1 m2 sediment can produce 6.6 and 8 mg nitrogen

daily in the Eastern and Western basins, respectively

(Fig. 3). By the time of the experiments in spring, the

water temperature had increased to 10�C in the

Eastern basin and to 15�C in the shallower Western

basin. The daily ammonium production increased to

0.4 lg N cm-3 wet sediment, which meant around

20 mg m-2 of ammonium nitrogen production in

both basins. At the end of June the water temperature

in both basins was 20�C. Ammonium regeneration

per cm3 wet weight was 1.15 and 0.82 lg, and 57.3

and 41.2 mg m-2, in the Eastern and Western basins,

respectively. At the time of the experiments in

August the water in the Eastern basin was at 23�C
while that in the shallower Western basin was at

Table 2 External load of Lake Balaton from the River Zala in 2001

2001 NH4 (ton) NO2 (ton) NO3 (ton) Total N (ton) Water inflow (m3 9 106)

Jan 0.33 0.07 3.34 16.04 17.53

Feb 0.38 0.08 4.62 20.75 17.78

Mar 0.61 0.10 1.84 19.58 16.85

I. 1.32 0.25 9.80 56.37 52.16

Apr 0.41 0.08 1.46 20.26 18.58

May 1.12 0.06 0.75 16.18 10.41

June 0.35 0.03 0.44 5.77 5.22

II. 1.88 0.17 2.65 42.21 34.21

July 0.24 0.01 0.15 2.58 3.32

Aug 0.07 0.01 0.14 2.79 1.59

Sept 0.19 0.01 0.16 2.26 1.70

III. 0.50 0.03 0.45 7.63 6.61

Oct 0.38 0.03 0.33 5.99 3.63

Nov 1.33 0.10 0.88 11.55 6.97

Dec 2.26 0.12 1.40 15.07 7.58

IV. 3.97 0.25 2.61 32.61 18.18

Total 7.67 0.70 15.51 138.82 111.16
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26�C. Ammonium regeneration values in the Eastern

basin were close to those measured in June. In the

Western basin the ammonium production had almost

doubled and reached its yearly maximum of 1.3 lg
cm-3 and 64.2 mg m-2. Scaling this over the 38 km2

surface area of the Western basin, the amount of

nitrogen originating from the sediment via ammo-

nium regeneration may reach 75 ton during August.

By the end of October, the water temperature had

dropped to around 10�C. In the Eastern part of the

lake the ammonium regeneration fell to half of that

measured in the summer. In the Western basin the

decrease was slower and the values remained around

1 lg cm-3 and 53.6 mg m-2.

Discussion

Kinetic parameters (KsKK and VmaxVV ) determined in our

experiments are conventionally used to evaluate the

possible nutrient limitation or substrate affinity of

phytoplankton. Maximal uptake velocity (VmaxVV )

rather than the half saturation constant (KsKK ) was used

to characterise nitrogen uptake; determination of KsKK is

less accurate and the value generally increases with

increasing VmaxVV (Takamura et al., 1987), which is a

more independent indicator and usually increases

with increasing nitrogen limitation (Lomas et al.,

1996). The initial slope of the uptake rate versus

nutrient concentration curve (a) is also thought to be

a better indicator of nutrient competition than KsKK

alone (Cochlan & Harrison, 1991). Based on these

kinetic parameters the order of preference of phyto-

plankton for nitrogen forms in both basins of Lake

Balaton was ammonium[ urea � nitrate uptake.

The highest affinity of algae for nitrogen especially

for ammonium occurred in spring and coinciding

with the cyanobacterial blooms in summer in both

basins. Generally, the contribution of urea to the total

N utilised by the phytoplankton is intermediate

between those of ammonium and nitrate, somewhat

closer to the former (Takamura et al., 1987; Mitam-

ura et al., 1995). The contribution of urea can be as

much as 70–80% of the daily nitrogen demand

(Glibert et al., 1991). Measurements during 1998

showed that the contribution of urea to phytoplankton

nitrogen supply in Lake Balaton reached 50–70% of

ammonium uptake (Présing et al., 2001a). The con-

tributions of reduced nitrogen forms (ammonium and

urea) were far more important than that of nitrate,

which was some 10% of the daily nitrogen supply to

the algae. However, the contribution of nitrogen

fixation was also around 10% but this can be a

critically important additional nitrogen source for

cyanobacteria, conferring a competitive advantage.

The measured ammonium regeneration rates are

close to the very few values in the literature (Bowden,

1984). One reason why there are so few ammonium

regeneration results based on direct measurements is

the lack of appropriate method. Our modified

Fig. 3 Phytoplankton nitrogen demand (primary production

divided by 5.6), the amount of regenerated ammonium in the

sediment and fixed N2 in the Eastern (A) and Western (B)
basins of Lake Balaton in 2001basins of Lake Balaton in 2001
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microdiffusion method has proved suitable for both

extraction and concentration of ammonium. It does

not need specialised laboratory equipment and gives

80–100% recoveries.

We assumed that the nitrogen assimilated by

phytoplankton can be calculated from its primary

production and Redfield’s classical C to N (weight:-

weight) ratio of 5.6. By this calculation we estimated

the total phytoplankton N demand (open columns in

Fig. 3) independently of our different N uptake

measurements. In the water column, approximately

50% of primary phytoplankton production can be

utilised by bacteria (Vorös et al., 1996). On average,

a similar proportion of the phytoplankton nitrogen

demand was provided by ammonium regeneration in

the water column (Présing et al., 2001b). The balance

of the nitrogen demand may be supplied by ammo-

nium regeneration in the sediment together with

external sources, such as inflowing water and fixation

of atmospheric nitrogen. From autumn to spring,

nitrogen demand can be met by the relatively high

inflowing nitrogen load (Table 2). In summer, espe-

cially in the Western part of the lake, phytoplankton

nitrogen demand is met only by adding the input from

nitrogen fixation to the ammonium supplied by

elevated regeneration. It should be noted that these

calculations do not consider N loss via denitrification.

A portion of the regenerated ammonium will be

oxidised to nitrate. This, together with exogenous

nitrate, will be subject to loss via denitrification,

which will result in even less available combined

nitrogen to support the standing crop.

Potentially, more of the phytoplankton nitrogen

demand could be met by inflowing external load and

by internal sources via ammonium regeneration,

which occurs in the water column and the upper

layer of sediment. These sources could barely supply

enough combined nitrogen to maintain the standing

phytoplankton crop in late summer, especially in the

Western basin, when the algal biomass increases

rapidly, and at the same time compensate for nitrogen

loss by denitrifcation. External nitrogen load is

insignificant in summer, when the atmospheric N2

can supplement available nitrogen, but only for

cyanobacteria capable of nitrogen fixation. The

impact of nuisance algae may possibly be minimised

by managing the nutrient loading: decreasing the

external P while not reducing the external N load.
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Straten (eds), Modeling and Managing Shallow Lake

Eutrophication. Springer Verlag, Berlin, 183–204.

Lomas, M. W., P. M. Glibert, G. M. Berg & M. Burford, 1996.

Characterization of nitrogen uptake by natural populations

of Aureococcus anophagefferens (Chrysophyceae) as a

function of incubation duration, substrate concentration,

light and temperature. Journal of Phycology: 32: 907–916.

Mitamura, O., Y. Saijo, K. Hino & F. A. R. Barbosa, 1995. The

significance of regenerated nitrogen for phytoplankton

productivity in the Rio Doce Valley Lakes, Brazil. Archiv

fur Hydrobiologie 134: 179–194.

Németh, J. & L. Vorös, 1986. Koncepció és módszertan fels-
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in a sediment core
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Abstract A comprehensive study (chronological,

lithological and geochemical) of an 8.5 m postglacial

sediment sequence from Lake Peipsi was conducted

to elucidate the effects of lake-level changes on the

sedimentary environment and biogeochemical

dynamics in a large lake. Four lithological units were

distinguished in the sediment sequence studied:

clayey silt, slightly laminated greyish carbonaceous

gyttja, brownish-grey gyttja and dark gyttja. These

units indicate that large shifts in sedimentation

processes occurred in the past. The sediment data

show that fluctuations in water depth had a profound

impact on the lake environment, recorded as changes

in the lithological composition, phosphorus content

of sediments and composition of diatom assemblages.

The corresponding changes are best reflected in

sediments accumulated during phases of regression

when the lake area was also smaller. As the water

depth and area of the lake increased, wave-induced

erosion and resedimentation smoothed or even

disturbed the initial information. The increase of

phosphorus content in the unconsolidated, high-

porosity surface sediments (0.5 m) is most probably

connected with active diffusion and matter exchange

between the water-sediment pools.

Keywords Lake sediments � Lake Peipsi �
Sediment lithology � Water-level fluctuations �
Diatom assemblages � Phosphorus content

Introduction

Knowledge of the dynamics of the environmental

parameters affecting the lakes is a prerequisite for

appropriate interpretation of palaeolimnological

information. Thus, studies of lakes with different

temporal scales and spatial sizes are important. In

Estonia, many reconstructions have been made on the

basis of sediment data from small lakes (Punning

et al., 2004, 2005), whereas data from large lakes are

still limited. Palaeoecological studies of large lakes

are more complex than those of small lakes because:

(1) the high energy of waves in large lakes may

significantly affect the sedimentation process; (2)

recent geochemical studies of bottom sediments have
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shown that changes in the concentrations of mobile

elements such as phosphorus are strongly determined

by physico-chemical changes in the water–sediment

interface, and evidence of these changes does not

necessarily provide direct information about specific

events in the past.

Despite long-term and interdisciplinary investiga-

tions, very little is known about the sediments of

Lake Peipsi. Initial studies on these sediments were

undertaken in the 1970s (Raukas, 1981), while

research on the curative mud of Varska Bay was

conducted by Pirrus and Tassa (1981). These data

resist serious palaeoecological interpretations

because no chronostratigraphic background is avail-

able. The Holocene water level changes in Lake

Peipsi have been reconstructed mainly from the

sediment sequences in the central part of the lake and

studies on the lake’s catchment area (Orviku, 1960;

Sarv & Ilves, 1975; Miidel et al., 1995; Hang et al.,

2001). These data showed significant lake-level

fluctuations during the Holocene, but little is known

about their impact on the ecological history of the

lake. The Holocene development of the lake ecosys-

tem described previously through studies of the

diatom flora of Lake Lammijarv (Davydova, 1981;

Davydova & Kimmel, 1991), the central part of Lake

Peipsi, showed that throughout the Holocene the lake

depression was occupied by a body of freshwater in

which eutrophication started during the Atlantic

Chronozone and has persisted to the present.

Numerous recent studies (e.g. Kozerski et al.,

1994, 1999; Søndergaard et al., 2003; Battarbee

et al., 2005) have demonstrated that, in addition to

external phosphorus loading, changes in the hydro-

logical regime and physico-chemical conditions

within the lake play an important role in the

development of ecological conditions. The main

aim of the present study was to estimate the impact

of water level fluctuations on the lithology of

sediments and on their diatom and phosphorus

contents.

Study area

The submeridionally elongated Lake Peipsi (surface

area 3555 km2, maximum length approximately

150 km, width 42 km) is a shallow body of water

with a mean depth of about 7 m (max 15 m). Lake

Peipsi (30 m a.s.l.) is surrounded by a flat lowland

area 30–45 m a.s.l. with peculiar landforms rarely

higher than 80 m. Till covers the bedrock over the

entire lake bottom and is overlain by a ca 10 m thick

bed of glaciolacustrine clay or silt. The distribution of

lake marl and gyttja is limited to the deeper central

part of the lake, while the thickness of the calcareous

layer varies from a few centimetres to 1.9 m. Gyttja

deposits, up to 5 m thick, are greenish in their lower

parts and change to dark black towards the top (Hang

et al., 2001).

Deglaciation began in the Lake Peipsi basin ca

13,500 14C year BP (Hang & Miidel, 1999a) when

glacial Lake Peipsi was located in front of the

retreating ice margin. The glacioisostatic factor has

been the main trigger of changes in lake level and the

corresponding shore displacement throughout the

postglacial period (Hang & Miidel, 1999b). Owing

to the higher uplift rate in the northern part, Lake

Peipsi is steadily spreading southwards and inundates

low coastal areas.

Currently, eutrophication is a major problem in

Lake Peipsi. Several studies have been undertaken to

track the water quality trends of the lake, but

important questions remain unsolved, particularly

concerning the role of internal and external phospho-

rus loading. Although nutrient loading decreased

during the 1990s (Blinova, 2001; Kangur et al.,

2002), phosphorus concentrations in Lake Peipsi

remain high, partly because phosphorus is released

from a large pool in the bottom sediments.

Methods

Sampling

The sediment sequence was obtained in March 2004

by coring from the ice at a water depth of 10 m in the

central part of Lake Peipsi (N 58�41053@, E

27�23053@). A Livingstone–Vallentyne piston corer

(diameter 7 cm) operated by rods was used to obtain

a 0.5 m long core of unconsolidated surface sedi-

ments. In the field, the uppermost 10 cm of this core

was divided into 1 cm and the rest of the core into

2 cm sections. The lower part of the sediments, from

0.5 to 8.5 m depth, was sampled with a Russian type

peat sampler. This part of the core was divided into

1 m sections that were wrapped in plastic and placed
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in PVC tubes for transport. In the laboratory, the

samples were sliced into 20 cm subsamples, packed

into plastic boxes and kept frozen prior to analysis.

Analysis

To determine the water content, the samples were

dried to constant weight at 105 �C. The organic

matter content was measured by loss-on-ignition

(LOI) at 550�C for 2 h and expressed as the

percentage dry matter. The carbonate content was

calculated as the loss of weight after burning the LOI

residue at 950�C for 30 min (Heiri et al., 2001).

Total (TP) and inorganic phosphorus (inorg-P)

were measured at the Institute of Limnology of the

Russian Academy of Sciences according to Finnish

Standard Methods (SFS 3025, 1986; SFS 3026,

1986). The inorg-P compounds were fractionated

with hydrochloric acid, sulphuric acid and potassium

hydroxide, and analysed according to SFS 3025

(1986). To determine TP, inorganic phosphorus

compounds and organically bound P were oxidized

with peroxodisulphate according to the ammonium

molybdate method (SFS 3026, 1986).

The samples for diatom analysis were treated

using standard procedures (Battarbee et al., 2001).

Valve concentrations per 1 g of dry sediment were

calculated by the method of Davydova (1985). The

diatom taxonomy used here follows that of Krammer

& Lange-Bertalot (1986–1991) and Simonsen (1987).

Quantitative reconstruction of the diatom-inferred TP

for Lake Peipsi was performed by a weighted

averaging transfer function, using a combined TP

dataset in The European Diatom Database, a web-

based information system (http://craticula.ncl.ac.uk/

Eddi/jsp/index.jsp).

Three bulk gyttja samples were dated by the 14C

method using accelerator-mass-spectrometry (AMS)

at the Institute of Physics at the University of

Erlangen-Nurnberg (Germany).

Results

Lithology and chronology

The sediment sequence studied can be divided into

four lithostratigraphic units (Table 1). Unit 1 (8.5–

7.0 m) consists of fine-grained clayey silt, which

corresponds to the unit described by Hang et al.

(2001) as glaciolacustrine silt covering the proglacial

varved clay. This demonstrates that the coring had

penetrated the whole Holocene sequence. The

organic matter content of the clayey silt is ca 5%

and the water content is up to 50% (Fig. 1). The

upper contact of glaciolacustrine sediments is sharp

at a depth of 7.0 m. Unit 2 (7.0–5.2 m) is dark-grey

slightly laminated gyttja characterized mainly by a

continuous increase in carbonate from 4% up to 25%.

The organic matter and water contents of this unit

increase continuously up to 15% and 60%, respec-

tively. Unit 3 (5.2–0.4 m) consists of homogeneous

greenish-grey gyttja characterized by a slight increase

in water content (from 60% to 85%). The organic

matter content reaches its maximum value (28%) at a

depth of 3.9 m, varying upwards to around 25%. The

topmost 0.4 m of the sediment (unit 4) consists of

unconsolidated homogeneous dark gyttja with water

content[90% (Fig. 1).

Phosphorus content

Phosphorus compounds (total and inorganic) were

measured in 37 samples from the upper 6.0 m of the

sediments (Fig. 1). The TP concentrations are rela-

tively stable from 6 to 0.6 m (0.7 mg g-1 DM) with

an increase in the depth interval from 4.5 to 2.5 m (up

to 0.8 mg g-1 DM). The concentrations of inorganic

phosphorus are somewhat more variable (from 0.5 to

0.6 mg g-1 DM) and are smaller in the lower part of

the sequence (Fig. 1). In the near-surface layers (from

a depth of 0.5 m), both types of phosphorus com-

pounds (total and inorganic) increase towards the

surface, reaching 1.6 mg g-1 and 1.17 mg g-1 DM,

respectively.

Diatom-inferred TP

There was little similarity between the diatom species

of Lake Peipsi and the combined TP dataset. There

are two reasons for this: first, the number of taxa

observed in the sediment sequence of Lake Peipsi is

relatively low; second, some of the diatom flora of the

lake are unique. It includes diatom species charac-

teristic of small lakes along with those typical of
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large lakes such as Lake Ladoga and Lake Onega

(Davydova, 1981). Therefore diatom-inferred TP

values do not realistically reflect the phosphorus

content of the lake and they have not been used in

further discussion.

Diatom assemblages

In total, 57 diatom species were found, out of which

22 are planktonic, 23 benthic and 12 bottom-living.

Valve concentration per 1 g of dry sediment varied

significantly (Fig. 2). Five diatom assemblage zones

were identified on the basis of the composition and

abundance of diatoms. In the clayey silt and in most

of the carbonaceous gyttja, only some fragments of

diatom shells were found.

In zone P4-04-I (7.3–5.5 m) the diatom abundance

is very low (ca 50 9 103 g-1 DM). Single planktonic

alkaliphilous diatoms Aulacoseira granulata (Ehr.)

Sim., A., ambigua (Grun.) Sim., Fragilaria capucina

Desm. and less often benthic F. brevistriata Grun.

and F. leptostauron var. martyi (Hreib.), were

observed.

In the overlying zone P4-04-II (5.5–3.9 m), the

diatom concentration increases to 120 9 106 g-1

DM. Benthic diatoms are the most abundant making

up 65–82% of the frustules; planktonic diatoms

constitute 16–33%. The dominant species in this

zone are the benthic species Fragilaria (F. brevistri-

ata, F. construens (Ehr.) Grun. et var., F. heidenii

Oestr.), and subdominants are the planktonic Aula-

coseira islandica (O. Mill.) Sim. and A. ambigua.

In the zone P4-04-III (3.9–2.2 m), the diatom

concentration varies from 30 to 80 9 106 g-1 and the

species diversity increases. The proportion of plank-

tonic species increases and that of benthic species

decreases. The dominant taxa in these layers are the

planktonic Aulacoseira granulata and the benthic

Fragilaria heidenii (up to 25%). Some planktonic

Stephanodiscus (S. rotula (Kutz.) Hendey, S. minut-

ulus (Kutz.) Cl. and Moll., S. niagarae Ehr.) appeared

in this zone.

Zone P4-04-IV (2.2–0.5 m) is characterized by a

slight decrease in diatom concentration (25–

85 9 106 g-1 DM) compared to the previous zone.

The main dominants here are two planktonic Aula-

coseira species (A. granulata(( and A. islandica) and

subdominants are represented by benthic Fragilaria

(F. brevistriata, F. heidenii).

In the uppermost zone, P4-04-V (0.5–0 m), the

diatom concentration varies from 18 to 85 9 106 g-1

Table 1 Lithostratigraphic

subdivision of the Lake

Peipsi sediment sequence

studied

Depth from the

sediment surface (m)

Unit Lithological description

0.4–0 4 Unconsolidated homogeneous dark gyttja

5.2–0.4 3 Homogeneous greenish-grey gyttja, lower

interval (5.2–4.7 m) laminated

7.0–5.2 2 Carbonaceous dark-grey gyttja, slightly laminated

8.5–7.0 1 Clayey silt

iFig. 1 Water, organic

matter and carbonate

contents, and concentrations

of phosphorus compounds

in the sediment core from

Lake Peipsi
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DM with planktonic diatoms prevailing (up to 92% in

the uppermost subsamples). The same two Aulacose-

ira species as in zone P4-04-IV are the main

dominants here. A third dominant (A. ambigua(( )

appears in the samples from the uppermost 10 cm.

The single frustules of planktonic Cyclostephanos

dubius (Fricke) Round, which is a typical inhabitant

of mesotrophic waters, were found regularly within

this zone.

Discussion

Clear lithostratigraphic units could be distinguished

in the Holocene sediment sequence of Lake Peipsi.

These form a good basis for correlation with cores

from the southern areas of the lake system and enable

some conclusions to be made about changes in water

depth during the Holocene. The low organic and

carbonate contents of clayey silt in unit 1 (Fig. 1)

reflect the sedimentary environment characteristic of

a deep proglacial lake. A sharp transition to the

overlying calcareous gyttja deposits (unit 2) is most

probably connected with a marked lowering of water

level at the transition from late-glacial to Holocene

prior to 9200 14C year BP. Previously, Hang et al.

(2001) described an erosional discontinuity at this

boundary in the near-shore areas of the recent lake,

which they explain in terms of high wave erosion or

even emergence of areas caused by a fall in lake

level. In the sequence studied, an increase in the

carbonate content from 5% to ca 30% followed by a

decrease to 8% in unit 2 indicates cyclic changes in

the sedimentary environment. It is known that the

carbonate content of sediments depends on water

depth. Dean (1999) showed that the rates of organic

matter and CaCO3 accumulation in lake sediments

are balanced by the rates of biomass production in the

epilimnion and of organic matter decomposition and

CaCO3 dissolution in the hypolimnion and sediments.

It was also demonstrated by Punning et al. (2005)

that the high CaCO3 concentrations (35–40%) in

sediments of small lakes suggest sedimentation at a

water depth of about 2–4 m. It is worth mentioning

that a water depth of no more than 4 m in Preboreal

Lake Peipsi was also previously suggested by ostra-

cod studies (Niinemets, 1999). Therefore, we can

conclude that during the accumulation of the carbo-

naceous gyttja, the water depth in the lake was around

2–4 m. According to pollen and radiocarbon data

Fig. 2 Diatom diagram of the core studied indicating the main

diatom assemblage zones. Relative abundances of major taxa

g , g p g pare given, along with percentages of planktonic and benthic

taxa in the totality of diatoms, and concentration of valves.

Lithology: 1—clayey silt; 2—carbonaceous gyttja; 3—homo-

g g g y gy j ; gy jgeneous greenish-grey gyttja; 4—unconsolidated dark gyttja
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from the Saviku section (Sarv & Ilves, 1975) in the

mouth of the Emajogi River, the water level in Lake

Peipsi began to rise during the Atlantic Chronozone

and has continued.

Figure 3 presents composite data about the most

significant changes in sediment composition and

suggested water depth in Lake Peipsi. In some

sediment intervals, most of the records show changes

in trends. The late-glacial-Early-Holocene lowering

of the water level and accumulation of carbonaceous

gyttja (7.0–5.2 m) induced the most significant

changes in the lake ecosystem. The absence of

diatoms from the corresponding sediments precludes

conclusions about the trophic state of the lake at that

time. The next well-expressed interval in the devel-

opment of Lake Peipsi is recorded in the sediment

interval ca 5.2–5.0 m (accumulated ca 9200 14C year

BP). This interval is characterized by a decrease in the

carbonate content and a rapid increase in the organic

content. As demonstrated previously (Dean, 1999), a

gradual increase in organic productivity would result

in an increased oxygen demand in the hypolimnion,

making it anoxic. Decomposition of organic matter in

the hypolimnion decreases the pH and enhances the

dissolution of CaCO3. Obviously, the increase in

water depth in Lake Peipsi discussed here was rather

slow, because the diatom data show a continuous

dominance of benthic forms in the sediments from a

depth of 5.5–3.9 m. The dominance of the periphythic

diatoms Fragilaria brevistriata, F. construens and F.

heidenii indicates mesotrophic conditions in the lake.

It has been shown (Barker et al., 1994; Yang &

Duthie, 1995; Punning et al., 2004) that differences in

the types of diatom taxa (ratio of planktonic to non-

planktonic diatoms) may be used as an indicator of

past water depths. At high water levels, the sediments

are dominated by planktonic forms, while benthic

forms are expected to increase at low water levels.

The sediments above 3.9 m (accumulated after ca

6000 14C year BP) reflect important changes in the

development of Lake Peipsi. From this level upwards,

the number of planktonic diatoms continuously

increases, which may indicate a further increase of

water depth at the site studied. However, the dom-

inance of planktonic diatoms can also often be

ascribed to an increased nutrient supply and the

consequent increase in productivity of the aquatic

ecosystem. At a depth of 3.9 m, the content of

organic matter reaches a maximum (28%). The

phosphorus content of the sediments also starts to

increase, which might be explained by a shift in the

phosphorus pool towards the sediments under the

influence of a pH decrease in the hypolimnion caused

by organic matter decay (Golterman, 2004).

iFig. 3 Comparison of the

changes in sediment

lithology, water, organic

matter and carbonate

content (mean value (min,

max)), dominant diatoms,

diatom zones, total

phosphorus concentration

and suggested water depths.

The most significant

changes in values are

marked by lines
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Striking changes in the colour and composition of

sediments are reported in the unconsolidated surface

layer (0.5–0 m) accumulated during recent centuries

(Noges et al., 2006; Kangur et al., 2007). Most

noteworthy is the rapid increase of phosphorus

concentration towards the surface. Recent geochem-

ical studies of the surface sediments have proved that

changes in the concentrations of mobile elements

such as phosphorus, and pore water, are conditioned

by physico-chemical changes in the water–sediment

interface, while their distribution in the sediments

provides no direct information about specific past

events (Ciglenečki et al., 2005). In the sediments

studied, the water content record shows that an active

process of diffusion, and exchange of chemical

elements in sediments reaches to a depth of 0.5 m,

where the porosity of the sediments exceeds 89%.

The reasons for the relatively conservative behav-

iour of the phosphorus concentration throughout the

sediment sequence studied remain to be elucidated. In

small lakes, it has been possible to estimate the

relationship between the known lake-level fluctua-

tions and phosphorus concentrations (Punning &

Leeben, 2003; Punning et al., 2003). Palaeolimno-

logical reconstructions for large and shallow lakes are

generally much less credible, mostly because of

possible resuspension caused by the greater influence

of waves on sediment accumulation (Håkanson &

Jansson, 1983). The waves and near-bottom currents

may have caused resedimentation of fine-grained

deposits.

Conclusions

The temporal changes in the lithological composition

of sediments in the core studied support the conclu-

sion that profound changes in water level have

occurred in Lake Peipsi during the postglacial period.

The clearly represented lithological units and their

correlation with the sequences from the southernmost

areas of the lake correspond well with the earlier

views about the significant lowering of water level in

Lake Peipsi at the late-glacial-Holocene transition. At

that time Lake Peipsi was relatively shallow (2–4 m)

in the area represented by the sequence studied. As

suggested by the increase in planktonic diatoms, the

water level started to rise after 9200 14C year BP

when the accumulation of calcareous gyttja was

replaced by the accumulation of gyttja. The fluctu-

ations in water depth had a profound impact on the

lake environment and are recorded as changes in

lithological composition, phosphorus contents of

sediments and composition of diatom assemblages.

The corresponding changes are most clearly reflected

in sediments accumulated during the phases of

regression when the lake area was also smaller. As

the water depth and area of the lake increased, wave-

induced erosion and resedimentation smoothed or

even disturbed the information. The increase in

phosphorus content in the unconsolidated, high-

porosity surface sediments (0.5 m) is connected with

active diffusion and matter exchange between the

water–sediment pools.
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and small lakes?
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Abstract Changes over time in 16 physical and

chemical variables were analysed and compared

between Sweden’s largest lakes, Vattern and Vanern,

and 48 smaller Swedish reference lakes during spring

over the period 1984–2003. The rates of changes varied

substantially among lakes and among variables, and

theywere clearly influenced by changes in both climate

and atmospheric deposition. Rates of change of

variables associated with atmospheric deposition such

as sulphate concentrations were dependent on lake

morphometry. This also applied to the rates of change

of variables associated with climate change effects in

the catchment such as calcium and magnesium

concentrations. However, climate change effects could

also be comparable between large and small lakes.

Rates of change in physical and chemical variables

directly influenced by the climate via the lake water

surface, e.g., surface water temperature, and variables

associated with the spring phytoplankton development

such as phosphate–phosphorus and nitrate–nitrogen

concentrations,were similar and therefore independent

of lake morphometry. This study shows that climate

change effects that act via the lake surface can be of the

same order of magnitude among large and small lakes,

but climate change effects that act via the catchment

differ substantially in large lakes. It is essential to

differentiate between these two types of climate effects

in order to assess the impacts of climate change and the

adaptation and vulnerability of lake ecosystems.

Keywords Climate � Atmospheric deposition �
Water chemistry � Spring phytoplankton

development � Lake volume

Introduction

The quality of water changes frequently in lakes,

depending on natural and anthropogenic changes in the

catchment and the atmosphere. Climate and atmo-

spheric deposition are two examples of drivers that

influence the quality of water. How quickly the water

quality changes in response to changes in the climate

and atmospheric deposition is related to various factors

including lake morphometry. However, some lake

variables show rates of change that are quite indepen-

dent of lake morphometry, one being the timing of ice

breakup. Rates of change in the timing of lake ice

breakup were found to depend on the geographical

region rather than lake morphometry (Weyhenmeyer

et al., 2004, 2005), implying that small and large lakes

can respond quite similarly to climatic changes.
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A variety of processes are related to the timing of lake

ice breakup, e.g., light penetration into the water

(Lepparanta et al., 2003), nutrient recycling (Jarvinen

et al., 2002) and the occurrence of the spring phyto-

plankton bloom (Weyhenmeyer et al., 1999), and the

question arises whether rates of change in these ice

breakup-related processes are dependent or indepen-

dent on lake morphometry. An answer to this question

might reveal the lake variables for which we have to

expect time lags in response to natural and anthropo-

genic changes. Here, I hypothesize that rates of change

of climate-induced direct alterations of lake surface

waters, i.e., ice-breakup-related lake internal pro-

cesses, are independent on lake morphometry;

whereas rates of change in catchment-related pro-

cesses are dependent on lakemorphometry. To test this

hypothesis, long-term data on 50 Swedish lakes with

various morphometries were analyzed in this study.

Data and methods

From the Swedish national freshwater database,

available from the Department of Environmental

Assessment, Swedish University of Agricultural

Sciences at http://www.ma.slu.se, complete data

series were downloaded for surface water tempera-

ture and 15 surface (0.5 m) water chemical variables

(sulphate, pH, conductivity, calcium, magnesium,

sodium, potassium, chloride, ammonium–nitrogen,

nitrate–nitrogen, total nitrogen, phosphate–phospho-

rus, total phosphorus, water color [estimated as light

absorption at 420 nm by 0.45 lm-filtered water in a

5-cm cuvette], and reactive silica) for 50 lakes

(Fig. 1) during May over the period 1984–2003.

The month of May in these lakes corresponds to the

spring turnover time when the lake ice has disap-

peared. Since data series for other months were less

complete, and since the focus of the study was on

processes influenced by the timing of lake ice

breakup, the spring turnover period was used to

compare physical and chemical changes between

large and small lakes. All physical and chemical lake

variables were sampled and analyzed by the same

laboratory using standard limnological methods,

described at http://info1.ma.slu.se/ma/www_ma.acgi

$Analysis?ID=AnalysisList.

Winter (December through February) air temper-

ature data from Mariestad at Lake Vanern from 1984

to 2003 were obtained from the Swedish Meteorol-

gical and Hydrological Institute, and yearly mean

sulphate concentrations in the Lake Vanern area were

downloaded from the Swedish Environmental

Research Institute at http://www.ivl.se/miljo/db/

statkart.asp.

About 48 of the 50 lakes are classified as nutrient-

poor reference lakes, implying that anthropogenic

changes in the catchments other than climatic and

atmospheric deposition changes are negligible. The

remaining two lakes are Sweden’s largest lakes,

70°N
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65°N
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41 
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Fig. 1 Map of Sweden showing the geographical distribution

of the 48 reference lakes and Sweden’s largest lakes Vanern

and Vaand Vatternttern
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Vanern and Vattern. Two sampling sites were avail-

able for Lake Vattern and three for Lake Vanern. Both

lakes have been subjected to drastic reductions in

phosphate loading from the catchment, but since the

late 1970s the phosphorus concentrations have stabi-

lized after earlier reductions (Wilander & Persson,

2001). We therefore assume that changes in these

large lakes during 1984–2003 were primarily driven

by changes in climate and atmospheric deposition.

The surface areas of the lakes ranged from 0.03 to

5,648 km2 (Lake Vanern) and the mean lake depths

from 0.9 to 40 m (Lake Vattern). Both Lake Vanern

and Lake Vattern are at the extremes of area and

mean depth (Fig. 2); moreover, the water retention

times of these two lakes (10 and 58 years, respec-

tively) are exceptionally long compared to the 48

reference lakes. The study therefore focuses primarily

on comparing differences between the patterns of

change in Vanern and Vattern with those in the

remaining 48 lakes.

Changes over time of a variable were determined

from the slopes of its linear regression to time, i.e.,

rates of change correspond to trends over time. For

this study, relative and not absolute rates of change

were considered so that changes could be compared

among the lake variables. All statistical tests were

carried out using the JMP programme, version 5.0.1.2

(SAS Institute, 2002).

Results

Analysis of the trends over time in 16 variables from

50 Swedish lakes revealed substantial differences in

the rates of change among lakes and among variables

during 1984–2003. Two groups of variables could be

differentiated: group 1, in which the rates of change

in Lakes Vanern and Vattern fell within the 10–90%

range of the rates of change in the 48 smaller

reference lakes; and group 2, in which at least one of

the large lakes fell outside this percentile range

(Fig. 3). The variables surface water temperature,

ammonium–nitrogen, nitrate-nitrogen, total nitrogen,

chloride, phosphate–phosphorus and pH belonged to

group 1; sulphate, calcium, magnesium, conductivity,

sodium, potassium, water color, total phosphorus, and

reactive silica belonged to group 2. Taking Lake

Vanern as an example, surface water temperatures

(group 1) increased on average by 0.7�C per year

during 1984–2003, while sulphate concentrations

(group 2) decreased on average by 1.3 % per year.

The surface water temperature increase in May in

Lake Vanern was related to a 1.9�C winter air

temperature increase in the lake during 1984–2003

(R2 = 0.45, P\ 0.01, n = 20) and the decrease in

sulphate concentrations in May was related to a 82%

decrease in the yearly mean sulphate deposition in the

Vanern area over this same period (R2 = 0.52,

P\ 0.001, n = 20). Temporal variations in surface

water temperatures and sulphate concentrations in

Lake Vanern were not related to each other

(P[ 0.05). Moreover, rates of change in surface

water temperatures were not related to rates of

change in sulphate concentrations over the whole

sample of 50 lakes (P[ 0.05), making it possible to

identify and distinguish climate and atmospheric

deposition effects.

The rates of change in Lake Vattern, the lake with

the longest water retention time of 58 years, deviated

most from the rates of change of the 48 small

reference lakes. A clear outlier was the rate of change

in sulphate concentrations. Sulphate concentrations in

Lake Vattern continued to increase during 1984–2003

while they decreased in all the other lakes. Seven

other variables showed rates of change in Lake

Vattern that deviated from those in the other lakes

(Fig. 3). In Lake Vanern, the lake with the second

longest water retention time of 10 years, rates of

change deviating from those in the 48 reference lakes

were only observed for water color and reactive silica

concentrations.

Differences in the rates of change between the two

large lakes and the 48 small reference lakes could
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Fig. 2 Frequency distribution of area and mean depth of the
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imply that these rates of change depend on lake

morphometric variables. The available morphometric

variables were mean depth, area and volume of the

lake and the size of the drainage area. Lake volume

was the variable that explained most of the differ-

ences in rates of change (Table 1). Significant

relationships between lake volume and rate of change

could be established for sulphate, magnesium, cal-

cium, total phosphorus, water color, and reactive

silica (Table 1). The ratio between drainage area and

lake area was used as a measure of the lake water

retention time, but this estimate was probably too

inaccurate to reveal significant relationships.

Discussion

In both of Sweden’s largest lakes and the 48 smaller

reference lakes, an impact of climate on, e.g., water

temperature and an effect of atmospheric deposition

on, e.g., sulphate concentration became apparent.

The impact of climate on water temperature was

independent of lake morphometry, and the rates of

change in water temperature did not differ between

Sweden’s largest lakes, Vanern and Vattern, and the

smaller reference lakes. Since changes in the timing of

lake ice breakup are also independent of lake

morphometry (Weyhenmeyer et al., 2004, 2005), this

pattern might have been expected. It is most likely that

climate effects that directly alter the physical proper-

ties of lake surface waters are as rapid in large lakes as

in small ones. It has been shown that changes in

physical variables are most coherent among lakes

(e.g., Magnuson et al., 1990; Baines et al., 2000),

indicating that lake morphometry is of only minor

importance. However, direct climate-induced altera-

tions of lake surface waters can also include changes

in biological variables, e.g., spring phytoplankton

development. A variety of studies have shown that an

earlier timing of lake ice breakup leads to an earlier

spring phytoplankton development in both large and

small lakes (Weyhenmeyer et al., 1999; Gerten &

Adrian, 2000; Weyhenmeyer, 2001). In this study, no

biological data were available, but data existed on

chemical variables that are associated with the spring

phytoplankton bloom such as phosphate–phosphorus

and nitrate–nitrogen concentrations (Eriksson & Fors-

berg, 1992). Changes in these nutrients in Sweden’s

largest lakes were quite comparable to changes in the

smaller reference lakes, indicating that these nutrients

might be influenced by lake internal processes such as

the spring phytoplankton bloom. Reactive silica

concentrations are also associated with the spring

phytoplankton bloom, especially with a spring diatom

bloom (e.g., Eriksson & Forsberg, 1992). Here,

Sweden’s largest lakes showed a substantially greater

rate of change than the smaller reference lakes. This

could indicate that reactive silica is influenced by

catchment processes rather than by lake internal

processes, or it could be explained by the fact that

only Sweden’s largest lakes show a clear dominance

of diatoms during the spring bloom while the smaller

nutrient-poor reference lakes are dominated by flag-

ellated species such as chrysophytes (Andersson &

Willén, 1999). Chrysophytes are more or less unre-

lated to reactive silica concentrations but diatoms are

strongly associated with them. Changes in the spring

phytoplankton bloom as described above may conse-

quently change the reactive silica concentrations in

the large lakes but not so much in the small ones.

Apart from climate effects that lead to direct

alterations of lake surface waters and are associated

with the timing of lake ice breakup, there are climate

effects that lead to alterations in physical and

chemical conditions in the catchment. Small
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alterations in the catchment might not affect concen-

trations in lakes with large water volumes because of

the strong dilution effect. Greater alterations in the

catchment will affect concentrations even in lakes

with a large water volume, but there will be a

substantial time lag, depending on the water retention

time of the lake, before these effects can be detected

in the water column. Deviating rates of change in

large lakes are expected for all catchment-driven

variables. Calcium and magnesium might represent

such variables. Calcium and magnesium concentra-

tions are known to be influenced by climate-driven

weathering processes and water flow characteristics

in the catchment (Kalff, 2002). Total phosphorus

concentrations and water color are also known to be

influenced by hydrological, chemical and biological

alterations in the catchment, which Håkanson (2005)

was able to demonstrate by relating catchment

variables to such catchment-driven variables. The

rates of change of the catchment-driven variables

were particularly dependent on the lake water

volume, implying that changes in the catchment and

consequently in the loading are damped by a large

water volume.

Like changes in the climate, changes in atmo-

spheric deposition can also directly influence water

quality via the lake water surface or indirectly via the

catchment. It is suggested that the indirect effects of

atmospheric deposition on water quality are more

pronounced than direct effects, since catchment areas

are usually larger than lake surface areas, so the

amounts of substances deposited are higher in the

catchment than on the lake surface. It is likely that

indirect effects of atmospheric deposition are respon-

sible for the deviant rates of change in atmospheric

deposition-driven variables such as sulphate concen-

tration observed in Sweden’s large Lake Vattern. In

Lake Vattern, with the longest water retention time of

58 years, the deviation in this pattern was so

pronounced that sulphate concentrations increased,

while they decreased in all the other lakes. The

decrease in sulphate concentrations is most probably

a result of decreased atmospheric deposition, as also

observed in other lake systems (Moldan et al., 2001;

Forsius et al., 2003), while the increase in Vattern

indicates a substantial time lag before decreasing

atmospheric deposition can be detected in the water

columns of lakes with very long water retention

Table 1 Relationships (R2-values) between the rates of change in lake variables in 50 lakes during 1984–2003 and log-transformed

lake morphometric variables

Variable Lake area Mean depth Volume Ratio drainage area/lake area

Water temperature (WtempWW ) – – – –

Sulphate (SO4) 0.22*** 0.31*** 0.30*** 0.10*

pH – – – –

Conductivity (Cond) – – – –

Calcium (Ca) 0.16** 0.24*** 0.24*** –

Magnesium (Mg) 0.18** 0.25*** 0.24*** –

Sodium (Na) – – – –

Potassium (K) – – – –

Chloride (Cl) – – – –

Ammonium-nitrogen (NH4–N) – – – –

Nitrate-nitrogen (NO3–N)
a – – – –

Total nitrogen (TN) – – – –

Phosphate–phosphorus (PO4–P) – – – –

Total phosphorus (TP) 0.12* 0.11* 0.13* –

Water color (color)b 0.14** 0.14** 0.16** –

Reactive silica (Si) 0.13* – 0.11* –

Significance levels are given as three stars (P\ 0.001), two stars (P\ 0.01) and one star (P\ 0.05). Short lines indicate non-

significant relationships (P[ 0.05)
a Nitrate–nitrogen includes nitrite–nitrogen, which is less than 5% of the sum of nitrate + nitrite–nitrogen (Wilander pers. comm.)
b Water color was estimated as light absorption at 420 nm of 0.45 lm filtered water in a 5-cm cuvette
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times. Of all the variables tested, rates of change in

sulphate concentrations were most closely related to

lake morphometric variables, implying that changes

in this variable are very little influenced by climate

effects that act via the lake water surface. Most of the

other variables were influenced by changes in both

the climate and atmospheric deposition. In these

cases, it becomes important to differentiate between

effects acting via the lake water surface and effects

acting via the catchment.

Conclusion

According to this study, direct climate-induced

alterations of lake surface waters, in this case ice

breakup-related processes, are independent of lake

morphometry, while rates of change of catchment-

related processes are dependent. Variables primarily

associated with atmospheric deposition are mainly

influenced by catchment processes. For these vari-

ables, and also for lake variables indirectly affected

by climate via the catchment, substantial time lags in

lakes with a long water retention time have to be

expected, and models simulating the effects of global

change on these variables need to consider lake

morphometry. In contrast, lake morphometry can be

neglected for variables that are affected by climate

directly via the lake water surface. These findings

have important implications for lake management

and simulations of the effects of global change.
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Abstract Mean global air temperatures have

steadily increased during recent decades, resulting

in an earlier timing of lake ice breakup. In Sweden’s

largest lakes, Vanern and Vattern, the breakup of ice

has occurred considerably earlier since 1979 and

ice-free winters have become more frequent. Com-

parison between the years when the lakes were ice

covered with those when they remained ice-free in

terms of 37 lake variables revealed significant

differences in water temperatures, sulphate concen-

trations and the biomass of diatoms in May after ice

breakup (P\ 0.01). In particular, the biomass of the

genus Aulacoseira increased significantly, which

may explain increasing complaints about algae that

clog fishing-nets, filter-beds and micro-strainers in

waterworks in Vanern and Vattern. We assume that

Aulacoseira is mainly affected by changes in

climate-driven water circulation patterns. In contrast,

other observed water quality changes such as

changes in sulphate concentration might rather be

attributed to changes in atmospheric deposition. To

explain water quality changes in Sweden’s largest

lakes it is important to consider changes in both

climate and atmospheric deposition as well as

catchment measures.

Keywords Climate � Atmospheric deposition �
Ice � Water Chemistry � Phytoplankton

Introduction

Regional climate models for Sweden simulate

increasing air temperatures over the next decades,

especially during winters (Rummukainen et al.,

2001). Changes in winter air temperatures can be

linked directly to changes in ice cover dynamics (e.g.

Palecki & Barry, 1986; Vavrus et al., 1996; Living-

stone, 1997). As a response to a 1.2�C air temperature

increase, Magnuson et al. (2000) reported a 6.3-day

earlier ice breakup, on average, over the northern

hemisphere during the past 100 years. However,

Weyhenmeyer et al. (2005) found systematic differ-

ences in the trend towards earlier ice breakup along a

latitudinal temperature gradient. Taking Sweden as

an example, an annual mean air temperature increase

of 1�C caused up to a 35-day earlier ice breakup in

the relatively warm southern part of Sweden while
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Department of Regions and Environment, Statistics

Sweden, Box 24 300, 104 51 Stockholm, Sweden

123

Hydrobiologia (2008) 599:111–118

DOI 10.1007/s10750-007-9188-9



the same air temperature increase caused only a 4-day

earlier ice breakup in the relatively cold northern part

of the country (Weyhenmeyer et al., 2004). The

reason for this difference is that the timing of lake ice

breakup responds non-linearly to changes in air

temperature (Weyhenmeyer et al., 2004). Sweden’s

largest lakes, Vanern and Vattern, are located in the

southern part of Sweden, where considerable changes

in the timing of lake ice breakup in response to

increasing air temperatures can be expected. Since

Sweden’s largest lakes already remain occasionally

ice-free during winter periods, the incidence of ice-

free winters is likely to increase in future in response

to air temperature increases as simulated for that

region (Rummukainen et al., 2001). To quantify the

effects of ice-free winters on water quality and

phytoplankton development in the large lakes we

used long-term physical, chemical and biological data

collected since 1979. Studies on other lake systems

have shown that ice cover has impacts on, for

example, underwater light conditions (Lepparanta

et al., 2003), nutrient recycling (Jarvinen et al.,

2002), oxygen conditions (Stewart, 1976; Living-

stone, 1993), the production and biodiversity of

phytoplankton (Rodhe, 1955; Weyhenmeyer et al.,

1999; Phillips & Fawley, 2002) and the occurrence of

winter fish kill (Greenbank, 1945; Barica & Mathias,

1979). We therefore hypothesize that water quality,

phytoplankton composition and phytoplankton bio-

mass in Sweden’s largest lakes, Vanern and Vattern,

are significantly different after ice-free winters than

after winters that have been ice-covered.

Study sites and methods

For this study we used long-term data from Lakes

Vanern and Vattern (Fig. 1). In terms of area, Vanern

is one of the 30 largest lakes in the world (Table 1).

The area of Vattern is only one-third of that of

Vanern but because it is deep it has an unusually long

water retention time of 58 years (Table 1). For more

hydrological information about the large lakes, see

Kvarnas (2001).

Water samples have been taken frequently at three

stations in Lake Vanern (since 1973) and at two

stations in Lake Vattern (since 1966) (Fig. 1).

Sampling has been conducted in the middle of each

month during the main growing season from May to

October (i.e. ice-free period). Water sampling and

determination of all chemical and biological variables

have been carried out by the same laboratory using

standard limnological methods. Both lakes were

subjected to drastic reductions in phosphorus loading

from the catchment during the early 1970s. By the

late 1970s the phosphorus concentrations had stabi-

lized (Wilander & Persson, 2001). We therefore used

data since 1979 on water temperature, 22 chemical

variables and phytoplankton during May when the

water column of the lakes is mixed (Table 2). For

phytoplankton we compared the biomass changes of

six groups. Since diatoms are the dominant phyto-

plankton group during May in both large lakes

(Willén, 2001) we further investigated changes in the

biomass of the diatom genera Asterionella, Aula-

coseira, Cyclotella, Diatoma, Stephanodiscus,

Synedra and Tabellaria. For water chemistry, surface

(0.5 m) water samples were taken. Phytoplankton

was collected with a tube sampler and represented the

upper 0–8 m mixed water layer.

In addition to lake variables, we received monthly

mean air temperature data from two sites from the

Swedish Meteorological and Hydrological Institute

(SMHI): Karlstad located at Lake Vanern and Jonko-

ping at Lake Vattern (Fig. 1). For this study we used

the mean monthly air temperatures from January to

May. SMHI also provided us with ice cover data from

Lakes Vanern and Vattern from 1979 to 2002. SMHI

defines the date of ice-on when the main lake area is

first covered by ice and the ice cover lasts for at least

3 days. The date of ice-off is defined when the main

lake area is ice-free, implying that some small bays

may still have an ice cover. When the lake freezes

again, the last date when it opens is taken (Eklund,

1999). According to SMHI’s definition, several years

have been reported in which the main lake area did not

freeze during a whole winter period. We consider

these to be years when the lakes lack an ice cover. For

winters when the lakes are ice covered we use the

abbreviation WiceWW and for winters when the lakes

remain ice-free we use Wice-freeWW .

In our study, we compared physical, chemical and

biological lake variables during the spring turnover in

May after WiceWW and Wice-freeWW . For this comparison we

used the non-parametric Wilcoxon test. At least 5%

of the Wilcoxon tests carried out for each lake

must be regarded as significant (P\ 0.05) by pure

chance for stochastic reasons. Rice (1989) described
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a sequential Bonferroni correction procedure to

control this problem. A Bonferroni correction in this

study, however, would decrease the P-value to 0.001.

To reach such low P-values with our available data is

not reasonable, so we decided to consider P-values

less than 0.01 as significant.

For the non-parametric Wilcoxon test we consid-

ered data from the different sites in the same lake to

obtain results for the whole water column and to

increase the number of data. All statistical tests were

carried out using the JMP program, version 5.0.1.2

(SAS Institute, 2002).

Results

Within the 24-year period, 1979–2002, Vanern was

ice-covered during nine and Vattern during eight
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winters (Fig. 2). There was consistency between the

two lakes in the occasions of ice cover except for

1990–1991 when Vanern was ice covered and

Vattern was not (Fig. 2). From winter 1996–1997

onwards both lakes remained ice-free, indicating a

positive trend in the incidence of ice-free winters

between 1979 and 2002 (Fig. 3)

Comparing all years in which the lakes remained

ice-free (15 for Vanern and 16 for Vattern; Wice-freeWW )

with years in which the lakes were covered by ice (9

for Vanern and 8 for Vattern; WiceWW ), the mean

monthly air temperatures at the lakes were signifi-

cantly higher in January and February during Wice-freeWW

than during WiceWW (Wilcoxon test, P\ 0.01). The

surface water temperatures in Vanern and Vattern

were on average 2 and 1.3�C warmer, respectively,

after Wice-freeWW (Table 2).

Among the 23 physical and chemical water

variables tested, sulphate concentration was the only

chemical variable that showed significant differences

after Wice-freeWW in both lakes (Table 2). Sulphate

concentrations in May were significantly lower

in Vanern and significantly higher in Vattern after

Wice-freeWW . In Vanern, Wice-freeWW gave additional signals

in the physical and chemical variables: Secchi depth,

pH, nitrate-nitrogen, silica and chlorophyll a

(Table 2).

Phytoplankton biomass also showed significant

differences afterWice-freeWW . In Vanern, the biomasses of

total phytoplankton, cyanobacteria, diatoms, crypto-

phytes and chlorophytes were significantly greater

after Wice-freeWW than after WiceWW (Table 2). In Vattern,

only the biomass of diatoms increased significantly

after Wice-freeWW . Changes in the biomass of diatoms

after Wice-freeWW resulted in a different phytoplankton

composition in both lakes, with diatoms out-compet-

ing other phytoplankton groups (Fig. 2).

Of the seven main diatom genera examined only

the genus Aulacoseira showed a significantly differ-

ent biomass after Wice-freeWW (Table 2). Aulacoseira

increased its biomass more than fourfold afterWice-freeWW .

In both Vanern and Vattern the diatom species

Aulacoseira islandica is dominant during the spring

turnover.

Discussion

Our results indicate that surface water temperatures,

Secchi depth, pH, concentrations of sulphate, nitrate-

nitrogen (NO3-N), silica and chlorophyll a and the

phytoplankton biomass showed significant differ-

ences after ice-free winters (Wice-freeWW ) in at least one

of the lakes studied (Table 2). Increases in surface

water temperatures after Wice-freeWW can easily be

attributed to global warming (reviewed in, e.g. Gerten

& Adrian, 2002). Global warming, however, may

be reflected in the positive trend in occurrence of

Wice-freeWW between 1979 and 2002. This positive trend

causes difficulties in interpreting our results since all

variables showing a strong upward or downward

trend will appear significantly different after Wice-freeWW .

Well-known climate-independent trends include the

decline in sulphate concentrations in various Scandi-

navian lake ecosystems since the 1990s (e.g. Moldan

et al., 2001; Forsius et al., 2003). These trends can be

attributed to decreasing atmospheric deposition rather

than to global warming. We observed declining

sulphate concentrations in Vanern between 1979

and 2002. In Vattern, sulphate concentrations con-

tinued to increase over this period even though

atmospheric deposition had decreased. Probably the

very long water turnover time of 58 years causes a

time lag of several years or even decades before the

effects of decreasing atmospheric deposition can be

detected in the water body of Lake Vattern.

Many results of this study might be attributed to

decreasing atmospheric deposition; examples are

increasing pH and decreasing NO3-N concentrations.

However, most lake variables are probably influenced

by both atmospheric deposition and global warming.

According to Weyhenmeyer (2001, 2004) a warmer

winter climate, in this study defined as Wice-freeWW , can

lead to an increase in total phytoplankton biomass in

May, resulting in an increased uptake of the bio-

available nutrients, NO3-N and silica. We suggest

Table 1 Morphometric and hydrological data on Lake Vanern

and Lake Vattern (after Kvarnas, 2001)

Vanern Vattern

Area (km2) 5,648 1,856

Volume (km3) 153 74

Mean depth (m) 27 40

Maximum depth (m) 106 128

Theoretical turnover time (years) 10 58

Catchment area (km2) 46,830 6,359
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Table 2 List of lake variables in surface waters/upper mixed layer used in this study and comparison of the median values of the

variables between years with (WiceWW ) and without (Wice-freeWW ) ice cover (Fig. 2)

Variable Lake Vanern Lake Vattern

WiceWW Wice-freeWW WiceWW Wice-freeWW

Water temperature (�C) 3.2 5.2 3.4 4.7

Oxygen (mg l-1) 13.1 12.9 13.2 12.6

Secchi depth (m) 5.0 4.5 10.8 11.0

Sulphate (mEq l-1) 0.32 0.29 0.36 0.38

pH 7.2 7.3 7.7 7.7

Alkalinity (mEq l-1) 0.2 0.2 0.5 0.5

Conductivity (mS l-1) 9.4 9.1 13.4 13.5

Calcium (mEq l-1) 0.4 0.4 0.7 0.7

Magnesium (mEq l-1) 0.1 0.1 0.2 0.2

Sodium (mEq l-1) 0.3 0.3 0.3 0.3

Potassium (mEq l-1) 0.03 0.03 0.04 0.04

Chloride (mEq l-1) 0.2 0.2 0.3 0.3

Ammonium-nitrogen (lg l-1) 4 7 6 7

Nitrate-nitrogena (lg l-1) 580 550 453 496

Total nitrogen (lg l-1) 861 838 688 715

Phosphate-phosphorus (lg l-1) 2 1 1 1

Other phosphorus (lg l-1) 7 6 4 4

Total phosphorus (lg l-1) 8 8 6 5

Turbidityb (m-1) 0.01 0.01 0.005 0.004

Water colourc (m-1) 0.04 0.04 0.008 0.009

Potassium permanganate (mg l-1) 18.8 17.6 7.3 6.7

Reactive silica (mg l-1) 0.35 0.25 0.21 0.25

Chlorophyll a (lg l-1) 1.0 2.5 1.1 1.1

Total phytoplankton biomass (mg l-1) 0.11 0.37 0.06 0.10

Cyanobacteria (mg l-1) 0.000 0.008 0.000 0.000

Diatoms (mg l-1) 0.06 0.26 0.03 0.05

Asterionella (mg l-1) 0.002 0.003 0.007 0.004

Aulacoseira (mg l-1) 0.019 0.080 0.002 0.009

Cyclotella (mg l-1) 0.011 0.008 0.006 0.004

Diatoma (mg l-1) 0.003 0.002 0.003 0.001

Stephanodiscus (mg l-1) 0.003 0.002 0.003 0.001

Synedra (mg l-1) 0.0003 0.0001 0.002 0.001

Tabellaria (mg l-1) 0.004 0.006 0.002 0.002

Cryptophytes (mg l-1) 0.016 0.038 0.008 0.012

Chrysophytes (mg l-1) 0.011 0.014 0.013 0.014

Chlorophytes (mg l-1) 0.000 0.004 0.004 0.007

Dinoflagellates (mg l-1) 0.000 0.001 0.001 0.002

Variables that showed significant differences between WiceWW and Wice-freeWW (Wilcoxon-test, P\ 0.01) are shown in bold
a Nitrate-nitrogen includes nitrite-nitrogen, which is less than 5% of nitrate- + nitrite-nitrogen (Wilander, pers. comm.)
b Turbidity was estimated as the difference between light absorption at 420 nm of unfiltered and filtered (0.45 lm) water in a 5-cm

cuvette
c Water colour was estimated as light absorption at 420 nm of 0.45 lm filtered water in a 5-cm cuvette
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that such a global warming effect can be seen in

Vanern where the total phytoplankton biomass and

chlorophyll a concentrations were significantly higher,

and NO3-N and silica concentrations significantly

lower, after Wice-freeWW (Table 2). In Vattern, changes in

the biomass and composition of the spring phyto-

plankton bloom after Wice-freeWW were less apparent than

in Vanern. One reason might be that chemical

changes in the water were also less pronounced;

another might be a stronger nutrient limitation in

Vattern, implying that warmer waters could not be

efficiently employed for the growth of phytoplankton

other than diatoms. Diatoms are sensitive to physical

conditions such as the presence of ice. Gerten &

Adrian (2000) found, for example, that diatom

biomass increased after winters with short ice-cover

periods or ice-free winters, and Lotter & Bigler

(2000) detected a relationship between the timing of

lake ice breakup and diatom blooms as determined by

sediment deposits in Swiss lakes. In both Vanern and

Vattern we observed an increase in the biomass of the

genus Aulacoseira after Wice-freeWW . Aulacoseira belongs

to the genera that are frequently found in large lakes

with deep-mixing such as Ladoga, Onega, Baikal,

Michigan and several of the large Rift Valley lakes

(Willén, 1991). Aulacoseira needs water mixing to

develop in the water column, which occurs when

lakes are not covered by ice. The dominant diatom

species Aulacoseira islandica in Vanern and Vattern

is a good competitor at water temperatures of about

5�C (Willén, 1991), which corresponds to the May

water temperature after Wice-freeWW (Table 2). Water

mixing together with suitable water temperatures and

sufficient nutrient availability in May after ice-free

winters strongly favour the development of Aula-

coseira in Vanern and Vattern.

A significantly increased Aulacoseira biomass in

Vanern and Vattern after Wice-freeWW may have far-

reaching consequences. Complaints about algae that

clog fishing-nets, filter-beds and micro-strainers in

waterworks are already common. It is most likely that

these problems are caused by the genus Aulacoseira,

which is known to have substantial clogging abilities

(Willén, 2001). The clogging problems may become

cost-intensive if fish catches are reduced and boats,

bridges, pipes, etc. require additional maintenance.

However, an increase in the diatom biomass might

also have positive effects on lake ecosystems because

diatoms are a good food resource for the benthic

fauna, as shown by a high positive relationship

between diatom biomass and the growth of the

benthic fauna with a time lag of 1 year (Johnson &
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Wiederholm, 1992). Further possible effects of an

increase in the Aulacoseira biomass on lake ecosys-

tems remain to be determined.

According to this study, increases in water

temperatures and in the Aulacoseira biomass in

spring can be expected as a direct effect of warmer

winters. Indirect effects that function via the catch-

ment may need some time to become apparent in the

water column, depending on the water residence time

of the lake. Further studies are particularly needed to

quantify the indirect effects of ice-free winters on

lake ecosystems with different water residence times.

Acknowledgements This work was partly funded by the

European Union within the framework of the European

Commission projects CLIME (‘‘Climate and Lake Impacts in

Europe’’, EVK1-CT-2002-00121) and Euro-limpacs

(‘‘Integrated Project to Evaluate the Impacts of Global

Change on European Freshwater Ecosystems’’, GOCE-CT-

2003-505540). The first author is a research fellow of the Royal

Swedish Academy of Sciences supported by a grant from the

Knut and Alice Wallenberg Foundation. Additional funding

was received from the Swedish Research Council (621-2005-

4335). We thank the Swedish Environmental Protection

Agency and the IMA laboratory for financing, sampling and

analysing numerous water samples.

References

Barica, J. & J. A. Mathias, 1979. Oxygen depletion and win-

terkill risk in small Prairie lakes under extended ice cover.

Journal of Fisheries Research Board Canada 36: 980–986.

Eklund, A., 1999. Ice-on and ice-off in Swedish lakes. SMHI-

Report Hydrologi 81 (in Swedish).

Forsius, M., J. Vuorenmaa, J. Mannio & S. Syri, 2003.

Recovery from acidification of Finnish lakes: regional

patterns and relations to emission reduction policy. Sci-

ence of the Total Environment 310: 121–132.

Gerten, D. & R. Adrian, 2000. Climate-driven changes in

spring plankton dynamics and the sensitivity of shallow

polymictic lakes to the North Atlantic Oscillation. Lim-

nology and Oceanography 45: 1058–1066.

Gerten, D. & R. Adrian, 2002. Effects of climate warming,

North Atlantic Oscillation, and El Nino-Southern Oscil-

lation on thermal conditions and plankton dynamics in

northern hemispheric lakes. The Scientific World 2: 586–

606.

Greenbank, J., 1945. Limnological conditions in ice-covered

lakes, especially related to winterkill of fish. Ecological

Monographs 15: 343–392.

Jarvinen, M., M. Rask, J. Ruuhijarvi & L. Arvola, 2002.

Temporal coherence in water temperature and chemistry

under the ice of boreal lakes (Finland). Water Research

36: 3949–3956.

Johnson, R. K. & T. Wiederholm, 1992. Pelagic-benthic cou-

pling – the importance of diatom interannual variability

for population oscillations of Monoporeia affinis.
Limnology and Oceanography 37: 1596–1607.

Kvarnas, H., 2001. Morphometry and hydrology of the four

large lakes of Sweden. Ambio 30: 467–474.

Lepparanta, M., A. Reinart, A. Erm, H. Arst, M. Hussainov &

L. Sipelgas, 2003. Investigation of ice and water proper-

ties and under-ice light fields in fresh and brackish water

bodies. Nordic Hydrology 34: 245–266.

Livingstone, D. M., 1993. Lake oxygenation: Application of a

one-box model with ice cover. International Revue der

gesamten Hydrobiologie 78: 465–480.

Livingstone, D. M., 1997. Break-up dates of alpine lakes as

proxy data for local and regional mean surface air tem-

peratures. Climatic Change 37: 407–439.

Lotter, A. F. & C. Bigler, 2000. Do diatoms in the Swiss Alps

reflect the length of ice-cover? Aquatic Sciences 62:

125–141.

Magnuson, J. J., D. M. Robertson, B. J. Benson, R. H. Wynne,

D. M. Livingstone, T. Arai, R. A. Assel, R. G. Barry,

V. Card, E. Kuusisto, N. G. Granin, T. D. Prowse,

K. M. Stewart & V. S. Vuglinski, 2000. Historical trends

in lake and river ice cover in the Northern Hemisphere.

Science 289: 1743–1746.

Moldan, F., R. F. Wright, S. Lofgren, M. Forsius, T. Ruoho-

Airola & B. L. Skjelkvale, 2001. Long-term changes in

acidification and recovery at nine calibrated catchments in

Norway, Sweden and Finland. Hydrology and Earth

System Sciences 5: 339–349.

Palecki, M. A. & R. G. Barry, 1986. Freeze-up and break-up of

lakes as an index of temperature changes during the

transition seasons: A case study for Finland. Journal of

Climate and Applied Meteorology 25: 893–902.

Phillips, K. A. & M. W. Fawley, 2002. Winter phytoplankton

community structure in three shallow temperate lakes

during ice cover. Hydrobiologia 470: 97–113.

Rice, W. R., 1989. Analyzing tables of statistical tests. Evo-

lution 43: 223–225.

Rodhe, W., 1955. Can phytoplankton production proceed dur-

ing winter darkness in subarctic lakes? Verhandlungen der

Internationalen Vereinigung fur Limnologie 12: 117–122.

Rummukainen, M., J. Raisanen, B. Bringfelt, A. Ullerstig,

A. Omstedt, U. Willén, U. Hansson & C. Jones, 2001. A

regional climate model for northeastern Europe: model

description and results from the downscaling of two GCM

control simulations. Climate Dynamics 17: 339–359.

SAS Institute, 2002. JMP Statistics and graphics guide. Version

5, SAS Institute.

Stewart, K. M., 1976. Oxygen deficits, clarity and eutrophi-

cation in some Madison lakes. Internationale Revue der

gesamten Hydrobiologie 61: 563–579.

Vavrus, S. J., R. H. Wynne & J. A. Foley, 1996. Measuring the

sensitivity of southern Wisconsin lake ice to climate

variations and lake depth using a numerical model. Lim-

nology & Oceanography 41: 822–831.

Weyhenmeyer, G. A., 2001. Warmer winters – are planktonic

algal populations in Sweden’s largest lakes affected?

Ambio 30: 565–571.

Weyhenmeyer, G. A., 2004. Synchrony in relationships

between the North Atlantic Oscillation and water chem-

istry among Sweden’s largest lakes. Limnology &

Oceanography 49: 1191–1201.

Hydrobiologia (2008) 599:111–118 117

123



Weyhenmeyer, G. A., T. Blenckner & K. Pettersson, 1999.

Changes of the plankton spring outburst related to the

North Atlantic Oscillation. Limnology & Oceanography

44: 1788–1792.

Weyhenmeyer, G. A., M. Meili & D. M. Livingstone, 2004.

Nonlinear temperature response of lake ice breakup.

Geophysical Research Letters 31: L07203, doi:

10.1029/2004GL019530.

Weyhenmeyer, G. A., M. Meili & D. M. Livingstone, 2005.

Systematic differences in the trend towards earlier ice-out

on Swedish lakes along a latitudinal temperature gradient.

Verhandlungen der Internationalen Vereinigung der

Limnologie 29: 257–260.

Wilander, A. & G. Persson, 2001. Recovery from eutrophica-

tion: Experiences of reduced phosphorus input to the four

largest lakes of Sweden. Ambio 30: 475–485.

Willén, E., 1991. Planktonic diatoms – an ecological review.

Algological Studies 62: 69–106.

Willén, E., 2001. Four decades of research on the Swedish

large lakes Malaren, Hjalmaren, Vattern and Vanern: The

significance of monitoring and remedial measures for a

sustainable society. Ambio 30: 458–466.

118 Hydrobiologia (2008) 599:111–118

123



ELLS 2007

Phosphorus fractions and alkaline phosphatase activity
in sediments of a large eutrophic Chinese lake (Lake Taihu)

Yiyong Zhou ÆÆ Chunlei Song ÆÆ Xiuyun Cao ÆÆ Jianqiu Li ÆÆ Guoyuan Chen ÆÆ
Zhuoying Xia ÆÆ Pinghong Jiang

� Springer Science+Business Media B.V. 2008

Abstract Spatial, vertical, and seasonal variations

in phosphorus fractions and in alkaline phosphatase

activity (APA) were investigated in sediments in a

large-shallow eutrophic Chinese lake (Lake Taihu) in

2003–2004. The phosphorus content was highest in

the most seriously polluted lake area. Iron-bound

phosphorus (Fe(OOH)*P) dominated (47% on aver-

age) among the phosphorus fractions determined

according to Golterman (Hydrobiologia 335:87–95,

1996). Notably, organically-bound P comprised a

further significant additional portion (acid-solu-

ble + hot NaOH-extractable organic P = 25%),

which was highest at the most polluted sites. The

Fe(OOH)*P content was the lowest in spring (April,

2004), suggesting that degradation of organic matter

led to the release of iron-bound phosphates. Sediment

APA showed a significant positive relationship with

both organically-bound P and Fe(OOH)*P. Conse-

quently, organically-bound P is an important portion

of the sediment phosphorus in Lake Taihu. It is

mainly derived from freshly-settled autochthonous

particles and from external discharges. Organically-

bound P induces APA and may lead to the release of

bioavailable phosphates from the organic sediments,

thereby accelerating lake eutrophication.

Keywords P fractionation � Alkaline phosphatase �
Kinetics � Distributions � Sediments �
Interstitial water � Dredging � Lake eutrophication

Introduction

Eutrophication appears to be a serious environmental

problem in a large-shallow Chinese lake (Lake

Taihu) in which the concentrations of nitrogen,

phosphorus (P), organic pollutants, and water blooms

are all increasing at an accelerating rate (Fan et al.,

1997). Sediment serves as an important P reservoir,

release from which depends on the composition of

phosphorus forms (Zhang et al., 2001). Much atten-

tion has been paid to the release of inorganically-

bound phosphates, but there have been fewer studies

on the fate of organically-bound phosphorus. Hua

et al. (2000) reported that organic phosphorus is more

readily released from the sediment of Lake Taihu and

is quickly bioavailable to algae.
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Phosphatase (APA) plays an important role in the

hydrolysis of organic phosphorus and consequent

phosphate release. In six Finnish lakes with different

trophic states, phosphatase activity and levels of

organic substances were highest in the top layers of

all sediment profiles (Matinvesi & Heinonen-Tanski,

1992), suggesting that microbiological phosphate

mineralization from organic substances could deter-

mine the internal phosphorus load in those lakes.

Phosphatase is an important factor in accelerating

eutrophication in Lake Taihu (Song et al., 2006). In

this study, the spatial and vertical distributions of P

fractions and APA in sediments were investigated

during different seasons in Lake Taihu, to address the

following issues that have previously remained

unclear: (1) Is organically-bound P an important

phosphorus component in sediments of Lake Taihu?

(2) Does extracellular phosphatase catalyzing the

liberation of orthophosphate from organic phospho-

rus compounds play an important role in phosphorus

cycling in Lake Taihu?

Materials and methods

Lake Taihu is situated in the Yangtze River delta

(30�050–32�080N, 119�080-121�550E; mean depth

2.0 m; surface area 2338 km2), with Wuli Bay being

the most polluted area, surrounded by Wuxi City. It

functions as a drinking water source, but also as a

receiver of untreated domestic sewage (Chen et al.,

2003). In 2002–2004, dredging was carried out to

remove polluted sediment, using an IHC Holland

suction hopper dredger (more details are given in the

legend to Fig. 1). Six sites (Sites 1–6) were sampled

thrice (in October 2002, January and July 2003) to

determine phosphorus fractions and APA, using a

3.5-cm-diameter hand-driven corer. Three or four

cores 30 cm in depth was taken from each site.

Columns were sliced at 5 cm intervals and the

corresponding layers from each core were mixed

thoroughly. The samples were stored at 4�C in the

dark for 2–4 days before analysis. Each mixed

sample was analyzed in triplicate. In 2004, seasonal

iFig. 1 A map of Lake

Taihu showing the sampling

sites. Almost the whole of

Wuli Bay (Area B) with a

total area of 8 km2 was

dredged in 2002–2003.

From November 2003 to

February 2004 the

remaining part in the bay

with a total area of 0.2 km2

(Area A) was dredged. The

dredging depth was 0.5 m

on average
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samples were collected for P fractionation by a

Peterson dredge (Buresh & Patrick, 1981) from the

area of sediment removal (Sites 7–14) and from Site

15 where sediment was not removed (Fig. 1).

Sediment P fractionation was carried out accord-

ing to Golterman (1996). This method groups

sediment P into iron-bound P (Fe(OOH)*P), cal-

cium-bound P (CaCO3*P), acid-soluble organic P

(ASOP) and hot NaOH-extractable organic P (Palk).

Later in this article, the sum of ASOP and Palk is

considered to represent the organically-bound P.

APA was assayed by p-nitrophenylphosphate

(pNPP), which is hydrolyzed by the enzyme to yield

p-nitrophenol; with this system, enzyme activity is

indicated by an increase in light absorbance (Sayler

et al., 1979). Sediment samples were suspended in

Tris buffer (pH 8.9). The pNPP was added to slurries

at six final concentrations ranging from 0.0625 to

1.0 mmol l-1. Samples were incubated at 37�C for

1 h, then 1.6 ml of slurry were centrifuged for 10 min

at 3000 rpm. Supernatant (1 ml) was mixed with

4 ml 0.1 M NaOH to stop the reaction. The absor-

bance of the final solution was measured at 400 nm

using a spectrophotometer (Model 721) made by the

Shanghai Third Factory of Analytical Instrument,

China. The pNPP was added to the reagent blanks

after the NaOH. APA was converted to absolute units

using a standard curve based on enzymatically

hydrolyzed p-nitrophenol. Vmax and Km values were

estimated by fitting the linearized Michaelis-Menten

equation (Dick & Tabatabai, 1984), and the Line-

weave-Burk plot was used (Zhou et al., 2001).

Results

For the samples collected in 2004, Fe(OOH)*P

made the largest contribution to the sediment P pool,

accounting for 22–67% of the sum of extracted

fractions (47% on average), while CaCO3*P

iFig. 2 Distribution of P

fractions in surface

sediments of Lake Taihu at

different sites and in

different seasons (the

standard errors for each

fraction were generally

\5%)
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averaged 28%. ASOP and Palk were estimated on

average at 16% and 9% of the total extracted P,

respectively. During 2004, Fe(OOH)*P had the

lowest values in April in the sediments from all sites

studied (Fig. 2).

The highest concentration of phosphate extracted

from the sediments was recorded at Site 1. It was

greatest at the surface and decreased with depth

(Fig. 3). This was a general distribution pattern in

all seasons. Site 1 and the surficial sediment layer

(0–5 cm) of site 2 showed markedly higher Vmax

values of APA (Table 1). There were significant

correlations between the Vmax values and P species

(Fe(OOH)*P, ASOP and Palk) in the sediments

(P\ 0.01, Fig. 4).

Discussion

Iron-bound phosphate accounted for most of the

phosphorus extracted from the sediment of Lake

Taihu (Fig. 2). Notably, the organically-bound P

comprised a significant additional portion (ASOP +

Palk = 25%). It has two major sources, autochtho-

nous and allochthonous. First, the concentrations of

organically-bound P were always highest in the 0–

5 cm sediment layer (Fig. 3), presumably reflecting

the contribution of freshly-settled autochthonous

organic particles. Furthermore, in 2004, ASOP con-

centrations in the intact sediment at the undredged

site 15 were higher than those in the dredged sites 7–

14, where the newly-formed surface had been a

deeper layer prior to dredging (Fig. 2). Second, Site 1

generally showed the highest concentrations of

organically-bound P in sediments at different depths

(Fig. 3), attributable to the input of untreated domes-

tic sewage from the large city of Wuxi (Qu et al.,

2001).

Most of the organically-bound phosphorus in

sediments is remineralized by springtime. This has

been shown in the upper 10–20 cm of sediments

from 32 shallow meso- to hyper-trophic Danish lakes

(Sondergaard et al., 1996). In addition, in the Mejean

Lagoon in France, the springtime rise in temperature

reactivated the decomposition of the macroalgal

biomass that had accumulated during autumn. The

redox potential fell as a result of this biological

activity, leading to the leakage of inorganically-bound

P (Gomez et al., 1998). In our results, the content of

Fe(OOH)*P was also lowest in spring (April, 2004;

Fig. 2), suggesting that the degradation of organic

matter led to phosphate release.

Extracellular phosphatase plays an important role

in the degradation of organic matter in sediments.

Our most eutrophic Site 1 generally had the highest

values especially at the surface (Table 1). In the

shallow eutrophic Chinese Lake Donghu, the most

eutrophic basin also showed the highest sediment

APA (Zhou et al., 2002). As shown in Fig. 4, there

was a significant positive relationship between APA

and organically-bound P (ASOP and Palk). This may

be explained by a mechanism of phosphatase induc-

tion by organic matter, as the total organic carbon

content correlated significantly with APA (Su et al.,

2005). The coincidence of APA with phosphatase-

hydrolyzable phosphorus was also observed in the

interstitial water of Lake Donghu (Zhou et al., 2002).

Increased alkaline phosphatase Vmax values were

measured in the sediments, which were mainly

formed from organic wastes of fish (Oreochromis

Fig. 3 Depth distribution of P fractions in sediment of Lake

a uTaihu
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Table 1 Distribution of Vmax values (lmol g-1 h-1) of APA in sediments of Lake Taihu

Depth (cm) Sites (October 2002)

1 2 3 4 5 6

0–5 963.43 1170.99 483.31 328.85 80.99

247.86 93.76 10.96 71.70 26.90

5–10 1065.38 1037.29 250.87 37.04 62.75

73.09 201.85 72.80 16.92 39.52

10–15 687.11 927.87 262.30 205.90 78.03

87.65 28.88 30.91 22.72 9.71

15–20 688.88 526.54 169.16 164.17 93.41 115.65

14.63 134.34 36.74 35.65 12.11 36.96

20–25 554.16 510.84 223.10 10.36 126.15

138.90 57.43 14.61 32.64 24.03

25–30 581.76 795.38 401.55 71.56 9.21

2.91 75.12 35.31 3.33 8.63

Depth (cm) Sites (January 2003)

1 2 3 4 5 6

0–5 775.68 1308.63 481.12 260.85 494.87 237.08

5.56 59.19 40.04 45.58 25.49 18.89

5–10 845.67 852.95 395.36 97.01 285.50

75.81 53.90 66.74 33.57 60.06

10–15 659.97 284.94 218.85 205.93 119.76

6.99 76.70 40.63 20.56 32.67

15–20 707.27 416.83 226.54 109.76 143.94 78.08

109.60 95.45 22.01 34.80 9.32 15.62

20–25 530.76 315.22 31.47 99.72 332.47 23.59

98.80 44.52 16.50 24.86 34.58 6.63

25–30 780.45 382.51 124.31 40.54 335.56

114.89 41.54 21.65 21.61 2.89

Depth (cm) Sites (July 2003)

1 2 3 4 5 6

0–5 426.28 557.58 612.57 475.28 472.16 127.57

118.20 59.85 100.34 60.88 3.64 27.79

5–10 829.15 594.48 1604.53 157.04 283.54 167.89

79.95 128.47 210.35 6.34 24.15 45.89

10–15 676.55 745.88 579.68 316.65 37.56 82.76

162.66 37.45 15.55 41.82 37.66 39.35

15–20 942.78 249.31 609.40 103.06 13.84

40.05 76.79 15.02 26.24 25.76

20–25 1101.12 223.61 254.76 70.52 104.14

55.79 29.75 21.12 25.62 14.28

25–30 928.11 368.65 72.99 139.14 17.12

113.44 38.66 36.12 13.18 8.48

Standard errors are given in italics
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niloticus) culture (Zhou et al., 2001). In a reservoir in

Morocco, most of the total APA was produced by

bacteria that were attached to organic matter

(Mhamdi et al., 2003). All this information supports

the idea that the activity of extracellular phosphatases

is induced by an increased supply of organic matter

rather than by a deficiency of phosphates. Neverthe-

less, the increased activity of alkaline phosphatase(s)

enhances the availability of phosphates from both

organically-and inorganically-bound sources, since

there was also a significant positive relationship

between APA and Fe(OOH)*P (Fig. 4), which is

considered to be the most mobile fraction in the

sediments (Taoufik et al., 2005).

In conclusion, organically-bound P constitutes an

important portion of the sediment phosphorus in the

large-shallow eutrophic Lake Taihu. It is mainly

derived from freshly-settled autochthonous particles

and from external discharges. Organically-bound P

induces phosphatase activity and may lead to the

release of bioavailable phosphate from the organic

sediments, thereby accelerating lake eutrophication.

The increased APA is induced to degrade the large

amounts of organic matter rather than to compensate

P deficiency.
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The impact of the invasive Ponto-Caspian amphipod
Pontogammarus robustoides on littoral communities
in Lithuanian lakes
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Abstract The intentionally introduced Pontogamm-

arus robustoides is the most successful amphipod

invader of Lithuanian inland waters and has become

established in large lakes. Its impact on littoral

invertebrate communities was studied by comparing

similar habitats across lakes that harbour or are

devoid of the invader. In habitats where P. robusto-

ides is well established and numerous, it significantly

reduces species richness and community diversity.

Moderate pontogammarid density in habitats that can

sustain the native gammarid Gammarus lacustris,

however, revealed no negative impact on diversity

metrics. Among the lakes studied, the benthic

biomass did not differ in invaded and uninvaded

habitats. The biomass of indigenous invertebrates

(excluding chironomids, which exhibited high lake-

specific biomass variation) was lower in the places

with well-established P. robustoides. A detrimental

impact was observed upon the native isopod Asellus

aquaticus and a negative correlation with most of the

higher taxa of native invertebrates. In the invaded

lake habitats that favour P. robustoides, a change in

community structure and a decrease in diversity up to

twofold or more are to be expected.

Keywords Pontogammarid � Diversity �
Biomass � Native � Non-native � Invertebrates

Introduction

Among the most ecologically successful and aggres-

sive immigrants into European inland waters are

Ponto-Caspian amphipods of the family Pontogam-

maridae, i.e. pontogammarids (Bij de Vaate et al.,

2002; Dick et al., 2002; Jazdzewski et al., 2004). In

Lithuania, Pontogammarus robustoides (G. O. Sars,

1894) is the most widely distributed and abundant

non-native amphipod in the inland waters and has

become established in six large mesotrophic lakes

(Arbačiauskas, 2002, 2005). Recently, its distribution

area has been shown to occupy the southern and

eastern parts of the Baltic Sea basin and it has already

invaded the North Sea basin (Arbačiauskas & Gumu-

liauskait _e, 2007)._ P. robustoides together with two

other Ponto-Caspian species Obesogammarus crassus

(G. O. Sars, 1894) and Chaetogammarus warpachow-

skyi (G. O. Sars, 1894) were deliberately introduced

into the Kaunas Water Reservoir located on the River

Nemunas during 1960–1961 (Gasiunas, 1972). This
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was the first point outside the Ponto-Caspian region

from which the pontogammarid started to expand

(primarily across Lithuanian waters) through deliber-

ate or accidental introductions and natural dispersal.

The impacts of invading alien amphipods on

native communities are usually significant and dras-

tic. They have been shown to cause the native

amphipod extinctions (Musko, 1994; Dick, 1996;

Jazdzewski et al., 2004; Arbačiauskas 2005) and a

decline in the diversity, abundance and biomass of

indigenous fauna (Kelly et al., 2003). The effects that

P. robustoides may have on invaded communities,

however, have not so far been studied, except for the

observation that in the stony littoral of Neva Bay,

Gulf of Finland, this and another alien amphipod

have together reduced the densities of benthic

detritivores (Berezina & Panov, 2003). Outside the

native range, successful establishments of P. robusto-

ides are predicted in habitats with lentic or stagnant

fresh waters including large temperate lakes

(Arbačiauskas & Gumuliauskait _e, 2007). Therefore,_

understanding the potential impacts of the ponto-

gammarid on invaded lake communities is relevant.

The purpose of the current study was to determine

the effects of P. robustoides on littoral communi-

ties by comparing invaded and uninvaded lake

habitats.

Materials and methods

Littoral communities of macroinvertebrates in 10

natural lakes and the artificial Lake Elektr _enai, which_

are invaded by or devoid of P. robustoides, were

compared (Table 1). In two lakes, we intended to

identify littoral communities on which the impact of

the alien amphipod varied according to its presence

or abundance. Thus, two sites were selected for study

in each of these lakes (and one site elsewhere): the

open littoral and the closed bay in Lake Plateliai

(hereafter denoted Plateliai1 and Plateliai2), and two

sites with or without P. robustoides in Lake Asveja

(Asveja1 and Asveja2). All littoral habitats were

studied over a two-year period except in Lakes

Nedingis and Akmena, which were investigated in

the first and the second year, respectively. The three

types of littoral communities were identified a priori

with respect to the occurrence of alien and native

amphipods: (1) communities containing only P. ro-

bustoides, (five sites); (2) communities containing

P. robustoides and Gammarus lacustris G. O. Sars,

1863 (two sites, Plateliai2 and Asveja1) and (3)

communities devoid of P. robustoides (six sites).

Thus, 5, 2 and 5 communities of types 1, 2 and 3,

respectively, were studied each year.

Possibly similar littoral biotopes in the selected

study sites (sandy bottom with some macrophytes:

Chara sp., Potamogeton sp. or Phragmites australis

(Cav.) Trin. ex Steudel) were sampled in parallel

thrice per year, between late June and October of

2004 and 2005. On each occasion, three quantitative

samples of benthic macroinvertebrates were collected

by a stovepipe sampler with a cross-sectional area of

0.1 m2. Samples were preserved in 4% formaldehyde.

All specimens (except Oligochaeta, which were not

identified further, and Chironomidae and other

Table 1 Characteristics of

the lakes studied: area,

maximum depth, mean

depth and annual water

circulation

Lakes inhabited by

Pontogammarus
robustoides are in bold

Lake Area, km2 Maximum depth, m Mean depth, m Annual water circulation, %

Akmena 2.76 30.2 11.2 8

Asveja 10.15 50.2 14.7 46

Baluošai 2.52 37.5 12.5 52

Beržoras 0.52 6.3 4.6 36

Daugai 9.11 44.0 13.2 12

Dusia 23.34 32.6 15.4 7

Elektr _enai_ 13.89 30.0 7.2 110

Lavysas 1.62 10.2 5.3 180

Nedingis 3.16 6.9 3.4 140

Plateliai 12.05 46.0 10.4 12

Seirijis 5.01 19.2 7.9 29
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Diptera, which were identified at eight lower taxa of

subfamily/tribe rank and to the family level, respec-

tively) were identified to species level and weighed

(wet weight). When identification to species level

was not possible (young developmental stage or

injury during sampling), a higher taxon was identi-

fied. The three replicate samples were averaged to

obtain an estimate of community characteristics on

each sampling date.

Community metrics (species richness, Shannon-

Wiener diversity index and wet weight biomasses of

benthic macroinvertebrates) were calculated; mol-

luscs were excluded because it is hardly likely that

P. robustoides has a significant impact on them,

especially large-sized species, and random variations

in their biomass across the study sites and sampling

dates may mask variation in biomass of other benthic

animals (see results). These data were used to

determine variations in the measured community

characteristics. To test the impact of well-established

P. robustoides on community metrics (see results),

values measured at each sampling point were aver-

aged for each study year. These data were further

analysed by two methods. Initially, untransformed

(species richness, Shannon-Wiener diversity index)

or log-transformed (biomass) data were tested by a

mixed model nested ANOVA with pontogammarid as

a fixed factor and lake, i.e. study site, as a random

nested factor. Type III sums of squares decomposi-

tion and Satterthwaite’s method for synthesized error

were applied. Secondly, untransformed data were

subjected to a Kruskal-Wallis ANOVA presuming

that each annual average represents a random

estimate of the community metric within a group.

The impact of the pontogammarid was considered

significant if both tests showed significant effects.

Spearman rank correlation was applied to evaluate

relationships between the biomasses of P. robusto-

ides and higher taxa of native invertebrates. The

significance of the different patterns of population

density change from summer to October between

native and alien amphipods at the Plateliai2 site was

tested by a three-way ANOVA with species, season

and year as fixed factors. That would indicate the

significance of the effect of interaction between

species and season. Prior to analysis, individual

estimates of density were coded by adding 0.5 to

exclude zero values, and then log-transformed. All

tests were performed using Statistica software.

Results

The occurrence of native and alien peracaridan

species and species numbers of other higher inverte-

brate taxa in quantitative samples from the study sites

are presented in Table 2. Estimates of mollusc

biomass varied markedly between habitats and dates.

For example, in Lakes Baluošai and Beržoras, the

biomasses of molluscs were 191.6 and 0.1 g m-2,

respectively, whereas in Lake Elektr _enai, estimates_

from July and August of the same year were 4.3 and

91.1 g m-2, respectively. Such patterns would defi-

nitely mask any variations in biomass of other littoral

invertebrates. Thus, molluscs were excluded from

further data analysis.

Well-established populations of P. robustoides

were found in five out of the six lakes (excluding

Lake Asveja) where aliens are present (Table 1). In

the littoral habitats of these lakes (type 1 communi-

ties), the contribution of the pontogammarid to the

total benthic animal biomass was 10–90%. In

contrast, the share of the native amphipod G. lacus-

tris in the total benthic biomass was always below

10%. The most numerous populations of P. robusto-

ides inhabited Lakes Dusia and Elektr _enai. During_

bouts of reproduction, its density and biomass had

maxima of 3347 and 2113 ind. m-2 and 25.4 and

19.6 g m-2, but were never\407 and 313 ind. m-2

and 3.9 and 2.4 g m-2, respectively.

Variations in the diversity and biomass character-

istics of interest within the a priori distinguished

community types are shown in Fig. 1. The metrics of

the type 2 and 3 communities studied (containing

alien and native amphipods or devoid of aliens,

respectively) were quite similar and did not differ

statistically (Kruskal-Wallis test, P[ 0.05). There-

fore, data for these community types were merged to

test the impact of well-established P. robustoides on

community metrics.

In the littoral habitats of the lakes investigated in

which P. robustoides is well established and numer-

ous, species richness and community diversity were

significantly reduced (Table 3). On average, 1.5- and

1.6-fold differences in species richness (SR: 12.4 vs.

19.2) and Shannon-Wiener diversity index (H: 1.58

vs. 2.53) were recorded, respectively. When the

littoral habitats sheltering the most numerous popu-

lations of the pontogammarid from Lakes Dusia and

Elektr _enai (SR and H averaged 8.6 and 1.08) were_
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compared with the type 2 and 3 communities, a more

than two-fold difference was observed (2.2 and 2.3

times, respectively). Diversity metrics in type 2

communities, which include moderate numbers of

P. robustoides, were on average higher than those in

native communities (Fig. 1). Therefore, the

iFig. 1 Variation (median,

quartiles and min-max

range) of species richness

(a), Shannon-Wiener

diversity index (b), total
benthic biomass (c) and
biomass of native

macroinvertebrates

excluding chironomids (c)
for the three types of lake

littoral communities during

the 2 year study period.

1—communities with well-

established population of

Pontogammarus
robustoides (five study

sites); 2—communities in

which pontogammarid and

indigenous gammarid

Gammarus lacustris
co-exist (two sites);

3—communities devoid of

alien species (six sites)

Table 3 Summary of mixed-model nested ANOVAs testing

for well-established Pontogammarus robustoides (PR) effect

and lake (L) effect, and probabilities of Kruskal-Wallis tests

(KWT) for PR effect on community metrics (see Methods for

details): species richness (SR), Shannon-Wiener diversity

index (H), total benthic biomass (BTotal), biomass of chiron-

omids (BChir) and biomass of other native macroinvertebrates

(BOther)

Metric Source Effect Error F P KWT, P

df MS df MS

SR PR 1 239.174 11.03 25.26 9.47 0.011 0.003

L 11 25.321 11 9.25 2.74 0.055

H PR 1 4.637 11.03 0.535 8.67 0.014 0.005

L 11 0.536 11 0.223 2.40 0.081

BTotal PR 1 0.787 11.01 0.673 1.17 0.303 0.219

L 11 0.675 11 0.053 12.76 \0.001

BChir PR 1 10.619 11.01 3.800 2.79 0.123 0.041

L 11 3.811 11 0.668 5.70 0.004

BOther PR 1 10.059 11.01 1.167 8.62 0.014 0.002

L 11 1.171 11 0.188 6.24 0.003

Significant probabilities are in bold
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difference between type 1 and type 3 communities

also was tested. Analysis revealed a significant

pontogammarid effect on both diversity indicators

(mixed model ANOVAs, SR: F1,9.3 = 5.83,

P = 0.038; H: F1,9.3 = 5.64; P = 0.041; Kruskal-

Wallis ANOVAs, SR: P = 0.013, H: P = 0.016).

The benthic biomass varied significantly between

the lakes (study sites) and did not depend upon the

pontogammarid factor (Fig. 1, Table 3). No negative

impact of well-established P. robustoides on the

native biomass (excluding the biomass of P. robusto-

ides and other alien peracaridans, which was always

\12% that of the pontogammarid) was detected

(mixed model ANOVA, F1,11 = 0.83; P = 0.38).

However, there was a significant negative impact

when the chironomid biomass was excluded from the

native biomass. Variation in chironomid biomass

(72% of random variation) depended significantly

upon the study site and tended (as suggested by the

Kruskal-Wallis test) to be larger in the lakes with

well-established P. robustoides (Fig. 1, Table 3).

Actually, the highest chironomid biomasses among

the study points were in Lakes Dusia and Elektr _enai_

(5.2 and 7.0 g m-2 on average, respectively). The

effect of the pontogammarid on the native biomass

without chironomids was also significant when type 2

communities were excluded from the analysis (mixed

model ANOVA, F1,9.1 = 5.42; P = 0.045; Kruskal-

Wallis test, P = 0.011).

Across all lakes, the correlation in biomass

between P. robustoides and most higher taxa of

native invertebrates was significantly negative (Hir-

udinea -0.31, Ephemeroptera -0.48, Odonata -

0.35, Trichoptera -0.35, Megaloptera -0.34, Diptera

excluding chironomids -0.37). There was no corre-

lation with Oligochaeta and Coleoptera, and a

significantly positive correlation with chironomids

(0.44). P. robustoides and A. aquaticus were also

negatively related (-0.41). This native isopod

occurred in quantitative samples together with the

alien at only two sampling points, which suggests a

negative impact of P. robustoides on A. aquaticus

(Fisher exact test on occurrence frequencies in

samples where pontogammarid is present or absent,

P\ 0.001).

Native G. lacustris and alien P. robustoides were

found to co-exist at one site in Lake Asveja (Asveja1)

and in the bay of Lake Plateliai (Plateliai2). At the

former site, the densities of both amphipods were low

and they appeared only occasionally in quantitative

samples. The most numerous population of the native

amphipod was discovered at the second site. Its

density during a bout of reproduction was estimated

at 1053 ind. m-2 (late June, 2005). At Plateliai2,

G. lacustris dominated numerically over P. robusto-

ides in summer, but towards October in both study

years, its density declined substantially. In contrast,

the abundance of P. robustoides was low during

summer but increased towards October. The differ-

ence between species in the pattern of density

dynamics was significant (Fig. 2).

Discussion

The results of the current study clearly show that in

lake habitats where P. robustoides is well established

and numerous, the newcomer significantly reduces

species richness and community diversity. In large

lakes, which among stagnant fresh waters are prob-

ably most vulnerable to P. robustoides invasion (see

Arbačiauskas, 2005), a decline of more than twofold

in littoral community diversity may occur. A negative

impact on species diversity has also been recorded for

other invading amphipod species (Dick, 1996; Dick

et al., 2002; Kelly et al., 2003). On the other hand, a

Fig. 2 Population density (mean ± SE) of indigenous Gamm-
arus lacustris (closed circles) and alien Pontogammarus
robustoides (open circles) in the closed bay of Lake Plateliai

during the summer and autumn of 2004 and 2005. Note

logarithmic scale. The density of indigenous species between

June and October was higher, whereas the pattern of dynamics

towards October differed significantly in species (three-way

ANOVA on log-transformed (N + 0.5): species effect,

F1,28 = 6.6; P = 0.016; species and season interaction effect,

F1,281 28 11.4;= 11.4; P 0.002)= 0.002)
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moderate density of P. robustoides in lake habitats

that limit the development of the invader population

and can sustain the native gammarid G. lacustris had

no negative impact upon invertebrate diversity.

When invaded and uninvaded habitats were com-

pared among different lakes, the biomasses of littoral

animals were similar. It is noteworthy that the

intention behind the introduction of Ponto-Caspian

amphipods into Lithuanian lakes was to supplement

the food base for commercially important fish, and

consequently to increase the benthic biomass. How-

ever, the current study does not support such an effect

on littoral communities. When P. robustoides is well

established, its contribution to the total invertebrate

biomass is usually substantial, so a negative affect on

the native benthic biomass can be expected. How-

ever, that was not detected in our data. The expected

impact on native biomass was probably hidden by the

high lake-specific variation in chironomid biomass,

which tended to be greater in lakes sheltering

numerous populations of aliens. A negative effect

on native biomass emerged only when chironomids

were excluded. The observed pattern of chironomid

biomass variation across the lakes studied (and the

positive correlation in biomass between pontogam-

marids and chironomids) must not be related to the

pontogammarid factor. In contrast, a negative influ-

ence of P. robustoides on chironomids is to be

expected, as this species in common with other

amphipods preys on these dipterans (Berezina et al.,

2005; Krisp & Maier, 2005).

Although correlation analysis is not sufficient to

reveal causal relationships, the negative correlations

between P. robustoides and most of the higher taxa

of native invertebrates suggest that the invader may,

directly or indirectly, affect various benthic animals.

Invading amphipods have been shown to be capable

of impacting negatively on the abundance and

biomass of different indigenous invertebrates (Kelly

et al., 2003). An adverse impact of the pontogamm-

arid upon the native isopod A. aquaticus, however, is

obvious in our data. Such an impact also has been

indicated by other data and probably indicates direct

predation (Arbačiauskas, 2005).

The alien and native amphipods in the closed bay

of Lake Plateliai co-exist for a quite long time. Thus,

the observed species differences in the patterns of

density change from mid-summer towards October

might indicate a temporal change in the competitive

superiority of these species, which permits long-term

co-survival. G. lacustris is probably superior to

P. robustoides during the winter as it is more

resistant to low oxygen concentrations, which are

likely to occur under the ice cover (Arbačiauskas,

2005). Conversely, during the growing season,

P. robustoides has an advantage, as it is more

aggressive than the native species (Arbačiauskas &

Gumuliauskait _e, 2007). Asymmetry in intraguild_

predation is believed to be responsible for the

replacement of resident amphipod species by invad-

ers (Dick et al., 1999, 2002). The conditions that

allow amphipods of differing origins to co-exist,

however, warrant a special study.

In conclusion, the invasive Ponto-Caspian amphi-

pod P. robustoides is capable of affecting indigenous

communities detrimentally. The magnitude of the

impact on lake littoral communities probably depends

upon environmental conditions. When a habitat is

favourable for the pontogammarid and it can attain

high population density, a drastic change in commu-

nity structure and a decline in diversity of two-fold or

more seem very probable. Such an impact is to be

expected primarily in large lakes as their littorals

provide benign conditions for the pontogammarids,

which demand waters of high oxygen content.
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Abstract As part of the joint Finnish-Russian

research and development project ‘‘Assessment of

the ecological state of the transboundary waters’’,

seasonal and spatial variations in the phytoplankton

communities of Lake Pyhajaa rvi were studied in order

to identify possible long-term (1963–2002) changes

and to present recent data (since 2002) on phyto-

plankton biomass and species composition. Some

changes in both phytoplankton biomass and species

composition, particularly in the littoral zone and

northern basins of the lake, were obvious at the end of

the 1980s; in particular, the density of blue-greens

increased during that period. Biomasses increased

five-fold in 1980, decreased after 1990 and have

remained low (0.14 mg l-l) to the present time. The

effective water protection measures applied, espe-

cially reducing the phosphorus load from municipal

wastewaters and airborne pollution, can now be seen

to have improved the water quality. Although no

significant temporal differences were found in phy-

toplankton biomass during the intensive biweekly

sampling in 2002, considerable spatial variation was

seen within the lake. An obvious change in the

species composition of phytoplankton and an increase

in biomass were seen even in the loaded parts of the

lake. Despite the spatial differences in phytoplankton

biomass and community structure, the changed

species composition in the northern part of the lake

indicated a clear recovery from the blue-green and

Chrysophyceae dominated high biomass of the 1980s.

Keywords Phytoplankton � Water quality �
Large lake � Long-term changes � Lake Pyhajaa rvi

Introduction

Since phytoplankton is regarded as a sensitive and

rapidly reacting indicator of changes in water quality

(Heinonen, 1980; Reynolds, 1984; Willén, 2002),

long-term monitoring of phytoplankton biomass and

species composition has been used in many large

lakes to evaluate environmental changes (e.g. Petr-

ova, 1987; Willén, 1992; Talling, 1993; Makarewicz,

1993; Holopainen et al., 1996; Lepisto et al., 1999).

The phytoplankton communities of Lake Pyhajaa rvi
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have been monitored since 1960 as parts of national

programmes. At the end of the 1980s, some changes

were seen in the phytoplankton biomass and species

composition in the loaded basins and littoral areas of

Lake Pyhajaa rvi, a large lake on the Finnish-Russian

border. In particular, the density of blue-greens

increased during that period. Local people were the

first to notice the deterioration of their lake as an

increased frequency of algal disturbances, turbid

water and increasing vegetation in the littoral zone.

Together with the authorities, the local citizens

started continuous Secchi depth monitoring in differ-

ent parts of the lake in 1997 (Niinioja et al., 2004).

Although algal blooms have been reported in some

areas of the lake, the spatial and seasonal variation of

phytoplankton in this oligotrophic lake has not

previously been studied in detail. In this article, we

present long-term results on seasonal and spatial

variations in phytoplankton biomass and species

composition. The aim of the work is to evaluate the

recovery and the present state of Lake Pyhajaa rvi.

Study area, materials and methods

Lake Pyhajaa rvi is located in the Vuoksi river basin on

the border between Finland and the Republic of

Karelia, Russia (Fig. 1). The lake area is 248 km2, of

which 207 km2 is situated in Finland. The mean

depth of the lake is 7.6 m and the maximum depth is

27 m on the Finnish side. The catchment area of the

lake is 1,026 km2, the volume is 1.96 km3 and the

theoretical water retention time is 7 years.

Lake Pyhajaa rvi is a valuable oligotrophic and

clear-water lake that was included in the European

Union’s Natura 2000 programme in Finland, and in

national and regional monitoring programmes since

the 1960s. Many studies on the hydrology, water

quality, hydrobiology and paleolimnology of the lake

have been published previously (see Kukkonen et al.,

2005, and references therein).

The main loading of Lake Pyhajaa rvi derives from

diffuse sources such as forestry and agriculture, but

there are also point source loads from small villages

(Kukkonen et al., 2006). Lake Pyhajaa rvi is composed

of several separate basins. Papinniemenselka, Taipa-

leenselka and Kalattomanselka are situated in the

southern part of the lake and Hiekanpaänselka and

Hummonselka in the north, from whence the outlet

discharges to L. Orivesi. The drainage basin is mainly

forest (83%), with only small areas of fields and peat

bogs.

The long-term (1963–2002) phytoplankton sam-

ples were collected from a depth of 0–2 metres in

July to represent the stable summer situation. All

samples were from the northern part of the lake

(station 2). Samples for the seasonal succession of

phytoplankton were taken biweekly from the deepest

part of the lake (sampling station 2, Fig. 1) during the

open water period of the intensive study year 2002.

The spatial variation of phytoplankton was studied in

five different basins of the lake at sampling stations

31, 2, 4, 58, 96, A and E (Fig. 1). As sampling was

less frequent at the beginning of the study period,

phytoplankton results from other sampling stations

(65, 45, 119, 151) situated nearby were also used.

Secchi depth values and samples for water chemical

parameters were taken at the same time during 1970–

2002. Chemical water quality was analysed according

Fig. 1 Lake Pyhajaa rvi and the sampling stations Rohmankal-

lio 58, Taipaleenselka 4, Syrjasalmi 2, Hummonselka 31,

Kalattomanselka 96 and the stations A and E in Russia. The

sampling stations 119, 151, 45 and 65 used for CCA-analysis

are markedare marked
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to Finnish standard methods and quality assurance

(Niemi et al., 2001; Mitikka & Ekholm, 2003).

Samples were preserved using acidic Lugol solu-

tion. Phytoplankton biomass was estimated by

microscopy using the Utermohl technique (Utermohl,

1958) and phase-contrast illumination. Cell counts

were converted to biovolumes using the cell volumes

in the phytoplankton database of the Finnish Envi-

ronment Institute. The total phytoplankton biomasses

are given as fresh weights (mg l-1).

Canonical correspondence analysis (CCA) of the

CANOCO computer programme was used for direct

gradient analysis of the environmental and phyto-

plankton data (biomasses of phytoplankton taxa) (ter

Braak, 1987, 1990). Secchi depth, total nitrogen, total

phosphorus, NO3–N, alkalinity, pH and colour of the

water were used as environmental parameters.

Results

The water quality of Lake Pyhajaa rvi is characterised

by clear water, low phosphorus and low chlorophyll a

contents. However, increased phosphorus concentra-

tions (up to 40 lg l-1) and decreased Secchi depth

values were occasionally noticed at the beginning of

the 1980s. The oxygen concentration of surface water

has been good, with only occasional decreased values

in the deeps. Although variations in the water quality

were negligible over the period 1970–2002 (Fig. 2),

slight increases were seen in the Secchi depth and

alkalinity values of the water. In 2002, the alkalinity

values varied from 0.21 to 0.23 mmol l-1; they were

between 0.19 and 0.20 mmol l-1 in 1970–2002

(Fig. 2, Table 1).

In 2002, only minor differences were found in the

water quality in different parts of this large lake

(Table 1). Clear water (water colour ca. 10 mg l-1

Pt) with low phosphorus (mean 4–6 lg l-1) and

chlorophyll a (means 1.8–2.7 lg l-1) contents was

characteristic of the lake. Mean transparency or

Secchi depth values varied from 4.9 m in Hummons-

elka to 5.8 metres in Kalattomanselka close to the

Russian border. The most oligotrophic areas of the

lake were found in Kalattomanselka and in Papin-

niemenselka (Rohmankallio) in the south in 2002.

The water was more coloured with slightly increased

nutrient contents in the northern part of the lake in

2002.

In 1963–2002, the phytoplankton biomass in July

varied from 0.12 to 0.66 mg l-1 (mean 0.31 mg l-l)

in the northern part of Lake Pyhajaa rvi (Fig. 3). The

lowest biomass (0.12 mg l-l) was measured at the

beginning of the period in 1960. Biomasses increased

five-fold (0.66 mg l-1) in 1980 and decreased again

to 0.14 mg l-l at the end of the period. The phyto-

plankton was dominated by small taxa such as the

chrysophycean Uroglena, the Cryptophyceae flagel-

lates (Rhodomonas lacustris Pascher and Ruttner

and Cryptomonas sp.) and the diatom Rhizosolenia

longiseta Zacharias. In the growing season of 2002,

the phytoplankton biomass was mainly composed

of small Cryptophyceae (Rhodomonas lacustris,

Katablepharis ovalis Skuja and Cryptomonas sp.)

and Chrysophyceae (Dinobryon divergens Imhof,

Uroglena sp., Dinobryon acuminatum Ruttner,

Pseudopedinella sp.) flagellates (Fig. 4).

Although no significant temporal differences were

found in phytoplankton biomass in 2002, considerable

spatial variation was seen within the lake (Fig. 5).

Phytoplankton biomass was more than twice as high

at station 2, in the northern part of Lake Pyhajaa rvi,

than in the other basins (Fig. 1). In addition to

Cryptophyceae, the biomass of Cyanophyceae and

Chysophyceae was higher in this area (Fig. 5).

Fig. 2 Secchi depth, total phosphorus and alkalinity of water

in July–August 1970–2002 at the Syrjasalmi sampling station

in Lake Pyhain Lake Pyhajajaaa rvirvi
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The phytoplankton assemblages from years 1963 to

2002 were divided into three distinct groups by CCA-

analysis (Fig. 6). The assemblages of the 1980s

formed a group to the left side of axis 1. Typical

phytoplankton taxa in that period were the chryso-

phyceansDinobryon sociale Ehrenberg,D. bavaricum

Imhof, D. divergens Imhof and Uroglena spp. and the

dinophyte Peridinium spp. The samples of the 1990s

and 2002 communities were grouped at the opposite

end of axis 1, which correlated positively with

alkalinity (r = 0.931). On axis 2 the Secchi depth

and pH values of the water explained the changes in

the phytoplankton community. Samples from the

1960s settled far from the other groups. The difference

in this group might possibly be explained in terms of

changes in the preservation and identification of

Table 1 Secchi depth, colour, pH, chlorophyll a, total phosphorus, nitrogen and NO3–N concentrations of the water in Lake

Pyhajaa rvi during the open water period 2002

Kalattomanselka 96 Rohmankallio 58 Taipaleenselka 4 Syrjasalmi 2 Hummonselka 31

Secchi depth, m Mean 5.8 5.6 5.0 5.5 4.9

Range 4.8–7.3 4.2–7.2 4.3–5.5 4.9–6.4 4.0–5.4

Colour, mg Pt l-1 Mean 10 10 10 10 13

pH Range 7.2–7.7 7.3–7.8 7.2–7.6 7.3–7.6 7.2–7.6

Chlorophyll a, lg l-1 Mean 1.8 2.6 2.1 2.0 2.7

Range 1.0–3.5 1.0–4.5 1.0–2.7 1.0–3.5 2.1–3.1

Ptot, lg l-1 Mean 4.1 5.1 6.0 5.2 5.2

Range 3–5 4–6 5–7 4–6 4–7

NtotNN , lg l-1 Mean 212 229 230 240 262

Range 190–250 210–270 210–240 210–290 240–280

NO3–N, lg l-1 Mean 4.8 11.3 3.8 8.6 10.5

Range 2.5–19 2.5–53 2.5–9 2.5–39 2.5–38

At Rohmankallio and Syrjasalmi N = 9; at Taipaleenselka and Hummonselka N = 5

Fig. 3 Phytoplankton biomass and species composition in

1963–2002 at the Syrjasalmi sampling station in Lake

PyhaPyhajajaaa rvirvi

Fig. 4 Phytoplankton biomass and species composition in

00 at t e Sy ja2002 at the Syrjasa sa p g stat o a e y asalmi sampling station in Lake Pyhajajaaa vrvi

138 Hydrobiologia (2008) 599:135–141

123



phytoplankton or other methodological reasons. Typ-

ical species in the phytoplankton communities of the

1960s were the diatom Stephanodiscus cf. hantzschii

Grunow, the greens Eudorina elegans Ehrenberg,

Xanthidium antilopeum (Brébisson) Kutzing and the

blue-green Gomphosphaeria aponina Kutzing. In

2002, at the end of this study period, the species

composition had already changed in the northern part

of Lake Pyhajaa rvi. The CCA analysis in 2002 grouped

the phytoplankton sample of the northern part of the

lake together with samples from the other areas, thus

indicating recovery of plankton communities from the

situation in 1980.

Discussion

According to the long-term monitoring data, Lake

Pyhajaa rvi is an oligotrophic lake and its water quality

is mostly good or excellent as indicated by the low

phosphorus and chlorophyll a contents (Niinioja

et al., 2004; Lepisto et al., 2006). Since only

occasional decreases in oxygen concentration have

been noticed in the deeps, the internal loading of the

lake has been considered insignificant. Considerable

long-term changes have been seen in Lake Pyhajaa rvi

in the increasing Secchi depth values and buffer

capacity of the water. Similar changes have also been

found in other lakes in Finland (Forsius et al., 2003;

Mitikka & Ekholm, 2003).

During the open water season of 2002, the mean

phytoplankton biomass in the surface water was low

(0.20 mg l-1, range 0.11–0.51 mg l-1, Fig. 4). At

the same time, the chlorophyll a concentration varied

from 1.0 to 3.5 lg l-1 and was highest during the

biomass maximum at the beginning of July (Holop-

ainen et al., 2004). The phytoplankton biomass in the

surface water was comparable to those in other large

clear water lakes of North Karelia (Niinioja et al.,

2005), but less than in large dark-coloured lakes, e.g.

Lake Pielinen (Niinioja et al., 2000). However, when

the phytoplankton biomass in the whole productive

layer is compared, it may be higher in the clear-water

lakes (Arvola et al., 1999). A deep-water biomass

maximum can often be found, which increases the

total biomass. This is also the case in Lake Pyhajaa rvi,

where a biomass maximum at 7–8 metres has been

reported (Holopainen et al., 2004).

Fig. 5 Phytoplankton biomass and species composition in

2002 in Lake Pyhajaa rvi at the sampling stations Rohmankallio

58, Taipaleenselka 4, Syrjasalmi 2, Hummonselka 31, Kalat-

tomanselkatomanselka 96 and the stations A and E96 and the stations A and E

Fig. 6 CCA ordination of phytoplankton sampling stations

with environmental variables in Lake Pyhajaa rvi in 1963–2002.

Sampling stations and years are expressed by numbers

separated by a comma (2,65 = rsampling station 2, year

1965). The eigenvalues of the axis are Eig1 = 0.374,

gEig22 = 0. 7 . e a es e p a % o t e va at o0.274. The axes explain 14% of the variation
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Some differences have been reported between the

loaded and pristine basins of Lake Pyhajaa rvi in the

zooplankton communities (Rahkola-Sorsa et al.,

2004) and the sedimented diatoms (Kukkonen et al.,

2006). The changed zooplankton community in the

northern part of the lake and the diatom species

composition of the loaded bay areas agree particu-

larly well with the spatial differences in

phytoplankton. Although some spatial differences

were found in the lake in 2002, the low biomass and

the phytoplankton species composition indicated a

clear oligotrophic state for Lake Pyhajaa rvi (Heinon-

en, 1980; Lepisto et al., 2006).

In the growing season of 2002, the phytoplankton

biomass was mainly composed of small Cryptophy-

ceae and Chrysophyceae flagellates. This type of

community seems to be typical of pristine areas and

is recorded in many oligotrophic lakes in the Nordic

countries (Lepisto & Rosenstrom 1998; Brettum &

Halvorsen, 2004). The biomass of blue-greens was

highest (30% of total biomass) at the beginning of

August, and the numerically most abundant species

were Merismopedia warmingiana Lagerheim and

Snowella lacustris (Chodat) Komárek et Hindák,

both typical of oligotrophic lakes with low phospho-

rus and nitrogen contents (Brettum, 1989; Lepisto,

et al. 2006). In particular, the small chrysophyceans

that were typical of this lake are known to be able to

live in waters with low phosphorus content (Brettum,

1989).

The increasing biomass of chrysophyceans in the

phytoplankton communities of the 1980s seems to

indicate slight eutrophication of the lake. Abundance

of the genus Uroglena is especially considered a sign

of advancing eutrophication (Talling, 1993). Accord-

ing to Rosén (1981) and Brettum (1989), Dinobryon

divergens in particular shows a tendency to thrive in

more nutrient-rich lakes. Small Chroococcales were

typical blue-greens in the communities of the 1980s,

whereas the amount of Anabaena lemmermannii P.

Richter increased later, after 1990. According to

Lepisto et al. (2004), this massive bloom-forming

species is typical of large, moderately nutrient-poor,

oligo-humic Finnish lakes.

Stichogloea olivacea Chodat, Synura sp., Mallo-

monas akrokomos Ruttner, M. tonsurata Teiling,

Mallomonas sp. and the greens Botryococcus terri-

bilis Komárek and Marvan and Monoraphidium

dybowskii (Woloszyńska) Hindák & Komárkova-

Legenerová were typical of the phytoplankton com-

munities after 1990. According to Brettum (1989), at

least Mallomonas akrokomos and Monoraphidium

dybowskii are typical of lakes with low phosphorus

content, and together with Synura sp. are reported to

be common in lakes with high N/P ratios (Brettum,

1989), which is consistent with the data for Lake

Pyhajaa rvi (mean N/NN P// = 58).

Due to effective water protection measures, the

phosphorus load from municipal wastewaters and

also the airborne pollution affecting Lake Pyhajaa rvi

was reduced in 1997–1998 to only half of the load in

1990 (Kukkonen et al., 2005). In many Finnish lakes,

a decreasing trend has been found in nutrient

concentration during the past few decades (Raike

et al., 2003). Phytoplankton is very sensitive to

changes in the environment, and with no significant

internal loading, a decrease in external loading can be

seen quickly in phytoplankton communities. Our data

agree with the long-term results on other eutrophi-

cated large lakes, where phytoplankton communities

have often responded in a pronounced way to changes

in nutrient loading (Willén, 1992; Makarewicz, 1993;

Lepisto et al., 1999).

At the end of this study period, the recovery of

Lake Pyhajaa rvi from the increased load situation in

1970–1980 is distinctly visible as increased water

transparency, decreased phytoplankton biomass and

changes in species composition. Owing to the special

characteristics of this lake, it appears to be very

sensitive even to a low nutrient load. In future, water

pollution of this unique lake should be kept to a

minimum by all possible protection measures in order

to sustain its high ecological, economic and recrea-

tional value.
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Abstract Lakes in the Mediterranean region expe-

rience an altered hydrological balance with large

water level reductions and/or fluctuations within and

between years. To date, little is known about the

reaction of invertebrate assemblages inhabiting the

littoral zone to water level changes in natural lakes.

Here, we present the case of the volcanic Lake

Bracciano, one of the largest and deepest Italian

lakes. We compared the numerical composition and

taxonomic richness of plant-associated invertebrate

assemblages sampled from three sites and three depth

ranges (0–4 m, 4–8 m and 8–15 m) between years

with different water levels. Using historical data, we

built a hydrological balance model to assess the role

of different water budget components on the water

levels. The hydrological balance showed that the

volume of water currently abstracted for human use

exceeds the potential changes caused by the projected

warming of climate and decreasing amount of

precipitation by nearly an order of magnitude. In a

low water level year, littoral macrophytes and

invertebrate assemblages exhibited qualitative and

quantitative differences at all sampling sites and

depths. The invertebrate assemblage showed a

reduced taxonomic richness and lower numerical

abundance of the more sessile forms (water mites,

gastropods, nematodes, naidid oligochaetes), which

feed directly on living plants or epiphytic algae, and

an increase of more mobile and/or detritivore taxa.

Keywords Littoral zone � Macrophytes �
Climatic change � Mediterranean region

Introduction

Progressive increase of temperature and decrease in

rainfall are the main projected features of climate

change in the Mediterranean region (Dragoni, 1998;

Christensen et al., 2007). The region is predicted to

warm at a rate between 0.1 and 0.4�C per decade,

twice that of northern Europe, to show a decline of

mean annual precipitation south of 45�N (Haas,

2002) and an increase of extreme short-term precip-

itations. Consequently, lakes in the Mediterranean

regions will experience large water level reductions

and/or fluctuations within and between years. Super-

imposed on the variability of climate are

anthropogenic water abstractions for agricultural,
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human or industrial needs that may become unsus-

tainable, especially in years characterized by lower

rainfall. Due to the relatively small hydrogeological

basins, water levels of volcanic lakes in Central Italy

are particularly sensitive to changing water balance,

including human water abstraction.

Hydrological processes such as erosion, the retreat

or advancement of shorelines and sediment resus-

pension affect the biota in the lake littoral zone.

Submerged and emergent macrophytes respond sen-

sitively to water level fluctuations, affecting the

diversity and abundance of assemblages (Hellsten

et al., 1996; Hill et al., 1998). As macrophytes and

the associated periphyton are present only in this lake

zone and provide food and physical habitat for

invertebrates (Jeppesen et al., 1998), water level

fluctuations probably also influence the littoral

invertebrates by reducing the availability of the

complex habitats provided by plants.

The volcanic Lake Bracciano is one of the largest

and deepest Italian lakes, important as a source of

drinking water for the city of Rome and for fishing

and recreational activities. Over the last decade, low

water levels have been observed in the lake, but the

relative importance of climatic factors and human

abstraction in determining those levels and the effects

on the littoral biota are unclear. Using historical data,

we built a hydrological balance model of the lake to

assess the effects of climatic factors (precipitation,

temperature) and anthropogenic water abstraction on

the water level in the lake. To assess whether water

level changes affected the littoral biota, we compared

the invertebrate assemblages in the littoral zone

between 2 years with different water levels. In

particular, we considered the plant-associated inver-

tebrates, which include mobile (sprawlers and

climbers, excluding cladocerans and copepods

because of their free-swimming habit), subsessile

and sessile invertebrates that live within (miners) or

attached to the plant substratum (Hutchinson, 1993;

Merritt & Cummins, 1996).

Material and methods

Study area

Lake Bracciano (surface area 51 km2, maximum

depth 165 m; Fig. 1) is of volcanic origin, located at

an altitude of 164 m a.s.l. in the ‘‘Monti Sabatini’’

area in the northern part of the Latium Region

(Central Italy) and characterized by a long water

residence time (137 years, Gaggino et al., 1985).

Along most of its perimeter (31.5 km), the lake has a

gently sloping bottom and large sandy beaches used

for recreation.

Water utilization by humans dates back to ancient

times (Emperor Trajan’s aqueduct was built in AD

110) and continues today. The pipeline of the

aqueduct draws water from a depth of about 50 m

in a locality near the Arrone river, the main effluent

of the lake. In order to preserve the lake water from

pollution, an O-ring collector connected with a

sewage treatment plant was built around the lake in

1982–84 (Bruno, 1985; Martini, 1985). It discharges

the treated waters directly into the Arrone river. The

water quality parameters during the last decade

showed good nutrient status (Pagnotta et al., 2002)

and the lake was recently classified as oligo-meso-

trophic (Margaritora et al., 2003).

Hydrological model

A hydrological catchment model based on annual

values (1970–2004) of water inputs and losses,

verified by measured lake levels, was used to assess

the effects of different water budget components on

the water level in Lake Bracciano. We used the

Fig. 1 Bathymetric map of Lake Bracciano with the three

sampling sitessampling sites
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following balance equation (all values annual in

106 m3 y-1):

PL þ PC þ G� ELEE � EC � A� Qout � GWout

¼ f*DVLVV þ (1� f )*DVGVV

where PL and PC are the amounts of precipitation

over the lake area and the catchment area excluding

the lake; G is the sub-surface inflow from the area by

which the groundwater catchment exceeds the surface

catchment; ELEE is the evaporation from the lake

surface; EC is the evapotranspiration from the catch-

ment area excluding the lake; A is the water

abstraction from the basin; Qout is the outflow; GWout

is the groundwater outflow; DVLVV is the water

accumulation in the lake; DVGVV is the water accumu-

lation in the ground and f is a dimensionless

partitioning coefficient for water accumulation. Sim-

ilar models have been used for other volcanic lakes

(Dragoni et al., 2002, 2006), as they approximate the

parameters useful for understanding the relative roles

of hydrological components.

As input variables, we used the daily rainfall, air

temperature and humidity, wind direction and speed

from several stations in the basin and lake water

levels. All relevant historical hydrological data were

provided by the competent local authority. PL and PC

were calculated for the areas of the lake and the

catchment. We applied a constant inflow of

0.009 m3 s-1 km-2 typical of the volcanic ground-

water aquifers of the upper Latium region (Boni et al.,

1986) to calculate the sub-surface inflow (G) from the

area (24.8 km2) by which the groundwater catchment

exceeded the surface catchment. The evaporation

from the lake surface (ELEE ) was calculated from

monthly mean temperature and monthly mean air

humidity using the equation of Visentini as described

in Dragoni & Valigi (1994). To calculate the evapo-

transpiration from the rest of the catchment (EC,

mm y-1) we used the equation of Turc (1963) based

on annual mean temperature and precipitation values.

In order to balance the model, correction coeffi-

cients were applied to both evaporation components.

The best fit (highest correlation between modelled

and measured water levels) was achieved by applying

the coefficients 0.978 and 0.985 to lake and basin

evaporation, respectively. Data on water abstraction

from the basin (A(( ) were provided by the local water

management company and used in the model without

correction. Although it is known that Lake Bracciano

is a practically closed lake where the riverine outflow

(Qout) is of very minor importance, a virtual outflow

was created in the model to simulate various scenar-

ios. Groundwater outflow (GWout), not an easily

measurable parameter, was given a constant value of

5*106 m3 y-1 that corresponded to the best model fit.

Water accumulation in the basin (DV) was split intoVV

two compartments: accumulation in the lake (DVLVV )

and accumulation in the groundwater aquifer (DVGVV ).

The partitioning coefficient (f(( ), which divided theff

water accumulation between the two compartments,

was calibrated against the measured water level

amplitude in the lake. The amplitudes of the

modelled and measured water levels were equal

when 44.5% of the accumulated water was stored in

the lake and 55.5% in the groundwater aquifer. When

the model was calibrated and balanced we ran a

regression analysis among the budget components to

infer the relative contribution of each component to

water level change.

Littoral invertebrates

Invertebrates were sampled every 2 months from

three sampling stations (Fig. 1) in the same micro-

habitats (macrophyte substratum) during 2 years with

different water levels: from May 1998 to February

1999 (hereafter: 1998 sampling campaign; for details

see Mastrantuono & Mancinelli, 2005) and from

September 2003 to July 2004 (hereafter: 2003

sampling campaign). The average year water level

Fig. 2 Measured and modelled water level relative to hydro-

metric zero in Lake Braccianometric zero in Lake Bracciano
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in 1998 was little higher than the long-term average

(Fig. 2), while the water level of 2003–2004 was

about 60 cm lower. Plant-associated invertebrates

were sampled at each station and date (six dates per

survey) with a sledge dredge (size: 35 9 20 cm,

mesh size: 180 lm) along the entire plant-colonized

belt at three depth intervals (0–4 m, 4–8 m, 8–15 m).

At each depth range, the dredge was dragged parallel

to the shoreline for about 50 m, following a sinusoi-

dal path. In the 2003 sampling campaign, no aquatic

vegetation occurred in the deepest zone investigated

(8–15 m) at site 3, so no samples were taken. The

dredge utilized is mounted on a steel framework

(weight: 7 kg), which prevents sinking into the

sediments. The mesh size adopted is suitable for

capturing meiobenthic invertebrates such as micro-

turbellarians, small nematodes and water mites. This

instrument (Merrit & Cummins, 1996) appears to be

suitable for sampling macrophyte-associated inverte-

brates when the bottom is not accessible by other

devices, such as a pond net.

The coverage of each macrophyte species at the

sampling sites was estimated approximately from its

relative occurrence in the samples collected and

assigned to one of three categories (\10%; 10–50%;

[50%). In addition, the presence and distribution of

plants were assessed visually when possible. The

material collectedwas preserved in 5% formalin. In the

laboratory, the macroinvertebrates were sorted from

the bulk samples and separated from the meiobenthic

organisms, which were subsampled and counted under

a stereomicroscope at lower magnification. Specimens

were identified at the lowest possible taxonomic level,

in most cases the species level.

We used analysis of variance to assess whether the

mean number of taxa per sample varied among years,

sampling sites and depth ranges. We ran the analysis

separately for each predominant taxonomic group

(e.g. those with the higher number of species:

Turbellaria, Nematoda, Oligochaeta, Diptera Chiro-

nomidae, Acarina and Gastropoda). Multiple

comparisons were performed when necessary using

the Bonferroni procedure. The mean number of taxa

per sample was Log10(x + 1) transformed prior to

statistical analysis to stabilize the variances.

To analyze the numerical counts of individuals per

taxon, we generated an association matrix between

samples using Bray–Curtis similarity and we ran a

non-metric multidimensional scaling (N-MDS) to

produce two-dimensional ordinal plots (Clarke &

Warwick, 2001). To test the hypotheses that the

abundance of taxa differed in years and depth zones,

we computed a nonparametric two-way analysis of

similarity (ANOSIM; Clarke & Warwick, 2001).

Pair-wise permutation tests followed each ANOSIM

to determine where the significant differences

between the levels of the factors lay.

Similarity percentage (SIMPER) procedures were

applied to identify the species that contributed most

to the significant differences between years and

among depth zones (Clarke & Warwick, 2001). The

SIMPER algorithm determines the relative contribu-

tion of each species to the average similarity within a

group and the average dissimilarity between groups.

If a species consistently contributes to within-group

similarity between pairs of samples, and to between-

group dissimilarity between pairs of samples, then its

percentage contribution to similarity is high and it

can be considered a good discriminating species

(Clarke & Warwick, 2001).

Results

The hydrological catchment model built for Lake

Bracciano showed a good agreement between the

modelled and the observed water levels in the lake

(Fig. 2, R2 = 0.48, n = 33, P\ 0.05). If both series

are smoothed with a 5-year moving average, R2

increases to 0.85, which means that the model

simulates the major dynamic of the water level well.

Regarding the different components of the water

budget, the amount of precipitation over the lake area

(PL) and the catchment area excluding the lake (PC)

together formed 94% of the budget input, which

explained 88% of the water level changes (n = 34;

P\ 0.001). The sub-surface inflow from the

extended part of the groundwater catchment (G)

was 9.8*106 m3 y-1 (6% of the water input).

Evaporation from the lake surface (ELEE ) constituted,

on average, 43% of the total loss of water from the

basin. Evapotranspiration from the catchment (EC)

formed 37% of the total loss. However, EC had a

statistically stronger relationship with the water level,

explaining 53% (n = 34; P\ 0.001) of the measured

water level changes, while ELEE accounted for 32% of it

(n = 34; P = 0.001). During the whole period of

investigation (1970–2000), human water abstraction
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accounted for between 4 and 21% (average 16%) of the

total water loss from the basin. The modelled ground-

water outflow (GWout) made up 3.1% of the total water

loss and also the river outflow, occurring only in rainy

years, was a minor component (2%) of the budget.

The annual mean lake water levels differed by

60 cm between 1998 and 2003–2004. In the 2003

survey, aquatic plant species covered a reduced area

and were more sparsely distributed at all sampling

sites and depths (Table 1). This reduction was

particularly apparent for the Charales, which consti-

tute the dominant component of the aquatic plant

assemblage, as they are present throughout the year at

depths from 6 to 15–20 m. Moreover, the coverage of

Myriophyllum spicatum and Ceratophyllum demer-

sum, the most common species in central Italian

lakes, was lower in the second survey.

Considering the 1998 and the 2003 surveys

together, we collected a total of 113 invertebrate

taxa: the largest number of species belonged to

chironomids, oligochaetes, nematodes, acari, turbel-

larians and gastropods (Table 2). The overall number

of taxa diminished drastically from 1998 to 2003

(from 106 to 70). The ANOVA results showed that

the average number of taxa per sample (99 site, depth

and date combinations) was significantly lower in the

second survey for all taxa with the exception of

chironomids (Table 3). The sampling site was not

significant for most taxa, but the depth range was a

significant factor for Turbellaria and Acarina

(Bonferroni multiple comparisons: depth 0–4 m sig-

nificantly different from the others). Chironomidae

and Trichoptera showed a significant interaction

between depth and site, because richness was lower

at site 3 in the depth range 0–4 m (Bonferroni

multiple comparisons: Site 3, depth 0–4 m different

from the others). Interactions of all pairs of factors

were significant for Gastropoda, as richness at site 3,

depth 0–4 m and year 2003 was lower than the others

(Bonferroni multiple comparisons: site 3, depth 0–

4 m, year 2003 different from the others).

The non-metric multidimensional scaling (N-

MDS) ordination of the samples, based on their

similarity calculated from the numerical composition

of the invertebrate assemblage, revealed a more

detailed picture of the differences between years and

depths (Fig. 3). The assemblages were significantly

different between years (ANOSIM: R-statis-

tic = 0.74, P\ 0.01) and among depths (ANOSIM:

R-statistic = 0.336, P\ 0.01; all multiple compari-

sons among depths P\ 0.01). The subsequent

SIMPER analysis revealed substantial differences

among years in the numerical composition of the

assemblage at different depth ranges (Table 4). A few

plant-associated taxa contributed to most of the

dissimilarity between years and depths. Seven out

of the 16 taxonomic groups and 12 out of the 113

species and/or genera represented the main contrib-

utors to dissimilarities between years at all three

depth ranges (Table 4).

Table 1 Relative coverage of littoral macrophytes and Characeae in the littoral of Lake Bracciano

Year 1998 2003

Site 1 3 4 1 3 4

Depth zone (m.) 0–4 4–8 8–15 0–4 4–8 8–15 0–4 4–8 8–15 0–4 4–8 8–15 4–8 8–15 0–4 4–8 8–15

Characeae (sp. a) 2 1 3 2 2 3 1 2 2 3 2 1 2 2 2 1

Characeae (sp. b) 3 3 1 2 2 1 2 3 2 1 2 2 2 2 2

Elodea canadensis 1 1

Myriophyllum spicatum 1 3 1

Ceratophyllum demersum 2 1 2

Potamogeton crispus 1 2

Potamogeton perfoliatus 1 1 2

Potamogeton pectinatus 1 1 1 1

Potamogeton natans 1 1 2

Potamogeton lucens 1

Coverage codes are as follows: 1, less than 10% of bottom covered; 2, between 10 and 50%; 3, over 50%
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Discussion

In Lake Bracciano, the human water abstraction was

constantly high in the 1970s and 1980s but was

reduced in the middle of the 1990s when dry years

occurred. During the whole period, water abstraction

was one of the major components of water losses

from the basin exceeding both the groundwater

outflow and the river outflow. The 60 cm difference

between annual mean water levels in 1998 and 2003–

2004 was relatively small, but given the gentle slope

of the littoral area, this decrease in water level

resulted in a 15 m recession of the shoreline (varying

Table 2 Number of taxa in each year, site and depth zone (all sampling dates cumulated)

Year 1998 2003

Site 1 3 4 1 3 4

Depth zone (m.) 0–4 4–8 8–15 0–4 4–8 8–15 0–4 4–8 8–15 0–4 4–8 8–15 4–8 8–15 0–4 4–8 8–15

Hydroida 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Turbellaria 2 2 7 3 4 6 4 5 6 0 1 2 1 1 0 0 3

Nematoda 8 5 7 6 7 9 8 4 7 3 2 1 3 0 2 2 1

Oligochaeta 12 7 9 8 9 7 10 9 7 2 3 7 6 4 4 3 5

Hirudinea 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Ostracoda 1 0 2 2 0 0 1 0 3 0 0 1 1 2 0 0 1

Amphipoda 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Decapoda 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ephemeroptera 2 2 1 1 1 1 1 1 1 2 2 2 2 1 2 2 1

Odonata 2 0 0 1 0 2 1 1 0 1 0 1 1 2 2 0 1

Chironomidae 12 7 7 5 12 16 12 6 13 18 6 6 9 10 12 7 8

Lepidoptera 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0

Trichoptera 4 2 2 4 3 3 4 2 2 2 1 1 3 3 3 1 2

Acarina 11 9 11 9 8 9 8 7 8 9 7 7 3 7 8 9 8

Gastropoda 5 1 7 5 2 5 5 1 5 4 1 4 4 6 4 1 5

Total 59 35 48 43 45 54 53 33 48 43 24 32 35 37 39 27 34

Table 3 Results of ANOVA on average taxonomic richness

per sample (more abundant taxa only)

Taxon Year Depth Site Interactions

Turbellaria P\ 0.01 P\ 0.05 ns ns

Nematoda P\ 0.01 ns ns ns

Oligochaeta P\ 0.01 ns ns ns

Chironomidae ns – – Depth 9 site

Acarina P\ 0.01 P\ 0.05 ns ns

Gastropoda – – – Year 9 depth;

Year 9 site;

Depth 9 site

Trichoptera P\ 0.01 – – Depth 9 site

Factors were sampling sites (three sites), years (1998 and 2003)

and depth zones (0–4 m; 4–8 m; 8–15 m). Significant

interactions are also reported. Single effect factors were not

tested (–), when interactions were significant

Fig. 3 fNon-metric multidimensional scaling ordination of

invertebrate samples (stress = 0.09) for each sampling date,

depth and site combination. Upper triangles are samples from

depth 1 (0–4 m), circles are samples from depth 2 (4–8 m) and

boxes are samples from depth 3 (8–15 m). Closed symbols are

samples from 1998 to 1999; open symbols are samples from

2003 to 20042003 to 2004
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Table 4 Breakdown of average dissimilarity between 1998 and 2003 surveys at the three different depth intervals for selected taxa

Depth zone (m) 0–4 4–8 8–15

1998 2003 % C 1998 2003 % C 1998 2003 % C

Acarina 2039 820 16.4 5868 3168 21.8 14565 9489 20.1

Unionicola* 2.4 3.2 3.2

Limnesia* 2.3 4.6 3.1

Arrenurus* 2.3 4.9 2.8

Halacaridae* 3.3 3.5 2.7

Acercus 4.1 3.1

Neumania 9.6 2.2

Chironomidae 3514 2847 23.5 1746 2473 18.2 3239 859 18.9

Psectrocladius* 3.8 5.3 3.9

Cricotopus 3.4 2.2

Paratanytarsus* 3.4 2.9 2.6

Pentaneurini 2.9 2.6

Nematoda 5648 195 13.9 6311 70 14.0 3330 55 11.8

Dorylaimina* 5.6 6.7 3.5

Ethmolaimus pratensis* 3.6 4.3 2.5

Plectus sp. 2.5

Monhystera sp. 2.2

Gastropoda 4722 2001 7.6 6554 2483 3.4 10567 2994 11.0

Theodoxus fluviatilis 2.5 3.2

Bithynia tentaculata* 2.5 2.2

Hydrobioidea 2.5

Valvata piscinalis 2.4

Oligochaeta 810 265 7.8 3145 216 13.5 13946 330 14.3

Nais variabilis* 3.1 4.2 3.5

Chaetogaster diastrophus 2.9

Stylaria lacustris 2.7

Dero sp. 2.4

Turbellaria 694 33 5.1 708 23 6.3 1338 206 7.1

Macrostomum* 3.6 2.7 2.4

Dugesia tigrina 2.5 2.3

Trichoptera 953 376 4.4 592 635 4.2 750 92 2.5

Leptocerus* 2.6 3.1 2.5

Ephemeroptera 168 642 5.5 43 880 5.3

Caenis 3.2 3.6

Cloeon gr. similis 2.3

Amphipoda 222 647 2.4 33 166 2.1

Echinogammarus 2.4 2.1

Decapoda 1017 499 2.9

Palaemonetes antennarius 2.9

Taxa are ordered on the basis of their contribution to the dissimilarity among years. For each major taxonomic group, the total counts

of individuals expressed as average over all sites and dates, total percentage contribution to dissimilarities among years (%C) and

species breakdown are showed. Asterisks indicate taxa that contribute to among years dissimilarities at all depth ranges
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from 3 to 50 m in different parts of the lake), leaving

385,000 m2 of littoral area dry over the whole

perimeter of the lake. Therefore, the lake topography

is likely to have a major effect on the response of

communities to water level fluctuations, and both the

rate of draw-down and the absolute amount are

important.

The effects of water level changes on littoral

assemblages of natural lakes have seldom been

examined because most published studies refer to

reservoirs or human-regulated lakes. The few studies

dealing with littoral macrophytes and invertebrates in

natural lakes have highlighted the complex interac-

tion among different stressors in natural systems,

making it difficult to isolate the effects on biota of

water level changes from other pressures (Grimås,

1962; Palomaki, 1994; Savage & Beaumont, 1997;

Hamabata & Kobayashi, 2002; Tronstad et al., 2005;

Van Geest et al., 2005a, 2005b; Furey et al., 2006).

As the water of Lake Bracciano does not receive

major pollution from the watershed because of the O-

ring collector of sewage, and as no other major

stressors were reported during 2003, the observed

changes in macrophyte and invertebrate communities

can probably be ascribed to the water level reduction

between the two study years.

The pattern of macrophyte abundance responds

quickly to water level changes and is a reliable

indicator of such stress (Hellsten & Dudley, 2006).

The effects of water level changes on macrophytes

are known from reservoirs (Wilcox & Meeker, 1991,

1992), floodplain and shallow lakes (Hamabata &

Kobayashi, 2002; Van Geest et al., 2005a) and

Scandinavian lakes (Hellsten, 2001), but less infor-

mation is available from natural lakes in the

Mediterranean area. Although a reduction in the

number of species of submerged and floating leaved

macrophytes has been reported by some authors (Van

Geest et al., 2005b), the lowering of water level

seems mainly to affect abundance patterns (Coops &

van der Velde, 1995). This was also observed in the

present study, where the lowering of water level was

reflected by a reduction in macrophyte coverage,

especially in the shallower zone.

Submerged macrophytes provide a complex mul-

tidimensional habitat and related food sources, such

as detritus and periphytic algae (see Jeppesen et al.,

1998), and greatly increase the ecological opportuni-

ties for invertebrates. Therefore, the observed change

in macrophyte abundance pattern in the low water

level year (2003) was probably the main cause of the

diminution of invertebrate taxon richness in Lake

Bracciano. This finding agrees with the results of

other studies on a shallow lake (Savage & Beaumont,

1997) and on a large regulated lake in Central Italy

(Lake Campotosto; Mastrantuono, 1987).

In the low water level year, the most evident

structural change in the invertebrate assemblage was

the increase of more mobile and/or feeding opportu-

nistic taxa and the reduction of several sessile and/or

herbivorous taxa. In particular, we observed a

reduction of individuals between 1998 and 2003 in

those taxa that use the aquatic vegetation as substrate

or that feed directly on living plants or epiphythic

algae (scrapers or grazers, according to Cummins &

Wilzbach, 1985; Merritt and Cummins, 1996). Those

include nematodes (Dorylaimina and Ethmolaimus

pratensis), water mites (Unionicola, Limnesia, Arre-

nurus, Halacaridae), gastropods (Bithynia

tentaculata) and naidid oligochaetes (Nais variabilis)

(Table 4). In contrast, we observed a numerical

increase in a few more mobile (climbers and sprawl-

ers) and detritivore/omnivore invertebrates (shredders

and collectors), such as the orthoclads Psectrocladius

and Cricotopus at all depth ranges, the ephemeropt-

eran Caenis and the macrocrustacean

Echinogammarus at the shallowest (0–4 m) and

intermediate depth ranges (4–8 m) (Table 4).

Our results suggest that the changes in macrophyte

spatial pattern attributable to the lowering of water

level could be tracked more efficiently by mobile

invertebrates than by taxa that live attached to the

plant substrata. From this point of view, more sessile

forms that rely on macrophytes, for example, for

obtaining food and for egg deposition (Merritt &

Cummins, 1996), such as turbellarians, nematodes,

water mites, gastropods and oligochaetes (see also

Økland, 1983; Lodge & Kelly, 1985), may encounter

unfavourable conditions in patchy and reduced mac-

rophyte beds. In contrast, opportunistic forms

(detritivore or omnivorous taxa) and mobile taxa

(e.g. macrocrustaceans) may gain advantage from the

availability of detritus coming from the bulk of

decaying plants in lowered water level years. Inter-

estingly, similar results were reported by Tronstad

et al. (2005) for wetlands affected by decreasing

water level, where mobile forms moved along with

the receding water line.
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In conclusion, the hydrological model for Lake

Bracciano showed that the water volume that is

currently abstracted for human use, exceeds the

potential changes caused by the projected warming

of climate and decreasing amount of precipitation

during the first half of this century by nearly an order

of magnitude. The decrease in water level will result

in a loss of large areas of littoral habitat especially

along the southern and eastern shores, where the

bottom slopes less steeply. Our results indicate a

marked difference in the structure of the invertebrate

littoral assemblage in the low water level year. The

numerical reduction in more sessile invertebrate taxa

appears to be linked with the more patchy distribution

of macrophytes observed in the low water level year.

Overall, water level lowering seems to cause a

significant loss of invertebrate diversity as indicated

by a decline in both species richness and Shannon

diversity (Shannon diversity range in 1998: 4.0–4.2;

range in 2003: 3.2–3.9). The clear response of the

littoral invertebrates to water level change underlines

their potential usefulness as biological indicators for

assessing current conditions and forecast future

trends of the natural lakes in the Mediterranean.
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in Lakes Peipsi and Vortsjarv (Estonia): rotifers
and crustaceans versus ciliates
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Abstract The abundance and biomass of ciliates,

rotifers, cladocerans and copepods were studied in

Lake Peipsi and Lake Vortsjarv, both of which are

shallow, turbid and large. Our hypothesis was that in a

large shallow eutrophic lake, the ciliates could be the

most important zooplankton group. The mean meta-

zooplankton biomass was higher in Peipsi than in

Vortsjarv (mean values and SD, 1.8 ± 0.7 and

1.3 ± 0.6 mg WM l-1). In Peipsi, the metazooplank-

ton biomass was dominated by filtrators that feed on

large-sized phytoplankton and are characteristic of

oligo-mesotrophic waters. In Vortsjarv, the metazoo-

plankton was dominated by species characteristic of

eutrophic waters. The planktonic ciliates in both lakes

were dominated by oligotrichs. The biomass of ciliates

was much greater in Vortsjarv (mean 2.3 ± 1.4 mg

WM l-1) than in Peipsi (0.1 ± 0.08 mg WM l-1).

Ciliates formed about 60% of the total zooplankton

biomass in Vortsjarv but only 6% in Peipsi. Thus, the

food chains in the two lakes differ: a grazing food chain

in Peipsi and a detrital food-chain in Vortsjarv.

Consequently, top-down control of phytoplankton

can be assumed to be much more important in Peipsi

than in Vortsjarv. When the detrital food chain

prevails, the planktonic ciliates become the most

important zooplankton group in shallow, eutrophic

and large lake. Neglecting protozooplankton can result

in serious underestimates of total zooplankton biomass

since two-thirds of the zooplankton biomass in

Vortsjarv comprises ciliates.

Keywords Zooplankton � Ciliates �
Detrital and planktonic food chain �
Biomass � Densities

Introduction

Zooplankton forms a central link in the food chains of

a freshwater lake. The capacity of zooplankton to

utilize phytoplankton production and its suitability as

food for fish determine the efficiency of the food

chain. In some cases, phytoplankton is not efficiently

grazed by zooplankton and enters the detrital food

chain directly. In most studies, the term zooplankton

is used to denote crustaceans and rotifers. However,

planktonic ciliates also have an important role in

aquatic food webs (Azam et al., 1983, Sherr & Sherr,
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1984). Ciliates are important in controlling pico-

plankton and bacteria (Beaver & Crisman, 1982), but

they also graze upon particles that can be ingested by

crustacean and rotifer zooplankters (Sanders et al.,

1989). There is clear evidence that planktonic ciliates

are an important food resource for larger crustacean

zooplankton (Gifford, 1991). It is now known that

ciliates form an important trophic link between

picoplankton and nanoplankton on one hand, and

metazoans on the other.

There are large gaps in our knowledge of the

feeding ecology of protozooplankton in many lakes.

To our knowledge, few long-term studies have been

published comparing the dynamics of ciliates and

metazooplankton in lakes. The aim of current study

was to analyse zooplankton data collected over

10 years from two large lakes in Estonia, Lake Peipsi

and Lake Vortsjarv. Our hypothesis was that in a

large shallow eutrophic lake, the ciliates could be the

most important zooplankton group.

Materials and methods

The Estonian lakes studied here are large (Vortsjarv,

270 km2; Peipsi, 3,555 km2), shallow (mean depths

2.8 and 8.3 m, respectively) and eutrophic. Water

temperature in these lakes reaches its maximum in

July and ice cover lasts from November to April. In

Vortsjarv, the average total annual phosphorus con-

centration is 54 lg l-1, total nitrogen concentration

1.6 mg l-1 and mean Secchi depth 1.1 m (Noges

et al., 1998). The shallowness of the lake and the

wave-induced resuspension of bottom sediments

contribute to the formation of a high seston concen-

tration and high turbidity during summer. Most of the

organic matter in the lake is autochthonous (Noges

et al., 1998).

Our study of Peipsi was carried out in the largest

and deepest northern part, Peipsi s.s. (area

2,611 km2), which is an unstratified eutrophic lake

with mesotrophic features. The average annual total

phosphorus concentration in Peipsi s.s is 35 lg P l-1,

total nitrogen concentration 0.7 mg N l-1 and mean

Secchi depth 2.2 m (Starast et al., 2001).

The dataset used in the present article to analyse

ciliates and metazooplankton (MZP) is based on data

collected from Vortsjarv and Peipsi s.s. from 1995 to

2005. Lake Peipsi was sampled from May to

November and Vortsjarv from January to December.

The ciliate samples in Peipsi s.s were collected

monthly from the central area of the lake and in

Vortsjarv from the deepest area of the lake. All MZP

analyses were based on depth-integrated samples.

The samples were preserved in 4% formaldehyde and

counted by conventional quantitative methods (e.g.

Haberman, 1998). Subsamples (2.5 or 5 ml) of each

sample were counted under a binocular microscope in

a chamber of dimensions 13 9 6 cm, capacity 8 ml,

at 32–569 magnification. The masses of individual

zooplankton taxa were derived from length/weight

regressions according to Ruttner-Kolisko (1977) and

Balushkina & Winberg (1979) and represented as wet

mass (WM). The mean individual metazooplankter

mass was calculated as the ratio between mean MZP

biomass and abundance.

For analyses of ciliates, the entire water column

was sampled. The integrated lake water was obtained

by mixing the water collected by a 2 l Ruttner

sampler from 1 m intervals through the entire water

column. Integrated subsamples were preserved and

fixed with acidified Lugol’s iodine, and ciliates were

counted after settling by the Utermohl (1958) tech-

nique under an inverted microscope at 400–10009

magnification. The entire area of each Utermohl

chamber was surveyed. The first 20 specimens

encountered for each taxon were measured. Biovo-

lumes of each taxa were estimated by assuming

simple geometric shapes. Specific gravity was

assumed to be 1.0 g ml-1 (Finlay, 1982), so the

biomass was expressed as wet mass (WM). Zoo-

plankton taxa that made up 20% or more of the total

zooplankton number or biomass were considered to

be dominants. Nonparametric methods were used for

statistical analysis since none of the data were either

normally or log-normally distributed.

Results

Lake Peipsi

The zooplankton biomass was dominated by cladoc-

erans and copepods (Fig. 1). Dominant MZP species

were Bosmina berolinensis, Daphnia galeata,

D. cucullata and Eudiaptomus gracilis. On some

occasions, Bosmina c. coregoni, B. gibbera, Daphnia

cristata, Diaphanosoma brachyurum and Leptodora
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kindti also dominated the biomass. Small rotifers

(Synchaeta verrucosa, Polyartha dolichoptera, Ker-

atella cochlearis) dominated with respect to number

of zooplankton. The share of predatory MZP (e.g.

Leptodora kindti, Bythotrephes longimanus) in the

total MZP biomass was 18% (Fig. 2).

The population of ciliates was dominated by large

oligotrichs: Rimostrombidium spp., Pelagostrombid-

ium sp., Limnostrombidium sp., Codonella cratera

and Tintinnidium fluviatile, most of which are nano-

planktivorous species (Fig. 3). Scuticociliates

(Uronema nigricans, Cyclidium claucoma), prostom-

atids (Urotricha spp., Balanion planktonicum) and

gymnostomes (Askenasia volvox, Mesodinium pulex(( )

were less important. Altogether, 32 identifiable ciliate

taxa were found.

The mean MZP numbers fluctuated between 138

and 1420 ind l-1 (mean 777 ± SD 534 ind l-1). The

highest values were recorded in May. The mean

biomass was 1.8 ± 0.7 mg WM l-1; values fluctu-

ated between 1.1 and 3.0 mg WM l-1 (Fig. 4). The

highest biomasses were recorded in July. Mean ciliate

abundance was 4857 ± 3253 ind l-1 and mean

biomass 0.1 ± 0.08 mg l-1. The highest mean

abundance and biomass were found in May, with a

constant decrease thereafter. The biomass of MZP

was higher than the ciliate biomass (t-test,

P = 0.0003). Mean total zooplankton biomass

(MZP + ciliates) was 1.9 ± 0.8 mg WM l-1. Mean

individual metazooplankter mass fluctuated between

1.4 and 7.7 lg WM ind-1, with an average of

3.5 ± 2.2 lg WM ind-1. Generally, mean metazoo-

plankter mass increased from spring to autumn

(Fig. 5). The biomass of ciliates was negatively

correlated with the biomass of MZP (R = -0.52,

P\ 0.01; n = 55), although the degree of explana-

tion was only 25%.

Fig. 1 Percentage of different groups in total mean zooplank-

ton biomass in lakes Peipsi and Voton biomass in lakes Peipsi and Vortsjartsjarvrv

Fig. 2 Share of predators in metazooplankton biomass in

a es e ps a d Volakes Peipsi and Vo tsjartsja vrv

Fig. 3 Relative share of different trophic groups of ciliates in

zooplankton biomass of lakes Peipsi and Vozooplankton biomass of lakes Peipsi and Vortsjartsjarvrv
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Lake Vortsjarv

In this lake the zooplankton was dominated by

ciliates (Fig. 1). Oligotrichs were most abundant,

especially small-sized picoplanktivorous species (Ri-

mostrombidium spp., Halteria grandinella), followed

by prostomatids (Urotricha spp., Coleps spp.), scu-

ticociliates (Uronema sp., Cyclidium spp.) and

gymnostomes (Askenasia volvox, Mesodinium pulex(( ,

Dileptus sp.). Altogether, 72 ciliate taxa were found.

MZP biomass was dominated by cladocerans. The

dominant species were Chydorus sphaericus, Bos-

mina longirostris and Daphnia cucullata. On some

occasions, Bosmina c. coregoni also dominated. The

rotifer species Polyarthra dolichoptera, P. luminosa,

Keratella cochlearis, Anuraeopsis fissa and Trichoc-

erca rouseleti were numerically dominant. The share

of predatory MZP (e.g. Leptodora kindti, cyclopoids

of IV juvenile stage) in the total MZP biomass was

8% (Fig. 2).

The mean MZP abundance was 1,040 ± 731 ind

l-1 (ranging from 302 to 2,280 ind l-1). The mean

MZP biomass was 1.3 ± 0.6 mg WM l-1. The high-

est mean biomass was recorded in June (Fig. 4).

Mean ciliate abundance was 67,806 ± 45,434 ind l-1

and mean biomass 2.3 ± 1.4 mg WM l-1. The high-

est mean abundance and biomass were found in July,

but both values also peaked in May. Ciliate numbers

declined after the summer peak, but there was also

one minor peak in October. The biomass of ciliates

was higher than the MZP biomass (t-test, P = 0.02).

The mean total zooplankton biomass (MZP + cili-

ates) was 3.6 ± 1.7 mg WM l-1. The mean

individual metazooplankter mass fluctuated between

0.7 and 2.5 lg WM ind-1, and the average was

1.6 ± 0.6 lg WM ind-1. The mean metazooplankter

weight in Vortsjarv also increased from spring to

autumn (Fig. 5). The biomass of ciliates was posi-

tively correlated with the biomass of MZP (R = 0.43,

P\ 0.01, n = 70), but again the degree of explana-

tion (18%) was low.

The mean ciliate biomass was higher in Vortsjarv

(t-test, P = 0.003) compared to Peipsi. Conversely,

the mean MZP biomass was higher in Peipsi (t-test,

P = 0.02). Also mean individual metazooplankter

mass was higher in Peipsi (t-test, P = 0.03).

Discussion

Species composition

Species characteristic of both eutrophic waters

(Daphnia cucullata, Bosmina c. coregoni, Anuraeop-

sis fissa etc.) and oligo-mesotrophic waters (Daphnia

cristata, B. berolinensis, Bythotrephes longimanus

etc.) occur concurrently in Peipsi. Such coexistence is

apparently facilitated by the meso-eutrophic to

eutrophic character of the lake. Up to the early

1990s, the zooplankton of Peipsi was characterized

Fig. 4 Seasonal dynamics of zooplankton biomass (wet

g ) pweight) in lakes Peipsi and Vo jrtsjarv

Fig. 5 Mean individual metazooplankton biomasses (wet

weight) in lakes Peipsi and Voweight) in lakes Peipsi and Vortsjartsjarvrv
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by a steady decrease in the share of oligo-mesotro-

phic species and increase in the share of eutrophic

species (Haberman, 2001). However, eutrophication

was clearly stopped in the 1990s because of a decline

in agricultural pollution, and the above-mentioned

changes in the species composition of zooplankton

also decreased. It is known that such changes in

species composition occur during the meso-eutrophic

stage of a lake (Karabin, 1985). Fundamental changes

have occurred in the zooplankton composition of

Vortsjarv over the past 40 years: oligo-mesotrophic

species have almost totally disappeared (Haberman,

1998). At present, the small MZP (rotifers, Chydorus

sphaericus, Bosmina longirostris, etc.), known to be

eutrophication indicators (Jeppesen et al., 2000),

predominate in Vortsjarv.

Impact of fish and phytoplankton

The mean individual metazooplankter mass in

Vortsjarv is less than half of that in Peipsi. The same

trend is seen in the share of predators in MZP (e.g.

Leptodora kindti): it is more than twice as high in

Peipsi as in Vortsjarv. The difference described could

not be explained by a difference in impact of fish

predation. The most abundant fish species in

Vortsjarv are bream, pikeperch and pike (Jarvalt

et al., 2004). The main zooplankton predators are the

fish fry, which have the greatest impact in spring and

early summer. The most abundant fish in Peipsi is

smelt (Pihu & Kangur, 2001), which is known to be

an efficient zooplankton predator. Recent studies

have shown that smelt prefers larger zooplankters,

especially large cladocerans (Vinni et al., 2004).

Therefore, the predatory pressure of fish on MZP

must be much stronger in Peipsi than in Vortsjarv.

Moreover, fish production is higher in Peipsi (30 kg

ha-1) than in Vortsjarv (18 kg ha-1); it is estimated

that 3% of the phytoplankton production reaches fish

in Vortsjarv, while the corresponding value in Lake

Peipsi is 6% (Haberman, 1998, 2001). The changes in

the zooplankton must be partly linked to changes in

the phytoplankton. In Vortsjarv, the high concentra-

tions of filamentous algae and detritus interfere with

the feeding of large zooplankters (e.g. B. berolinen-

sis, E. gracilis) (Noges et al., 2004), conferring

advantage on the smaller forms.

Importance of ciliates

Planktonic ciliates have an exceptionally important

role in Vortsjarv; they account for almost two-thirds

of the total zooplankton biomass. The importance of

ciliates is not a unique feature of Vortsjarv but has

also been recorded from other large lakes. Carrick &

Fahnenstiel (1990), who studied the protozoan plank-

ton of the Great Lakes Huron and Michigan, found

that the ciliate biomass represented ca. 30% of the

crustacean zooplankton biomass. Taylor & Heynen

(1987) showed that ciliate biomass in Lake Ontario

was of the same order of magnitude as crustacean

zooplankton. The biomass of ciliates in Peipsi was

negatively correlated with the biomass of MZP. It has

been shown that ciliates are controlled top-down by

large-sized cladocerans (e.g. Wickham & Gilbert,

1993), and this probably also applies in Peipsi. In

Vortsjarv, the above-mentioned correlation was

positive, implying that the small-sized zooplankton

dominating in this lake is clearly bottom-up or food-

controlled. It has also been shown that the share of

small edible algae in Vortsjarv is low (Zingel et al.,

2007). The ciliates peak in spring and late summer in

Vortsjarv. The spring peak is dominated by larger

nanoplanktivorous species and the summer peak is

formed mostly of smaller picoplanktivores. Bacteria

seem to become the most important food item for

zooplankton in summer. In most temperate lakes

across the trophic spectrum, the maximum abundance

of ciliates is achieved in late spring, as in Peipsi (e.g.

Muller et al., 1991; Laybourn-Parry, 1992). Ciliates

have the advantage in spring because their rapid

division rates enable them to establish large popula-

tions relatively quickly. However, there are

exceptions to this trend. In the large and shallow

Neusiedler See, the maximum biomass of ciliates was

recorded in late summer, not in spring (Schonberger,

1994). Gates & Lewg (1984) described late summer

peaks in several lakes in Ontario, and Callieri &

Heinimaa (1997) found the ciliate maximum in the

large alpine Lake Maggiore in September.

Planktonic vs. benthic food chains

Earlier studies in Peipsi showed that both phyto-

plankton biomass and chlorophyll a concentration
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correlate negatively with the total biomass of MZP,

which indicates that phytoplankton is most likely to

be actively grazed by MZP. In earlier studies

dealing with trophic relations in the plankton of

Peipsi (Noges et al., 1992, 1993), a strong direct

relationship between zooplankton and phytoplankton

was emphasized. It is assumed that filter-feeding

MZP mainly ingest living algae, and detritus food is

of little importance. In Vortsjarv, large filamentous

diatoms and cyanobacteria prevail, and these are not

suitable food for small-bodied meta- and protozoo-

plankton (Noges et al., 1998). Therefore, the

phytoplankton of Vortsjarv cannot be extensively

consumed in the planktonic grazing food chain. This

implies that the benthic detrital food chain and the

microbial loop are responsible for most of the

transformation of organic matter (Noges et al.,

2004). This is reflected in the high bacterial

production (70% of primary production) (Noges

et al., 2004) and the presence of an extremely

abundant protist community (Zingel et al., 2007).

Feeding experiments with fluorescent microspheres

showed that ciliates in Vortsjarv are potentially

important grazers of nanoplankton: on average, ca.

20% of the standing stock of nanoplankton was

grazed during the vegetation period (Zingel et al.,

2007). Over the same time, MZP grazed only 0.43%

of the standing stock of nanoalgae. This difference

was even greater for picoplankton: ciliates grazed

nearly 100% of the biomass production of sus-

pended bacteria while MZP accounted for only

0.6%. The modest role of the detritus food chain and

microbial loop in Peipsi compared with Vortsjarv is

confirmed by the very small biomass (5.5%) of

ciliates compared with that of MZP and by the high

ratio (0.24) of MZP to phytoplankton biomass. The

respective values in Vortsjarv were 175% and 0.05

(Noges et al., 2004).

Conclusions

The lakes studied here represent opposite situations:

in Peipsi the grazing food chain prevails, whereas in

Vortsjarv the detrital food chain is by far the most

important. Consequently, the control of phytoplank-

ton can be assumed to be largely top-down in Peipsi

but not in Vortsjarv. When the detrital food chain

prevails, the planktonic ciliates become the most

important zooplankton group in shallow, eutrophic

and large lake. But as long as the grazing food chain

remains uppermost, the major zooplankton groups are

Crustacea and Rotifera. Neglecting protozooplankton

can lead to severe underestimation of total zooplank-

ton biomass. Two-thirds of the zooplankton biomass

would be undetected in Vortsjarv.
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Abstract The Medium Resolution Imaging Spec-

trometer (MERIS/Envisat) was launched in March

2002 for coastal zone monitoring. Preliminary data

from MERIS show that its imagery of large lakes is

superior to that of other common ocean colour

sensors. The main objective of the present study is

to evaluate the MERIS data on large European lakes,

Vanern and Vattern in Sweden and Peipsi in Estonia/

Russia. In these lakes, coloured dissolved organic

matter (CDOM) can be a major contributor to the

optical properties of the water. Another characteristic

of the waters under investigation is the large temporal

and spatial variability in the concentrations of

chlorophyll (CChlCC ) and suspended sediments (CTSSCC ).

Potentially toxic cyanobacterial blooms occur in

Lake Peipsi in late summer. We have compared the

MERIS products from the latest reprocessing (fin-

ished in March 2006) with available in situ data.

There is a reasonably good correlation between the

MERIS algal_2 product and the measured CchlCC over

all three lakes, but no correlation was found for other

optically active substances. A significant portion of

the pixels (up to 90%) are flagged as invalid results

after atmospheric correction.

Keywords Remote sensing � MERIS �
Large lakes � Optical properties

Introduction

Consistently implemented long-term programmes for

monitoring large lakes are critical for detecting

changes in water quality. They are required to assess

the effects of (1) past and ongoing management

programmes and (2) continuing anthropogenic influ-

ences, particularly the effects related to climate

change; and (3) to meet the EU directives prescribing

that water quality is adequately monitored and not

deteriorating. However, conventional sampling meth-

ods cannot produce enough data about spatial and

temporal heterogeneity in large lake systems.

Satellite-based remote sensing has become a

useful tool for monitoring oceanic and marine waters

(Case I) (Sathyendranath, 2000). Applications to

coastal and inland waters (Case II), however, require

more advanced methods and data analysis (Dekker

et al., 2002).

MERIS (Medium Resolution Imaging Spectrom-

eter) is an instrument on board the ENVISAT satellite

put into orbit by the European Space Agency on 1

March 2002 (http://www.envisat.esa.int/instruments/
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meris/). This instrument specifically addresses the

needs of optically complex waters. Coastal and inland

waters generally have a higher trophic status,

which is associated with optically active substances

(dissolved substances and suspended particles) orig-

inating from their drainage basins in amounts that

exceed their concentrations in the open ocean many

times (Arst, 2003). Until recently, two problems have

reduced the utility of satellite monitoring of fresh-

waters in high latitudes: (1) interference of coloured

dissolved organic matter (CDOM) in the estimation

of chlorophyll concentration; and (2) infrequent

satellite measurements and relatively frequent cloud

cover.

The MERIS has spectral bands (centred at 650,

681 and 705 nm) that allow chlorophyll to be

estimated in the presence of CDOM, and it uses a

neural network (NN) technique instead of band ratio

algorithms (Schiller & Doerffer, 1999). The MERIS

atmospheric correction procedure has been especially

adapted for turbid waters using a coupled hydrolog-

ical-atmospheric model (Moore et al., 1999). MERIS

(like other earth observation satellites) has high

measurement frequencies, passing over the regions

of interest each day and greatly increasing the

chances of obtaining useful cloud-free images. The

full resolution (*300 m) data provide the highest

spatial resolution available from a satellite sensor, the

radiometric sensitivity of which is optimised for

measuring water, and could provide additional infor-

mation to complement the systems for monitoring

large lakes (Pierson & Strombeck, 2000).

The present paper investigates the possibility of

using the MERIS images to monitor water quality in

European Union’s three largest lakes (Table 1): Lake

Peipsi in Estonia–Russia, and Lakes Vanern and

Vattern in Sweden. We validate the MERIS products

(chlorophyll a, suspended matter, absorption by

dissolved organic matter) against in situ water quality

parameters obtained by long-term monitoring pro-

grammes in these lakes (Pierson & Strombeck, 2000;

Strombeck & Pierson, 2001; Reinart et al., 2004a).

Because the MERIS images have not been widely

available to researchers and the reprocessing has only

recently been finished (March 2006), only a few

publications have addressed the details and results.

Therefore, the present paper gives valuable informa-

tion for different users.

Materials and methods

MERIS products

MERIS Level 2 processing includes atmospheric

correction and the application of algorithms for

retrieving concentrations of phytoplankton pigment,

total suspended matter and CDOM from the radiation

from the water (http://www.envisat.esa.int/hand

books/meris/). The optical properties of phytoplank-

ton are described in Schiller & Doerffer (1999) and

ATBD_2_12.

Case II water processing uses the inverse radiative

transfer modelling technique with a NN parameterisa-

tion. TheNN uses all visible bands (nine, excluding the

fluorescence band at 681 nm) and outputs the scatter-

ing coefficient (b), absorption by pigments (apigment)

and absorption by CDOM and detritus (aCDOM). The

phytoplankton pigment index is expressed as the

chlorophyll concentration in mg m-3 (product name

‘‘algal_2’’), and the non-absorbing suspended particle

concentration in g m-3 (‘‘total_susp’’). CDOM is

expressed by absorption at 443 nm in units of m-1

(‘‘yellow_subs’’).

Concentrations are calculated from the scattering

and absorption coefficients according to empirical

relationships (Doerffer, 2006; Krasemann, 2006):

total susp ¼ 1:73 � bð443Þ
algal 2 ¼ 21 � apigmentð443Þ1:04

As the NN gives optical properties rather than

concentrations, it makes these algorithms regionally

Table 1 Morphometric data (Kvarnas, 2001; Noges, 2001),

concentrations of phytoplankton pigments (CchlCC ), total sus-

pended matter (CTSSCC ) and absorption by CDOM (means ± 1

standard deviation) measured in water samples taken in the

years 2003 and 2004, and ranges of Secchi depth in the three

study lakes

Parameter Peipsi Vanern Vattern

Area, km2 3,555 5,648 1,856

Mean depth, m 7 27 40

Maximum depth, m 15.3 106 128

CchlCC , mg m-3 20.7 ± 17.5 3.6 ± 1.9 1.1 ± 0.3

CTSS,CC g m-3 5.9 ± 4.5 0.6 ± 0.1 0.5 ± 0.1

aCDOM(443), m
-1 2.6 ± 1.0 1.2 ± 0.5 0.3 ± 0.1

Secchi depth, m 0.4–4.8 2.0–7.9 6.5–15.0
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adjustable, as successfully shown by Peters (2006). In

order to allow comparison with other ocean colour

sensors, there is also another special product for Case

I waters—algal_1. Algal_1 is calculated by a single

polynomial based on the highest reflectance ratio

(bands 442, 490, 510 and 590), clipping within 0.01–

30 mg m-3 (ATBD_2_12).

In addition to water quality parameters, several

flags are incorporated in the Level 2 files. Some of

them are set during processing to indicate whether

anything may be wrong (invalid reflectance, algal_1

or algal_2 algorithm application), or for information

such as Case II sediment-rich and CDOM-rich waters

(‘‘case2_s’’, ‘‘case2_y’’).

Description of lakes

All three lakes studied are located on almost the same

latitude (57.8–59.4 N). The two Swedish lakes are

west of the Baltic Sea and are more affected by the

Atlantic Ocean and the Gulf Stream while Peipsi, on

the border between Estonia and Russia, is more

affected by the continental climate (Fig. 1).

Lake Peipsi is a large shallow lake (Table 1). The

nutrient load from the Estonian River Suur-Emajogi

and the Russian River Velikaya has caused strong

eutrophication of the lake. The clearest water is

observed in the north-western corner of Peipsi and the

most turbid water in its southernmost part (Lake

Pihkva). The River Suur-Emajogi brings large

amounts of humic matter from the surrounding bog

areas into the lake, which makes the water close to

the river inflow brownish and usually less transparent

than the water in the deeper parts of Peipsi (Reinart

et al., 2004b). Water transparency in Peipsi depends

primarily on the development of phytoplankton in its

northern part, while in other parts it also depends on

the amount of humic substances. Toxin-producing

cyanobacteria have been recorded in Peipsi at con-

centrations up to 100 mg m-3 by the end of summer.

Lake Vanern in central Sweden is divided into two

basins by a shallow archipelago. Its water quality is

classified as moderately nutrient-rich, and measure-

ments of algal biomass indicate oligotrophic

conditions (Willén, 2001). The southern basin is

slightly more turbid than the northern, but river

inflow mainly into the northern basin makes it more

Fig. 1 Locations of the study lakes in Europe. Regular monitoring sampling points are indicated by labelled circles. Additional field

p p ( )samples were taken from Peipsi in 2004 (crosses)
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humic. From long-term monitoring of this lake it is

known that the suspended sediment concentration

may vary between 0.2 and 4.5 g m-3, and the

chlorophyll concentration between 0.3 and 7.4 mg

m-3 (Strombeck & Pierson, 2001). In this lake, the

bloom of phytoplankton in spring (May–early June)

is often more pronounced than the second bloom in

August.

Lake Vattern is about 20 km east of Vanern and

comprises only one rather narrow basin (width less

than 15 km). It has a relatively small watershed, and

seasonal variations in discharge from the tributaries

have very little impact on the lake’s water quality.

Ultra-oligotrophic conditions prevail in this lake

(Willén, 2001).

The water transparency measured by Secchi depth

is highest in Vattern, 6.5–15.0 m; it is lower in

Vanern (2.0–7.9 m) and lowest in Peipsi (0.4–4.8 m).

Overall, these three lakes represent a wide range of

optical variability in water bodies. Compared to the

two Swedish lakes, Peipsi has higher concentrations

of OAS (optically active substances: phytoplankton

pigments and other suspended particles or dissolved

organic substances). Therefore, the lake complements

the continuum with Vanern and Vattern both spatially

and in terms of the optical properties of the water.

In situ data

The first sources of in situ data are the regular state

monitoring programmes. In Lakes Peipsi (state mon-

itoring database: http://www.seiremonitor.ee), Vanern

and Vattern (Swedish University of Agricultural Sci-

ences, SLU database: http://www.info1.ma.slu.se/),

regular monitoring includes the measurement of

chlorophyll a concentration. Data about suspended

sediments and absorption by CDOM, however, are

available only occasionally (Table 2). Regular sam-

pling in Peipsi in the years 2003 and 2004 was

performed 2–3 times per month (May–November) at

6 points, but only 5 times per year in Lakes Vanern (5

points) and Vattern (2 points). The sampling points in

each lake are shown in Fig. 1. We have used data for

the period of May–September only, because in

October and November the sun is too low for correct

satellite validation and the sky is mainly cloudy.

As regular monitoring in Peipsi does not include the

estimation of CDOM absorption, additional sampling

was performed at the monitoring points during four

field campaigns in 2003 and 2004 (Reinart et al.,

2004a, b). The concentrations of chlorophyll, sus-

pended sediments and CDOM were measured from

these samples; thus, many more in situ data are shown

in Table 2 for Peipsi (159) than for Vanern (41) or

Vattern (11).

Lindell et al. (1999) have suggested methods for

remote sensing of lakes. For chlorophyll concentration,

water was filtered through Whatman GF/F-filters, and

the chlorophyll a + pheophytin a concentration (CchlCC )

was measured spectrophotometrically in ethanol

extracts of the filters. The concentration of total

suspended matter (CTSSCC ) was measured gravimetri-

cally (precision of 0.01 mg) after a measured volume

of water was filtered through pre-weighed and pre-

combusted Whatman GF/F-filters. Absorption by col-

oured dissolvedmatter (aCDOM)wasmeasured over the

400–750 nm range in water filtered through 0.2 lm
filters; the value at 443 nm is reported here.

The Swedish database contains absorbance at

420 nm (abs_420_F) measured with a 5 cm cuvette.

These values were recalculated to obtain the absorp-

tion values at 443 nm, assuming an exponential

decrease with wavelength as described by Strombeck

& Pierson (2001):

aCDOMð443Þ ¼ 2:303

0:05
� abs 420 F

exp ½ ��0:014ð443� 420Þ :

Satellite images

The MERIS images were reprocessed twice in

accordance with input from scientific teams. Products

Table 2 Numbers of satellite images (2003–2004) and mea-

sured data used in the present study

Satellite images In situ measurements

Chl CDOM TSS

Peipsi 86 (18) 104 (52) 58 (39) 161 (68)

Vanern 110 (17) 45 (20) 35 (19) 6 (2)

Vattern 101 (3) 8 (4) 6 (4) 4 (3)

Sum 297 (38) 157 (76) 99 (62) 171 (73)

Numbers in brackets indicate how many image/data pairs were

used for comparison between satellite and measured data
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with the latest official version have been available

since 8 May 2006 (http://www.earth.esa.int/pub/

ESA_DOC/ENVISAT/MERIS). The MERIS L2 RR

(reduced resolution) images processed by this method

are available to the user community via the MERCI

catalogues at http://www.brockmann-consult.de/merci.

Access to these images was possible through a Cate-

gory 1 user project (ID 3180, PI A. Reinart) ‘‘Testing

the applicability of MERIS L2 products for monitoring

humic coastal and lake waters in the Baltic Sea

region’’.

We collected a total of 297 images from Lakes

Peipsi, Vanern and Vattern (Table 2) during the ice-

free period (May–September) in 2003 and 2004.

Because of the frequent cloud cover and sporadic

in situ measurements, only 38 images could be used

to compare satellite products with direct measure-

ments. We have used images that were acquired on

the day of in situ measurement or on a neighbouring

day (Table 2).

Images were visualised and analysed using the

software tool BEAM 3.5 (Brockmann Consult/ESA).

In situ measurement points were marked with a pin in

the MERIS RR L2 images and a 3 9 3 pixel area

around the pin was examined. Average concentra-

tions and standard deviations were calculated at every

measurement point for every date on the basis of nine

pixel values for the algal_1, algal_2, total suspended

matter and yellow substance products.

Results

Chlorophyll

Satellite data allow both the temporal and spatial

variations of phytoplankton development to be stud-

ied in more detail than point measurements. In Fig. 2,

the temporal variation of the product algal_2 is

shown for two points in each lake.

In Peipsi, point P4 is located in the centre of the

lake and represents the deepest and clearest region,

while P17 is in a narrow region between the southern

and northern basins (Fig. 1). Satellite data confirm a

notable spring bloom (CChlCC up to 45 mg m-3) over

the whole of Peipsi. The bloom is slightly lower in

open waters than close to the coast, where the water

heats up more quickly. In June–July, CChl decreases

to 5 mg m-3 at P4, but at P17 the midsummer bloom

(mainly cyanobacteria) starts again. The MERIS data

also show an increase in CChl in August–September.

At P17, no such increase is notable and the values are

even lower than in spring. However, it is known from

field observations that cyanobacteria may form a

dense layer on the surface and concentrations may

rise to several hundred mg m-3.

In Vanern (Fig. 2b) point Vn3 is located in a small

bay and Vn2 in an open area between the northern

and southern basins (Fig. 1). At both points, a spring

bloom is notable in May. Thereafter the CChlCC values

remain rather low and do not vary much in the open

lake, but at Vn3 the MERIS data indicate rather high

values in June and again later in August–September

(occasionally up to 30 mg m-3). Such high values

are not supported by measurements. The in situ

dataset gives an average CChlCC for Vanern of

3.6 ± 1.9 mg m-3. One or two samplings during

summer, however, may easily overlook rapid changes

in water quality.

In Vattern there is basically no difference between

the northern (Vt1) and southern points (Vt2), and

algal_2 values stay very low with no clear seasonal

trend. Some peaks shown in Fig. 2c are associated

with a large standard deviation among the pixels

examined. This may be caused by processing errors

or small clouds rather than representing a real

variation in chlorophyll concentration.

In general, the MERIS algal_2 is lowest and has the

smallest variation in Vattern (1.9 ± 0.9 mg m-3), and

is highest in Peipsi (15.1 ± 11.6 mg m-3) (Table 3).

This order agrees with the field measurements. How-

ever, the average values from the MERIS results are

higher than the values measured in Lakes Vattern and

Vanern, though they are lower than the values

measured in Peipsi (Tables 1 and 3).

The MERIS derived algal_2 and the in situ mea-

sured CChl are compared directly in Fig. 3. Although

all points are located around the 1:1 line, the scatter is

rather wide. A good correlation can be obtained only

when all the lakes are included (yMERIS = 1.16xin situ,

R2 = 0.52, N = 76). In Peipsi, it was observed that

when the measured CChlCC was extremely high ([45 mg

m-3) the MERIS results were particularly low

(*1 mg m-3). These values are not shown in Fig. 3,
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and they are not included in the correlation as they

exceed the limit of the algorithm.

Total suspended matter

The in situ CTSSCC in Peipsi varied between 1 and

26 g m-3 with the higher values in the southern

shallow regions towards autumn. The overall mean

was 5.9 ± 4.5 g m-3, which is markedly higher than

in the two deep Swedish lakes (Table 1). The MERIS

results shown in Table 3 are lower than the measured

values for Peipsi, but higher than the measured values

for Vanern and Vattern.

In Vanern, measurements are in the range of 0.4–

0.8 g m-3, but MERIS gives values up to 6.4 g m-3

for the same points. Unfortunately, CTSSCC in the SLU

database values shown in Table 1 do not include the

most turbid coastal points. In other studies (Strom-

beck & Pierson, 2001; Reinart et al., 2004a), the

average CTSSCC of 1.2 ± 0.4 g m-3 was close to the

MERIS results in Table 3. We have very few in situ

data for Vattern (0.4–0.5 g m-3) but they actually

match the MERIS results (mean: 0.6 g m-3). How-

ever, MERIS often gives much higher values, which

have never been found in samples from Vattern. No

Fig. 2 Temporal variation of CchlCC in lakes Peipsi (a), Vanern
(b) and Vattern (c) in 2003 as estimated by the MERIS product

algal_2. Two sampling points (cf. Fig. 1) from each lake were

pselected for line plots

Table 3 Concentrations of optically active substances and

absorption by CDOM (means ± 1 standard deviation) in the

three study lakes in 2003–2004, estimated from MERIS images

Parameter Peipsi Vanern Vattern

CchlCC , mg m-3 15.1 ± 11.6 6.4 ± 5.8 1.9 ± 0.9

CTSSCC , g m-3 3.9 ± 4.5 1.6 ± 1.1 0.6 ± 1.2

aCDOM(443), m
-1 1.5 ± 1.9 0.4 ± 0.5 0.4 ± 0.3

Fig. 3 Comparison of the MERIS-estimated CchlCC (product

algal_2) and in situ measured CchlCC (2003–2004) for the three

lakeslakes
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correlation was found between the measured and

satellite-based estimates of CTSSCC in the lakes studied.

Coloured dissolved organic matter

Yellow substance may be produced in a lake or

transported into a lake from its drainage area. It was

previously shown (Strombeck & Pierson, 2001; Rein-

art et al., 2004b) that CDOM in the lakes studied is

clearly of allochthonous origin. The values of

aCDOM(443) in Lakes Peipsi and Vanern are higher in

samples from river mouths or shallower areas close to

the shore. Therefore, the standard deviations shown in

Table 1 are rather large. The minimal values measured

in Peipsi are comparable with the maximal ones in

Vanern, while aCDOM(443) was much lower in Vattern

(Table 1) and less variable than in the other two lakes.

Comparison of the measured values with MERIS

estimates showed no correlation. The MERIS data

mostly underestimated aCDOM(443) in Lakes Peipsi

and Vanern, and there was also high pixel-to-pixel

variation. For Vattern, the satellite estimates were

close to the in situ data (0.4–0.5 m-1), but this result

was based on only four data points. There is no

difference in aCDOM(443) between Lakes Vanern and

Vattern on the basis of the satellite data.

Discussion

There is a special flag to indicate CDOM-loaded

waters in the MERIS processing (case2_y), but this

was not activated over the lakes. The same is true for

the flag showing anomalously high scattering

(case2_anom), though in some cases, especially in

Peipsi, scattering should have been really high. A flag

indicating sediment-dominated turbid waters

(case2_s) was active over the whole of Peipsi and

the southern bays of Vanern. It was also sometimes

active in the central area of Vanern, where scattering

cannot be high.

Flag PCD_1_13, which indicates invalid results

after atmospheric correction at any of the spectral

bands, was active almost everywhere over the lakes.

This is the probable reason why the algal_1 product

was always invalid over the lakes. Flag ‘‘invalid

algal2_tsm_ys’’ (any of the case_2 water products is

invalid) was most commonly activated over Lakes

Vanern and Vattern. In Peipsi, 0–3 pixels were

typically flagged for the coast and, more often, for

the southern lake regions. Overall, MERIS Case II

processing resulted in invalid reflectance over the

lakes and invalid concentrations of chlorophyll and

suspended sediments or absorption by CDOM in

Lakes Vanern (70–90% of pixels), Vattern (90–100%

of pixels) and Peipsi (5–47% of pixels).

On the basis of our data we can conclude that the

MERIS Case II chlorophyll concentration product

(algal_2) and the in situ measured CChlCC are correlated

(R2 = 0.52). The MERIS results make clear distinc-

tions among the three lakes studied, with Peipsi having

the highest and Vattern the lowest values, and seasonal

variations (blooms) can be detected. MERIS strongly

underestimates the very high chlorophyll values during

the autumn bloom in Peipsi ([45 mg m-3), and it

overestimates the values in Lakes Vanern and Vattern

almost twofold. For suspended sediment and CDOM

there were no correlations between the MERIS and the

measured data. Total_susp still provides a reasonable

spatial distribution for most of the lake areas (exclud-

ing the coastal region of Vanern). Absorption by

CDOM is strongly underestimated in Lakes Vanern

and Peipsi.

The MERIS products are still under validation.

Preliminary results have only been presented at

meetings and none have been published yet. Generally

good results have been obtained for the North Sea

(Krasemann, 2006; Peters, 2006) because the inherent

optical dataset was also derived on the basis of the

North Sea data (Doerffer, 2006). In this case, there was

a notable underestimation of aCDOM(443) when the

values were above *1 m-1 and an overestimation

when aCDOM(443) was less than *1 m-1, as we also

found in the three lakes we studied.

The present MERIS Case II algorithm was devel-

oped for the ranges aCDOM(443): 0.005–5.0 m-1,

algal_2: 0.02–43 mg m-3, and total_susp: 0.01–

51 g m-3 (Doerffer, 2006). Therefore, in Peipsi,

some very high values during a heavy bloom and in

river inflow may really exceed the processing limits.

However, these lakes are mostly within the range for

which the MERIS algorithms were developed. The

lack of correlation between measured and satellite-

derived CTSSCC over the entire dataset may be due to

temporal and spatial changes in the composition of

suspended matter (organic and inorganic). The

scattering coefficient of mineral particles is markedly
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different from that of phytoplankton. There are even

large differences among different phytoplankton

species. The set of optical properties selected for

the NN probably cannot be applied to intense

plankton blooms.

From the limited amount of data presented here,

we see that MERIS has already shown its capability

and potential for detecting changes in the optical

properties of lakes. Before MERIS images can be

used in long-term programmes for monitoring water

quality in large lakes, validation of the MERIS

products should continue, including validation of the

relationships between OAS and the inherent optical

properties to specify local algorithms. This will allow

estimates to be improved, especially for the param-

eter most often included in monitoring programmes

and also directly related to ecological conditions,

CChlCC .
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Relations of phytoplankton in situ primary production,
chlorophyll concentration and underwater irradiance
in turbid lakes
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Abstract In order to study the relationships among

primary productivity, chlorophyll content and light

conditions (underwater quantum irradiance, diffuse

attenuation coefficient) in turbid lakes, we performed

a series ofmeasurements in three Estonian lakes (Peipsi,

Vortsjarv andHarku) during2003–2005.We focused on

(1) comparison of in situ vertical profiles of planar and

scalar quantum irradiances in the water, (2) extremely

high values of chlorophyll content and primary produc-

tion in some turbid lakes and (3) analysis of the

formation of the vertical profiles of primary production

(shape and the depth of itsmaximumvalue) as a function

of incident irradiance. The following parameters were

measured: (a) primaryproduction at different depths, (b)

incident planar quantum irradiance in the region of 400–

700 nm, (c) underwater downwelling planar and scalar

quantum irradiances at different depths in the same

waveband, (d) relative transparency of water (Secchi

depth), (e) concentrations of chlorophyll a and (f)

spectra of beam attenuation coefficient for unfiltered

and filtered water in the wavelength range of 350–

700 nm (from water samples). During 36 measurement

days (14 in Peipsi, 14 in Vortsjarv and 8 in Harku), and

we collected reliable dataset for 53 measurement series.

Our data showed the relative difference between

underwater planar and scalar quantum irradiance in a

range of about 25–65% implying big differences in

primary production models if instead of the preferable

scalar quantum irradiance planar irradiance data are

used. The results showed a large variation of vertical

profiles of primary production in relation to illumination

conditions. The depth of maximum primary production

dependedonwater turbidity and incident irradiance, and

was located at the water surface in case of low

illumination. The relationship between vertically inte-

grated primary production and chlorophyll

concentration could be described by a power function

with an exponent of 0.64 (R2 = 0.81).

Keywords Primary production �
Underwater irradiance � Optically active substances

Introduction

Although a large proportion of lakes over the world

are turbid and highly eutrophic, their bio-optical
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modelling (e.g. Talling et al., 1973; Kirk, 1981, 1996;

Dekker & Peters, 1993) seems to have gained less

attention compared to moderate and clear-water lakes

(e.g. Bukata et al., 1985, 1988; Shanz, 1985; Chek-

hin, 1987; Koenings & Edmunson, 1991; Gallie &

Murtha, 1992; Gitelson et al., 1994; Dekker et al.,

2001; Giardino et al., 2001; Harma et al., 2001;

Strombeck & Pierson, 2001, etc.).

During last years our group of marine optics

performed a number of studies on turbid lakes in

Estonia (Arst et al., 1999, 2006; Herlevi, 1999, 2002;

Erm et al., 2001, 2002; Arst, 2003). Turbid lakes

deserve more attention because several water param-

eters like concentrations of optically active

substances, plankton biomass and primary production

can gain extreme values in such lakes, which have to

be taken into account when calibrating of different

functional models describing water ecosystems.

The main aim of the productivity measurements of

aquatic ecosystems, which started in the second half

of the twentieth century (Steeman Nielsen, 1952;

Ryther, 1956; Vinberg, 1961; Peterson, 1980), was to

get a better understanding of the food chain relation-

ships and of the functioning of the ecosystems.

Traditional methods for primary production measure-

ments are based on the gas exchange part of the

process of photosynthesis and measure either the

release rate of oxygen from plants (Gaarder & Gran,

1927) or the uptake of carbon dioxide (Steeman

Nielsen, 1952). In the latter case the radioactive 14C

method is used. Both methods measure in fact the

instantaneous rate of the photosynthesis during short

(1–2 h) exposures. Using of the longer exposures

biases the results: in the case of the oxygen method,

part of the oxygen produced in the experimental

bottles may form gas bubbles when a supersaturation

is generated, in case of 14C method, cells start

releasing the isotope label when the exposure exceeds

the turnover time. The methodological differences of

the methods have been discussed, e.g. by Strickland

(1960) and Patten & Chabot (1966).

Lake types differ by the ability to bind carbon and

the differences can be attributed mainly to differences

in their productivity. Due to changing light conditions

the planktonic photosynthesis has a pronounced daily

dynamics. In order to get integrated results over

longer time periods (days, months, years), a large

number of consecutive measurements of instanta-

neous photosynthesis rate should be carried out and

integrated. However, this time-consuming method

cannot be used for routine measurements and there-

fore the involving of bio-optical model calculations

could solve the problem. Modelling is exceptionally

important in turbid lakes of high productivity where

the sharp light gradient may cause big errors if

traditional field methods are applied.

Our final purpose (beyond the analyses included in

this paper) is to build a model for computing primary

production in the water based on the values of

photosynthetically absorbed radiation and quantum

yield of carbon fixation. Based on theoretical con-

siderations from previous bio-optical models and

some empirical relationships (Bannister, 1974;

Morel, 1978; Kiefer & Mitchell, 1983; Morel &

Berthon, 1989; Smith et al., 1989; Kiefer & Gullen,

1990; Kyewalyanga et al., 1992; Berthon & Morel,

1992; Kirk, 1996; Sosik, 1996; Noges & Noges,

1998) we made an hypothesis that the model can be

quantified on the basis of the spectral/integral inci-

dent quantum irradiance and diffuse attenuation

coefficient of light in the water, and the respective

chlorophyll a content.

The purpose of the first stage of our project was to

collect a database, containing a large number of

primary production profiles and corresponding solar

irradiances (incident and underwater) as well as

chlorophyll a values. In the analysis, we focused on

the following aspects scarcely discussed in the

literature: (1) comparison of in situ measured vertical

profiles of planar and scalar quantum irradiances

measured in the water, (2) extremely high values of

chlorophyll a and primary production (P) in some

turbid lakes, (3) analysis of the formation of the

vertical profiles of P (and the depth of its maximum

value) as a function of incident irradiance and (4)

collecting a rather impressive database describing the

values of bio-optical characteristics and their varia-

tions in turbid lakes. In the present article the main

results of this sub-programme are discussed.

Material and methods

In 2003–2005 we collected the following in situ and

laboratory data:

• Primary production at different depths (P(z),

mg C m-3 h-1) was estimated in situ at six
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depths in the lake using 14CO2 assimilation

technique (Steeman Nielsen, 1952) and 2-h

incubation around midday. After incubation the

water was acidified (pH\ 2) by 0.5 N HCl to

remove the rest of inorganic 14C (Niemi et al.,

1983; Hilmer & Bate, 1989; Lignell, 1992).

Then radioactivity of the samples was measured

by a LSC RackBeta 1211 counter (Wallac,

Finland) using external standardization for

DPM calculations and scintillation coctail Opti-

phase ‘HiSafe 3’ (Wallac, Finland). P(z) was

calculated by the standard formula (Nielsen &

Bresta, 1984). Non-photosynthetic carbon fixa-

tion was measured in dark vials and subtracted

from light assimilation. Integral values of

primary production, Pint, were calculated by

integrating P(z) over depth.

• Incident planar quantum irradiance (qPAR(inc) lmol

m-2 s-1; using quantum sensorLI-192SA,LI-COR

Corporation SA, Lincoln, Nebraska, USA) in the

photosynthetically active region (PAR, 400–

700 nm) every two minutes above the water during

the 2-h incubation period of P(z) bottles.

• Underwater downwelling planar and scalar quan-

tum PAR irradiances, qPAR(z) (quantum sensor

LI-192 SA) and q0,PAR(z) (quantum sensor LI-193

SA) at different depths (z), 2–8 depth vertical

profiles during 2-h period.

• Relative transparency of water by Secchi disk

(zSD, m).

• Concentrations of chlorophyll a (Cchl, in mg m-3)

according to the Lorenzen (1967) method, total

suspended matter (Cs, in mg l-1) by dry weight.

• Spectra of the light attenuation coefficient in

filtered and unfiltered water samples in the wave-

length range of 350–700 nm using the laboratory

spectrophotometer Hitachi U1000. On the basis of

these results we derived the values of the diffuse

attenuation coefficient (Arst et al., 2002; Arst,

2003) to check the in situ downwelling planar

irradiance (could be biased by waves).

The measurements were carried out in three

Estonian lakes, Peipsi, Vortsjarv and Harku

(Table 1). Altogether there were 36 measurement

days: 14 in both Peipsi and Vortsjarv, and 8 in Harku.

Two consecutive measurement series were planned

for each day, the first before or at midday (marked as

a.m. in Figs. 4–7) and the second in the afternoon

(p.m.), but sometimes due to the weather conditions

or technical problems some data were missing or not

acceptable. Altogether we got reliable results from 53

field and 68 laboratory series.

Results

Some examples of the vertical profiles of planar and

scalar irradiances measured simultaneously are

shown in Figs. 1 and 2.

The turbidity of water is often described using the

depth-averaged diffuse attenuation coefficient of

PAR, Kd,PARKK (z). To determine its value we plotted

the logarithm of qPAR(z) vs. depth and measured

Kd,PARKK (z) as the slope of the least-square regression

line through these points. The seasonal variations of

zSD, Cchl and Kd,PARKK are shown in Fig. 3a–c. The

corresponding temporal change in the primary pro-

duction integrated over depth (Pint) is presented in

Fig. 4.

Some vertical profiles of primary production are

shown in Figs. 5–7. We also investigated the

relationships between the depth of maximum

primary production (z(Pmax)) and the optical param-

eters. The following multiple regression formula

was obtained:

zðPmaxÞ ¼ 0:000544zSD � qPARðincÞ þ 0:0398

R2ðadjÞ ¼ 0:794; n ¼ 53; p\0:0001

ð1Þ
where z and zSD are inmand qPAR(inc) inlmol m-2 s-1.

The minimum and maximum values of Cchl,

Kd,PARKK , Pint and Pmax (the maximum of a primary

production profile) measured during 2003–2005 are

shown in Table 2. We also calculated the values of

hourly chlorophyll-specific primary production

(assimilation number, AN, mgC m-3 mg Chla-1) as

ratio of CchlCC and P(z), and the depth-averaged values

of P(z) and AN for each measurement series. In Arst

et al. (2006) the regressions CchlCC vs. Pint and AN(av)

vs. P(av) were studied using the first ten measure-

ment series from 2003. In the present study we

repeated these calculations for all 53-measurement

series (Figs. 8 and 9).
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Discussion

In Figs. 1 and 2 all cases show that q0[ q, while the

absolute differences decreased with increasing depth.

However, relative differences between these two

parameters practically did not depend on depth:

according to all our data they were 25–45% for

Table 1 Trophic type,

main morphometric data

and typical variation of

Secchi depth (zSD) in
summer in the lakes under

investigation

Lake Trophic type Area (km2) Average depth (m) Maximum depth (m) zSD (m)

Peipsi Meso/eutrophic 2,611 8.3 12.9 0.9–3.0

Vortsjarv Eutrophic 270 2.8 6.0 0.3–1.6

Harku Hypertrophic 1.64 2 2.5 0.1–1.0

Fig. 1 Vertical profiles of planar (q) and scalar (q0) irradi-

ances measured in Peipsi (the values were scaled so as to

correspond to the mean value of incoming surface irradiance

during the measurement procedure)during the measurement procedure)

Fig. 2 Vertical profiles of planar (q) and scalar (q0) irradi-

ances measured in Vortsjarv (the values were scaled so as to

correspond to the mean value of incoming surface irradiance

du g t e easu e e t p ocedu e)during the measurement procedure)

Fig. 3 Temporal variation of chlorophyll a concentration

(CchlCC ), diffuse attenuation coefficient in PAR band (Kd,PARKK ),

and Secchi depth in lakes Peipsi, Vortsja –rv and Harku in 2003–

2005 (averaged values for each measurement day are

p ese ted)presented)
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Peipsi, 30–55% for Vortsjarv and about 65% in

Harku (in case of algal bloom these numbers could be

even bigger). It is important to note the substantial

variation of these differences both within and

between the lakes. Due to the fact that the algal cells

are illuminated from all directions primary produc-

tion calculations should be performed using the data

of underwater scalar quantum irradiance (Kirk, 1996;

Sosik, 1996). Because of the large variability of the

differences between q and q0, the use of q without a

correction coefficient in bio-optical models instead of

q0 should be avoided.

The seasonal behaviour of CchlCC and Kd,PARKK was

similar (Fig. 3a, b)—their values depended on the

biological activity (maxima in August–September).

A general increase of these variables from 2003 to

2005 was observed only in Harku. Also the

variability of suspended matter was in good accor-

dance with the corresponding CchlCC values (not

shown). The variation of the Secchi depth between

the different lakes (Fig. 3c) was much lower than

Fig. 4 Temporal variation of integral primary production

(Pint) in lakes Peipsi, Vortsjarv and Harku in 2003–2005.

a.m., measurement series starting before or at noon; p.m.,

easu e e t se es ade t e a te oomeasurement series made in the afternoon

Fig. 5 Some vertical profiles of primary production P(z)
measured in Peipsi: (1) 16.06.04, CchlCC = 5.7 mg m-3, qPAR(-
inc) = 620 lmol m-2 s-1, (2) 13.07.04, CchlCC = 14.5 mg m-3,

qPAR(inc) = 350 lmol m-2 s-1, (3) 17.08.05, CchlCC = 33.1 mg

m-3, qPAR(inc) = 1,060 lmol m-2 s-1. CchlCC is chlorophyll a
concentration in the water, qPAR(inc) is incident planar

quantum irradiance; a.m., measurement series starting before

o at oo ; p. ., easu e e t se es ade t e a te ooor at noon; p.m., measurement series made in the afternoon

Fig. 6 Some vertical profiles of primary production P(z)
measured in Vortsjarv: (1) 12.06.03, CchlCC = 44 mg m-3,

qPAR(inc) = 425 lmol m-2 s-1, (2) 17.06.04, CchlCC = 43 mg

m-3, qPAR(inc) = 560 lmol m-2 s-1, (3) 14.09.04, Cchl = 79

mg m-3, qPAR(inc) = 1,300 lmol m-2 s-1. CchlCC is chlorophyll

a concentration in the water, qPAR(inc) is incident planar

quantum irradiance; a.m., measurement series starting before

o at oo ; p. ., easu e e t se es ade t e a te ooor at noon; p.m., measurement series made in the afternoon

Fig. 7 Some vertical profiles of primary production P(z)
measured in Harku: (1) 16.08.04, CchlCC = 123 mg m-3,

qPAR(inc) = 1,300 lmol m-2 s-1, (2) 18.10.04, CchlCC = 160

mg m-3, qPAR(inc) = 80 lmol m-2 s-1, (3) 16.08.05, CchlCC =

389 mg m-3, qPAR(inc) = 990 lmol m-2 s-1. CchlCC is chloro-

phyll a concentration in the water, qPAR(inc) is incident planar
quantum irradiance; a.m., measurement series starting before

or at noon; p.m., measurement series made in the afternoonor at noon; p.m., measurement series made in the afternoon
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that of CchlCC and Kd,PARKK . The low sensitivity of the

Secchi depth to changes of optically active sub-

stances in very turbid waters is more thoroughly

discussed by Arst (2003). Similarly to CchlCC , Pint had

the maximum values in August (Figs. 3a and 4), but

dropped in September as a result of the decrease of

the incoming irradiance.

The vertical profiles of primary production and the

value of maximum primary production (Pmax) dem-

onstrate the dependence of the P(z) on plankton

abundance and on incoming and underwater irradi-

ance (Figs. 5–7). The depth of maximum primary

production (z(Pmax)) depends mainly on illumination

conditions. In cases of low illumination z(Pmax) is

close to zero (the maximum primary production was

observed at the surface, e.g. on 12.06.03, 13.07.04

and 18.10.04 in Figs. 5–7). In the multiple regression

formula (Eq. 1) the product of Secchi depth and

incident irradiance, zSDqPAR(inc), explained nearly

eighty percent of the variability of z(Pmax).

Our results (Table 2) show that the investigated

three turbid lakes (Secchi depth below 3 m) can be

very different by the values of optically active

substances, Kd,PARKK and zSD, and also by biological

productivity. A really exceptional, extremely turbid

lake is Harku, showing maximum values of Cchl,

CchlCC (euf), Kd,PARKK and Pint respectively 398 mg m-3,

239 mg m-2, 7.7 m-1 and 435 mg C m-2 h-1. The

value of Pint was rather close to the record highest

rates of photosynthesis, 530–900 mg C m-2 h-1

measured in the Ethiopian soda lakes (Talling,

1973, oxygen production converted to carbon using

a coefficient of 0.375). The chlorophyll content per

square metre in the euphotic layer (Cchl(euf)) in

Harku ranged from 87 to 239 mg m-2, with the

highest values reaching the maximum holding capac-

ity of the euphotic layer (*200–300 mg m-2)

expected on theoretical grounds (Steeman Nielsen,

1962; Noges, 2000).

Comparing the regressions CchlCC vs. Pint obtained

by us and presented in Arst et al. (2006) it turned out

that the general trend was the same, but instead of

polynomial regression formula (in Arst et al., 2006)

we got an exponent (Fig. 8). For the AN(av) vs. P(av)

relationship the general form of the regression

formula remained the same:

Table 2 The minimum and maximum values of chlorophyll a
concentration (CchlCC ), chlorophyll a content in the euphotic layer
(CchlCC (euf)), diffuse attenuation coefficient determined from

qPAR vertical profile (Kd,PARKK ), primary production integrated

over depth (Pint), and the vertical maximum value of primary

production (Pmax) in lakes Peipsi, Vortsjarv and Harku in

2003–2005 (taken from separate measurement series)

Lake CchlCC (mg m-3) CchlCC (euf) (mg m-2) Kd,PARKK (m-1) Pint (mg C m-2 h-1) Pmax (mg C m-3 h-1)

Peipsi 4.2–37 24–117 0.74–2.58 16.6–107 7.8–116

Vortsjarv 28–79 61–142 1.65–3.40 42.8–273 23.4–182

Harku 54–389 87–239 2.50–7.7 39–435 96–1,532

Fig. 8 Regression CchlCC vs. Pint fobtained from the data of

2003–2005 (N = 53, p\ 0.001). Cchl is chlorophyll a con-

centration in the water,centration in the water, Pintint is the integral primary productionis the integral primary production

Fig. 9 Regression AN(av) vs. P f(av) obtained from the data of

2003–2005 (N = 53, p\ 0.001). AN(av) and P(av) are

correspondingly vertically averaged assimilation number and

p a y p oduct o o eac easu e e t se esprimary production for each measurement series
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PðavÞ ¼ T1TT ðANðavÞÞ2 þ T2TT ANðavÞ; ð2Þ
but the constants T1 and T2TT changed, respectively,

from 41.5 to 46.3 and from 5.1 to -6.3 (Fig. 9).

Conclusions

• According to our study turbid lakes (Secchi depth

below 3 m) can be very different by the values of

optically active substances,Kd,PARKK and zSD, and also

by biological productivity. Lake Harku, showed

exceptionally high values of CchlCC , CchlCC (euf), Kd,PARKK

and Pint respectively 398 mg m-3, 239 mg m-2,

7.7 m-1 and 435 mg C m-2 h-1, which are close to

the theoretical maximum values.

• We observed large variability (both within and

between lakes) of the relative differences between

planar and scalar quantum irradiance inPAR region

ranging from 25% to 65% and practically not

depending on depth. Because of this variability, the

underwater scalar quantum irradiance data required

in primary production models cannot be correctly

derived from planar quantum irradiance data.

• Depth at which P(z) has its maximum value

depends on the turbidity of the water and on the

incident irradiance at the water surface. The

product of Secchi depth and incident irradiance,

zSD 9 qPAR(inc), explained nearly eighty percent

of the variability of the depth of maximum

production. In case of low illumination Pmax

was located at the surface.

• We can compare the lakes by their productivity

only when using the long-term integral produc-

tivity (e.g. annual sums), but not by separate

profiles of primary production, measured during

one-two hours. Each of these profiles is formed

under the simultaneous influence of two factors:

(1) the amount of phytoplankton and (2) the light

field in the air and in the water.
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Harmä, P., J. Vepsalainen, T. Hannonen, T. Pyhalahti,
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Abstract Large lakes currently exhibit ecosystem

responses to environmental changes such as climate

and land use changes, nutrient loading, toxic contam-

inants, hydrological modifications and invasive

species. These sources have impacted lake ecosystems

over a number of years in various combinations and

often in a spatially heterogeneous pattern. At the same

time, many different kinds of mathematical models

have been developed to help to understand ecosystem

processes and improve cost-effective management.

Here, the advantages and limitations of models and

sources of uncertainty will be discussed. From these

considerations and in view of the multiple environ-

mental pressures, the following emerging issues still

have to be met in order to improve the understanding

of ecosystem function and management of large lakes:

(1) the inclusion of thresholds and points-of-no-return;

(2) construction of general models to simulate bio-

geochemical processes for a large number of lakes

rather than for individual systems; (3) improvement of

the understanding of spatio-temporal variability to

quantify biogeochemical fluxes accurately; and (4)

inclusion of biogeochemical linkages between terres-

trial and aquatic ecosystems in model approaches to

assess the effects of external environmental pressures

such as land-use changes. The inclusion of the above-

mentioned issues would substantially improve models

as tools for the scientific understanding and cost-

effective management of large lakes that are subject to

multiple environmental pressures in a changing future.

Keywords Ecology � Large lakes �
Modelling � Uncertainty � Emergent issues �
Management

Introduction

Large lakes are increasingly exhibiting ecosystem

responses owing to high pressures from a combination

of sources such as climate change and variability, land

use changes, hydrological modifications, toxic con-

taminants and invasive species. The effects of climate

change and variability have been analysed in a number

of lakes with significant changes in lake temperature,

period of ice cover, stratification strength, bottom

oxygen concentration, spring phytoplankton bloom,

clear water phase, fish abundance and match–mis-

match of predator–prey interactions (see for example

Magnuson et al., 1990; Schindler et al., 1990, 1996;

Scheffer et al., 2001a; Winder & Schindler, 2004;

Blenckner, 2005; Mooij et al., 2005). Land use
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changes also have an important effect on lakes by

changing nutrient concentrations.

Today, non-point sources are especially highly

relevant (Schindler, 2006). Furthermore, hydrological

modifications, i.e. alterations of stream flow by

human activities, may increase non-point source

pollution to lakes (see for example Schelske et al.,

2005). In dry climatic regions, these modifications

can also have a serious impact on water quantity if

water withdrawal exceeds inflow rates, as for instance

in the Aral Sea region or Lake Kinneret.

Toxic contaminants, in particular heavy metals

such as mercury and lead and Persistant Organic

Pollutants (POPs) such as dioxin, PCBs and DDT, are

chemical substances that persist in the environment.

As they bio-accumulate within the food web (Binelli

et al., 2004; Fernandez et al., 2005), they represent a

growing risk to human health (Dewailly et al., 1989).

Finally, invasive species cause considerable problems

in aquatic systems as they can contribute to massive

extinctions of native fauna and alter food webs

severely. For example, the zebra mussel alone has

resulted in millions of dollars of damage to local

water users, i.e. municipalities and industries in the

Great Lakes area, USA, since its invasion in 1985/

1986 (http://www.great-lakes.net/envt/flora-fauna/

invasive/zebra.html). Despite strong management

efforts and research, all the above-mentioned envi-

ronmental pressures affect lakes markedly and often

have combined or cumulative effects.

During recent decades, many different mathemat-

ical models have been developed to understand

ecosystem responses to single environmental pres-

sures and to improve cost-effective management

options. Nevertheless, a predominant focus on small

scales and a natural time delay between the induction

of an environmental pressure and the consequent

impact have led to indecisive management recom-

mendations. Furthermore, no profound scientific

understanding of ecosystem responses to multiple

environmental pressures has been achieved so far.

Various characteristics make research on large

lakes, and management of such lakes, particularly

challenging. Because of their size, many biotic

processes are largely wind-driven, and this often

results in complex hydrodynamic behaviour (e.g.

seiche, Kelvin waves; see for example Kvarnas,

2001). This becomes increasingly complex if the

morphometry is diversified (sub-basins). Some large

lakes are very shallow and eutrophic with substantial

water level changes (Vortsjarv, Estonia) while others

are very deep and oligotrophic (Vattern, Sweden) and

considerable spatial variability is likely, e.g. a

horizontal gradient in trophic status (Boegman et al.,

2001; Kvarnas, 2001). Generally, large lakes often

have a longer hydrological water residence time,

leading to a slower response to external pressures,

combined with an often longer recovery time to the

external influence of undesirable substances (Tilzer &

Bossard, 1992).

Understanding combinations of these specific

characteristics of large lakes with the multiple

environmental factors affecting them requires new

approaches with specially constructed tools (models).

The aim of this paper is not to review current

models in aquatic science (see, for example, Jørgen-

sen, 1995) with their pitfalls and domains, but to

assess the requirements of models that specifically

address large lakes, to present their advantages and

limitations and to offer a realistic outlook for

handling multiple environmental pressures and devel-

oping a better understanding of ecosystem processes

and management options for large lakes.

Models

Dynamic process-based models (hereafter referred to

as models, which include the dynamics (time) of

interactions between defined entities (Minns, 1992))

are used as tools since they predict ecosystem

responses to new or changing conditions (e.g. nutrient

load). In contrast, statistical models are invalid for

conditions outside the current range (Klepper, 1997).

In general, models represent the qualitative under-

standing gained from our experience, training,

observations, quantitative experiments and monitor-

ing and the application of that understanding in a

conceptual model, using a set of equations (Beven,

2002). Many water quality models have been devel-

oped during recent decades (e.g. Jørgensen, 1995;

Janse, 1997; Krivtsov et al., 2001; Håkanson &

Boulion, 2002). Those for small and shallow lakes

mostly focus on food-web interactions or simple

mass-balance calculations where the need for detailed

hydrodynamic simulation is negligible. In contrast, to

model the water quality of large lakes, a detailed

hydrodynamic module in the model is necessary, as
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large lakes experience a highly wind-driven environ-

ment associated with often complex hydrodynamic

structures, which influence chemical and biological

variables markedly (Padisák & Koncsos, 2002;

Beletsky et al., 2003; Gerstner et al., 2003).

One of the main advantages of applying models

lies in predicting future changes (e.g. climate change)

or testing management options (e.g. nutrient reduc-

tion). For the latter, it is possible to calculate the costs

necessary to improve water quality to a certain level

(e.g. total annual phosphorus load). As restoration

management of large lakes has been very cost-

intensive, the advantages of calculating the most cost-

effective option are obvious.

However, models will always be only simplifica-

tions of reality and the uncertainty of model results

needs to be included in their presentation and is a

valuable component for further improvements of the

model. Several sources of uncertainty in models are

elaborated below.

Uncertainty

Overall, uncertainty in model applications is seldom

addressed and if it is, then only a brief estimate based

on sensitivity analysis is taken into account (Beven,

2002). However, three main sources of uncertainty

ought to be considered.

Firstly, the uncertainty in the input data needed to

drive the model. These are mostly monitoring data

with particular uncertainties arising from measure-

ment techniques and from temporal and spatial

resolution. For example, a mass-balance nutrient

model is driven by single-point inflow measurements,

which are known to have large uncertainties because

of the high variability of the discharge.

Secondly, the uncertainty in model structure

(design of the model including the interactions of

different model components) and state parameters,

which describe or assume the underlying mecha-

nisms. These parameters are hardly measurable in the

field and values must therefore either be estimated or

obtained from experiments under controlled condi-

tions. Interactions between the different parameters in

the model are often complex and may compensate

each other within different processes.

Thirdly, we have to consider the uncertainty in the

observations against which the model is calibrated

and validated. Here again, observational data are

necessary and their uncertainty is similar to that

described for the input data.

To present and calculate the uncertainty in models,

several methods for uncertainty and sensitivity anal-

ysis have been applied (see for example Aldenberg

et al., 1995; Janse, 1997; Klepper, 1997; Omlin et al.,

2001). To determine the number of samples (n)

needed for instance to obtain a given level of

uncertainty in the driving or calibration data, the

following formula from Håkanson (1984) can be

used:

n ¼
� �
t � CV

L

2

þ1

where t is the Student’s t value, CV is the coefficient

of variation and L is the expected error. The value

L = 0.1 implies that the user accepts an error of 10%

(see for more details Håkanson, 1984).

However, it is difficult to separate the observa-

tional error from the error in the model output. This is

usually done by residual statistics of the comparison

between model predictions and observations (Beven,

2002). One way to overcome this problem is the

Generalised Likelihood Uncertainty Estimation

(GLUE) method (Beven & Binley, 1992; Ratto et al.,

2001), which addresses the uncertainty in a particular

model more specifically and may help to reject

models scientifically if their predictions fall outside

the observational range.

Emerging issues

Today, I see the following emerging issues that need

to be addressed more thoroughly to improve the

application of models as tools for research and

management of large lake ecosystems.

Thresholds and resilience

Thresholds and points-of-no-return are essential con-

cepts in ecology in general and in aquatic ecology in

particular (Scheffer et al., 2001a, b; Folke et al.,

2004). Nonlinear interactions and feedbacks across

scales and their associated thresholds are common

features of ecosystems. These nonlinear interactions

challenge scientists and engineers to understand and
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model the behaviour of the system, as cross-scale

effects often result in a ‘‘point-of-no-return’’ (passing

thresholds) or unexpected events with considerable

consequences for the environment and human wel-

fare. Good examples are floods, initiated by heavy

rainfall, which spread nonlinearly over extensive

areas, in this case a result of positive feedback

between weather, river basin management and urban-

ization; only by considering all three components

together can the area affected by the flood be

determined. Nonlinear processes can thus have

marked impacts on ecosystem function, local and

regional economy and human health (Schimel &

Baker, 2002).

Several examples from shallow lakes have shown

that abrupt changes in, for instance, the dominance of

phytoplankton or macrophytes could be related to

relatively small changes in nutrient loading (Scheffer

et al., 2001a), a hypothesis that has been successfully

tested by models (Janse, 1997; Van Nes et al., 2003).

It is consequently very important to identify methods

that avoid trespassing over ecological thresholds,

which can lead to a collapse of ecosystem structure

and function, in particular in large lakes with a long

response time but a slow recovery time (Tilzer &

Bossard, 1992).

Wide-range models

Focus should be to construct models of biogeochem-

ical fluxes and ecosystem function for a large set of

lakes, streams and wetlands in landscapes rather than

for individual bodies of water. A recent climate

impact model study exemplifies the wider range of

sites and generalized processes that were examined.

Here, a physical lake model and a mechanistic

phosphorus model were combined with two future

emission scenarios generated by a regional climate

model (RCM) for three lake sites in central Sweden

(for details see Malmaeus et al., 2005). The general

phosphorus model (LEEDS) required only small,

lake-specific adjustments before it was applied to all

lake sites (for more information on the LEEDS model

see Malmaeus & Håkanson, 2004). In the simula-

tions, Lake Erken was much more sensitive to climate

warming, with epilimnetic dissolved phosphorus

concentrations being almost doubled in spring, than

the two basins of Lake Malaren (each in Sweden).

The result stresses the importance of internal pro-

cesses. As the phytoplankton biomass in Lake Erken

is mainly phosphorus-limited, the potential for phy-

toplankton production is almost twice as high, which

implies that in Lake Erken, and in other eutrophic

lakes with long water residence times, eutrophication

may become a serious problem in future. In conclu-

sion, this study exemplifies how general models, after

relatively small adjustments to several sites, allow

comparative studies to be made and thus constitute a

good opportunity to reveal new processes of key

importance. Further examples of more general mod-

els are LakeWeb (Håkanson & Boulion, 2002),

PCLake (Janse, 1997) and the Rostherme model

(Krivtsov et al., 2001).

However, it should be noted that the model results

may be difficult to interpret in applications with

future climate conditions. This is important because

several model state parameters and their interactions

are often valid only under particular calibration

conditions, which will probably change in the future

or during extreme years. In addition, the factor

climate needs to be elaborated more in the model

calibration and, as the model example above shows,

also in water management guidelines, e.g. the Euro-

pean Water Framework Directive.

Scaling

Ecosystems are characterized by high variability in

space and time, which is not fully understood (Hughes

et al., 2005; Humbert & Dorigo, 2005). Improving this

understanding forces aquatic scientists to quantify

biogeochemical fluxes accurately and to make better

assessments of the responses of aquatic ecosystems to

climate and human-induced changes in external forcing.

The main problem in this respect is the availability of

data (Porter et al., 2005). Many national environmental

monitoring programmes are declining in both theaa

quantity and quality of sampling. However, as the

importance of diminishing the uncertainty of models is

increasingly recognized, data monitoring on different

scales is highly necessary. In addition, continual

advances in affordable sensors and wireless communi-

cation make the development of automated sensing

systems with remote communication affordable for

many ecological research programmes (Porter et al.,

2005). These in situ instruments provide high-frequency
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data on key variables that previously were measured

intermittently and by hand. The use of these automatic

stations will increase the volume of ecological data

generated at different scales, which are particularly

needed for modelling large lakes.

Further, it is important to choose the right scale (or

the right model with the appropriate model schema-

tization) for a particular question. For example, the

question of how the nutrient concentration in the lake

changes with a certain nutrient reduction in the inflow

may not be answered appropriately by a complex, fine-

scale model with a high associated uncertainty. Here, a

simpler mass-balance model might be more adequate.

Watershed perspective

New, innovative approaches are needed to understand

the processes controlling the biogeochemical linkages

between terrestrial and aquatic ecosystems. Although

this is an old issue (see for example Likens et al., 1970)

there is still a need to quantify these linkages. There

have been significant recent advances in modelling the

biogeochemical processes in the watershed (see for

example Zhang & Jørgensen, 2005; Grunwald & Qi,

2006; Kavvas et al., 2006; Markel et al., 2006);

nevertheless, innovative approaches are needed to

relate terrestrial, hydrological and biogeochemical

processes to aquatic ecosystem function. GIS-based

and remote sensing expertise with tools for transform-

ing geographical data into export models are being

used increasingly in aquatic sciences (Kim et al.,

2006), but full development and implementation of this

approach will require comprehensive datasets and

knowledge of the transformation of GIS classification

sets into model parameters.

Outlook

The inclusion of what, in my opinion, are the four

most emerging issues (thresholds, wide-range mod-

els, scaling and watershed perspective) in new state-

of-the-art model designs will improve the modelling

of large lakes and also diminish the remaining

uncertainty. As scientists and engineers make pro-

gress on these issues, the approach will be to perform

adaptive management and build high tolerance to

environmental pressures into the system, i.e. increase

the resilience of the system (Janssen & Carpenter,

1999; Folke et al., 2004), which will reduce the

impact of possible environmental factors in future.

Until models reach greater certainty or, in other

words, until a lower risk of failure becomes feasible,

management aimed at high stress tolerance remains

necessary. Therefore, ecosystems should be managed

in an adaptive and precautionary way on the basis of

the evaluation of the ongoing monitoring programme

so that their natural resilience is maintained, and thus

be prepared for future changes.
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Abstract Lake ice cover is described by its

thickness, temperature, stratigraphy and overlying

snow layer. When the ratio of ice thickness to lake

size is above *10-5, the ice cover is stable;

otherwise, mechanical forcing breaks the ice cover,

and ice drifting takes place with lead-opening and

ridging. This transition enables a convenient dis-

tinction to be made between small and large lakes.

The evolution of the ice cover on small lakes is

solved by a wholly thermodynamic model, but a

coupled mechanical–thermodynamic model is

needed for large lakes. The latter indicates a wide

distribution of ice thickness, and frazil ice may be

formed in openings. Ecological conditions in large

lakes differ markedly from those in small lakes

because vertical mixing and oxygen renewal may

take place during the ice season, and the euphotic

zone penetrates well into the water column in thin

ice regions. Mesoscale sea ice models are applicable

to large lakes with only minor tuning of the key

parameters. These model systems are presented and

analysed using Lake Peipsi as an example. As the

climate changes, the transition size between small

and large lake ice cover will change.

Keywords Large lakes � Small lakes �
Ice � Physics � Scaling � Mathematical modelling �
Mechanics � Thermodynamics

Introduction

The length of the lake ice season in northern Europe

is up to 7 months, and the maximum annual

thickness of ice is 10–100 cm. The ice is a solid

sheet with high mechanical strength and high

thermal insulating properties. It is normally covered

with snow, which is an even better insulator and also

has a small optical depth compared with water and

ice. The winter water body beneath the ice is quiet

and dark with weak circulation (Bengtsson, 1996).

The presence of ice stabilizes the lake temperature

conditions. The surface water is kept at 0�C, and

only weak upward heat fluxes exist from the lake

bottom to the water body and out through the ice

into the atmosphere. The ice captures impurities

from the lake water, lake bottom and atmospheric

fallout. If ice coverage is complete, oxygen renewal

is not possible (e.g. Golosov et al., 2006). The
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reduction of liquid water volume by ice formation is

of concern in shallow lakes. The physical conditions

created by the ice cover further influence the water

chemistry and plankton populations (Abgeti & Smol,

1995; Jarvinen et al., 2002).

In large lakes, wind forcing is sometimes able to

break the ice and drive displacements, creating leads

and pressure ridges (e.g. Wake & Rumer, 1983;

Burda, 1999; Wang et al., 2006a). Leads make

ventilation of the water body possible, and ice

growth is re-initiated when they freeze, resulting in a

wide distribution of ice thicknesses across the lake.

Thin ice areas allow light to be transmitted into the

water body and primary production will be possible

below the ice all winter. The formation of frazil ice

in leads introduces frazil layers into the ice sheet;

this process is effective in capturing suspended

particles from the water.

There is no rational definition of a ‘large lake’

but quite often a surface area of 100 km2 is taken as

the criterion. From the point of view of the ice

season, ‘large lakes’ are rather those in which

mechanical displacements are common. There are

four such lakes in northern Europe: Ladoga, Peipsi,

Vanern and Onega. As an example, Fig. 1 shows the

ice conditions in Lake Peipsi for March 19, 2002.

The dark elongated zones on the western and central

coasts indicate major leads, and small leads and

fractures can also be seen far from the coast. In spite

of the major role of ice mechanics in large lakes,

very little work has been done in respect of full

thermal–mechanical modelling. The only major

effort was made for the North American Great

Lakes around the year 1980 (e.g. Wake & Rumer,

1983).

This paper presents results from recent research

on differences in physical scaling between small and

large lakes and the revision of mathematical models

for large lakes. During the past 25 years there have

been several developments in sea ice modelling (see

Lepparanta, 2004). The models have shown good

results from polar oceans down to 100 km size

basins (Wang et al., 1994, 2003, 2006b), so it is

natural to utilize this knowledge of sea ice for

modelling large lakes. Here, a modern viscous-

plastic lake ice model is presented. Finally, the basis

and methods for full three-dimensional lake ice

models are discussed.

Growth and melting of lake ice

The fundamental processes and their implications

A lake ice sheet may contain three types of ice:

congelation ice, snow-ice and frazil ice (e.g. Leppa-

ranta & Kosloff, 2000). In lakes with stable ice cover,

only congelation and snow ice are found. The growth

of congelation ice is governed by the heat conduction

equation

oqcT
ot

¼ o
oz

� �
j
oT
oz

� I ð1Þ

where q is the ice density, c is the specific heat of ice,

T is the temperature, t is the time, j is the thermal

conductivity of ice, I is the solar radiation penetrating

Fig. 1 /Lake Peipsi as seen in MODIS image of the Terra/

Aqua satellite, 19 March 2002Aqua satellite, 19 March 2002
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into the ice and z is the vertical coordinate. The

boundary conditions describe the continuity of heat

fluxes with the bottom temperature kept at freezing

point:

Top : j
oT
oz

¼ Qo; T\0�C;

j
oT
oz

¼ qL
dh

dt
þQo; T ¼ 0�C

ð2aÞ

Bottom : T ¼ 0�C; qL
dh

dt
¼ j

oT
oz

� Qw ð2bÞ

where Qo is the heat loss from the surface to the

atmosphere, L is latent heat of freezing and Qw is

the heat flux from the water to the ice. Snow on top

of the ice forms slush when mixed with liquid water

from flooding, rain or meltwater, and formation of

snow-ice is possible. This is modelled in the same

way as the growth of congelation ice, but the release

of latent heat is reduced to mqL, where m is the liquid
water content of the slush layer. This process may

fuse the slush layers into the ice sheet. The first

author has observed algae growth in such slush

pockets in Lake Paäjaa rvi, southern Finland. The

compaction of snow on ice is an important meta-

morphic process because it influences the thermal

conductivity (Yen, 1981).

In a lead in a large lake, ice may grow in much the

same way as in small lakes. However, if the surface

conditions are disturbed, ice formation may possibly

result in free frazil ice crystals, given by

dhF
dt

¼ Qo

qL
ð3Þ

where hF is the volume of frazil per unit surface area

of the water column. Frazil ice generation is quite

efficient because the heat losses from open water

surfaces are large (Gerard, 1990), and the frazil ice

may subsequently attach to the bottom of an existing

ice sheet or to the lake bottom.

The melting season begins when the surface

radiation balance turns positive. The ice then melts

at the boundaries and also inside the ice sheet because

of the solar radiation; the mechanical strength of the

ice decreases. The solar radiation penetrates the ice

efficiently and triggers heating of the water and

primary production. According to measurements by

Arst et al. (2006) in several Finnish and Estonian

lakes, the light level beneath snow-covered ice is

sufficient for primary production when the ice

thickness is less than about 40 cm.

Mathematical modelling

In simple analytical models, the ice thickness is a

function of the sum of freezing-degree-days (Stefan,

1891; Ashton, 1986). The main problem is the snow

cover. The snow-ice and the congelation ice system

grow interactively, and a solution is possible only by

numerical methods (Lepparanta, 1983; Saloranta,

2000; Lepparanta & Uusikivi, 2002). Models in this

situation are formulated on the basis of the heat

conduction law (Eqs. 1 and 2), and snow accumula-

tion is added to the surface boundary conditions.

Lead openings continuously create new starts for ice

thickness histories in large lakes, so several thickness

categories exist. Figure 2 shows an idealized case in

which new ice starts to grow every 20 days; thus (for

example) there are ice fields of about 25, 45 and

60 cm thickness at day 50. Frazil ice models have

been constructed for rivers (Ashton, 1986), but no

modelling attempts for large lakes are known to the

present authors.

The length scale of thermal conduction in the ice

cover is L * [tj/(qc)]1/2. For t * 1 month, we have

L * 1 m, so thermal conduction processes are very

local compared to lake size. When the horizontal grid

size of a lake model is 5 m or more, thermal changes

in the ice sheet can be taken to be purely local at each

grid point.

Fig. 2 Idealized ice growth calculations with new ice forma-

tion starting every 20 days. The air temperature is fixed at -

1010�CC
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Lake ice mechanics

Stability of ice cover

Drift ice is considered as a plastic medium driven by

winds and currents and thermal forcing, and the ice

cover medium is characterized by the mean ice

thickness H and compactness A. The plasticity allows

us first to examine whether the ice cover is stable or

movable. The yield strength can be expressed as

(Hibler, 1979)

rY ¼ P � H exp½�Cð1� AÞ� ð4Þ
where P* is the ice strength constant, equal to the

compressive strength of compact ice of unit thick-

ness, and C is the strength reduction factor for lead

opening. The magnitudes of these parameters are

P* * 10–100 kPa and C � 1, normally taken as

C = 20. When a compact ice cover (A(( = 1) is forced

by a wind stress sa, the critical requirement for a

mechanical breakage event becomes (Lepparanta,

2004)

h=‘\sa=P� ð5Þ
where ‘ is the fetch. The wind stress is given by

sa = qaCaUaUU
2UU , where qa is the density of air, Ca & 1.5

9 10-3 is the air–ice drag coefficient, and UaUU is the

wind speed. The lake size L represents the maximum

fetch. Taking P* = 30 kPa, for UaUU = 10 m/s we have

sa/aa P*// * 10-5. In Lake Peipsi, L * 50 km and

h * 30 cm, so h/L * 0.6 9 10-5\ 10-5; and for

a typical lake in Finland, L * 10 km and

h * 40 cm, so h/L * 4 9 10-5[ 10-5. Thus the

ice cover is movable in Lake Peipsi but stationary in

typical Finnish lakes. However, larger Finnish lakes

may become mobile if the ice becomes thinner and/or

wind stresses become higher.

The drag force on the ice bottom is given by an

analogous quadratic law, sw = qwCwCC |UwUU - u|2,

where qw is water density, CwCC * 10-3 is the ice–

water drag coefficient, and u and UwUU are the ice

and current velocities. Under stationary ice, for

UwUU \ 10-1 m/s we have sw\ 10-2 Pa, much less

than normal wind stresses; and since fetches beneath

the ice are also less than those above the ice, current

forcing is much less likely to break the ice cover

than the wind.

Ice drift modelling

When yield stress is achieved, the ice breaks and

starts to drift. The motion is governed by the

momentum equation and conservation of ice

(Lepparanta, 2004):

qH

� �
ou
ot

þ u � ruþ fkff � u ¼ sa þ sw þr � r

ð6aÞ
oH
ot

¼ �r � ðHuÞ þ /h;
oAoo
ot

¼ �r � ðAuÞ þ /A

ð6bÞ
where r is the internal ice stress, f is the Coriolis

parameter, k is the unit vector vertically upward, and

uh and uA describe the influence of thermal changes

on the thickness and compactness, respectively.

Mechanical displacements may be of magnitude

1–10 km, depending on the wind stress and ice

thickness. The motion of ice results in opening of

leads in divergent zones and formation of pressure

ridges in compression zones, and the movement

continues until the internal stress has fallen below the

yield strength everywhere. Under compression, the

ice thickness increases in ridging, so for a fixed wind

stress the ice motion stops when the thickness has

reached the critical level (see Eq. 4).

For moderate or strong winds, the wind stress is of

the order 0.1 Pa and much greater than the ice–water

stress. The inertial time scale then becomes t* =

qHu/sa * 102–103 s for u * 10 cm/s and H * 10–

100 cm. With this velocity scale, a 1-km lead opens

in 3 h. The ratio of advective acceleration to local

acceleration is ut*/L// 	 1, so it can be ignored.

Consider the one-dimensional case with compact

ice of constant initial thickness HoHH (Lepparanta,

2004). If the yield stress is attained, the ice drift

results in lead-opening on the lee side and ridging on

the windward side (Fig. 3). Since the inertial time

scale is very short, a quasi-steady-state approxima-

tion can be made:

sa � qwCwCC sgn(u)u2 � P � oH
ox

¼ 0 ð7aÞ
oH
ot

¼ � o
ox

(uH)þ /h ð7bÞ
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We may choose u[ 0. It is then clear that sa[ 0

and qH/q// x[ 0, and finally

u ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

qwCwCC

� �
sa � P � oH

ox

sffiffis
ð8Þ

During the ridging process the ice is piled up as

long as sa[P*qH/q// x (the solution for u is real).

However, the gradient of thickness increases because

of the ridging, and finally u : 0. In this case,

qH/HH qt : 0, and H = HoHH + bxbb where b = sa/aa P*/ . The

width of the lead, b, is obtained from

HoHH L ¼ ½HoHH þ 1

2
bðL� bÞ�ðL� bÞ ð9Þ

where L is the length of the lake. Consequently,

during the course of the ice season, chains of the

processes lead opening—frazil ice formation—ice

covered lead—breakage event take place, and a wide

ice thickness distribution results.

Next, idealized model simulations are run for two-

dimensional cases for Lake Peipsi (Fig. 1). This lake

is the fourth largest in Europe, bordering Estonia and

Russia. It covers an area of 3,555 km2, with an

average depth of 8 m and maximum depth of 15.3 m.

The lake is covered with ice in every winter. In an

average winter, the ice thickness increases to 50–

60 cm until March. The present model is based on

our sea ice model for the Gulf of Riga (Wang et al.,

2003), which has dimensions and ice thickness

similar to Lake Peipsi. Results from idealized sim-

ulations are shown in Fig. 4. The wind speed is 10 m/s,

constant across the lake and over time, and the

nominal ice thickness is 10 cm. The key ice property

in the model is the compressive strength of the

compact ice, P = P*H; in these simulations the

constant P* was taken as 27.5 kPa. By the scaling

analysis, the ice in this case is movable up to the

order of 50 cm; this case is shown here in order to

provide a clearer illustration. Simulations with

greater ice thicknesses showed that large displace-

ments were also obtained with 30 cm thickness but

with no more for 50 cm.

In the case of a southwest wind (upper part of

Fig. 4), a lead about 25 km wide opens at the western

side in 1 day. The ice edge is very sharp, the

compactness jumping immediately to 90% at the ice

edge and approaching 100% at 10 km distance, since

the strength of the ice is very sensitive to compact-

ness (see Eq. 4). The thickness map shows an

increase at the eastern side up to double the original

level. In the southern basin of Lake Peipsi (Lake

Pihkva), a very weak shift can be observed in the

compactness chart. Similar features appear in the case

of a north wind (Fig. 4, lower part). Detailed

Fig. 3 One-dimensional thermal–mechanical lake ice model.

Mechanics opens a lead, ridging takes place on the windward

side, and new ice forms in the leadside, and new ice forms in the lead

Fig. 4 fModel simulations of the mechanical displacement of

the ice cover in Lake Peipsi. Ice thickness is 10 cm, wind speed

10 m/s, and wind direction southwest (upper case) or north

(lower case). The white area indicates open water(lower case). The white area indicates open water
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inspection shows that the ridging zone in the northern

basin has three peaks forced by the basin geometry,

and the displacement is greater in the southern basin

than in the case of the southwest wind.

These idealized calculations show that sea ice

models can be used to develop dynamic–thermody-

namic models for large lakes. The model parameters

are the same as those used in the Gulf of Riga (Wang

et al., 2003). With further fine-tuning of the model

against real data the parameters can be optimized, but

it is anticipated that the change will not be very large

(see Lepparanta, 2004). The main tuning parameters

are the air–ice and ice–water drag coefficients and the

strength constant P*. The drag coefficients are likely

to be smaller by 20–30% in Lake Peipsi because the

ice surfaces are smoother, but the net influence will

be quite small. The strength constant is governed by

friction between ice blocks in ridging, mechanical

breakage of ice, and the potential energy of the ice.

For breakage, more stress is needed for fresh water

ice than for the brackish ice of the Baltic Sea, but the

overall impact on the strength constant is expected to

be small. This is supported by the fact that approx-

imately the same constant is used for brackish ice as

for the considerably weaker normal first-year sea ice.

Full dynamic–thermodynamic models are constructed

by incorporating a one-dimensional thermodynamic

model at each horizontal grid point.

Conclusions

A treatise on mathematical modelling of the lake ice

season has been presented, with discussion of ecolog-

ical aspects. Physically, the evolution of the ice season

is a coupled thermal–mechanical process in which the

ice grows and decays as forced by the atmosphere and

the liquid water body below. In addition, the wind

forcing may exceed the yield strength of the ice cover

in large lakes, creating mechanical displacements with

leads and pressure ridges. In ‘medium size’ lakes the

ice cover is thick and stable in cold winters and may be

mobile in warm winters (e.g. Lakes Saimaa and

Oulujarvi in Finland). Mathematical models are one-

dimensional, vertical for thermodynamics and light

transfer, and two-dimensional, horizontal for mechan-

ics. The most recent developments concern snow

metamorphosis, slush and snow-ice formation and

plastic rheologies for the mechanics.

Lake ice models provide crucial information for

investigating the ecology of ice-covered lakes.

Beneath a solid ice cover, the motion of waters is

forced by solar radiation and bottom heat fluxes only,

so the circulation is weak and stable and turbulence is

damped. The temperature conditions are stable with

permanent stratification until the snow melts and

sunlight consequently penetrates through the ice. The

oxygen balance is negative in winter, which leads to

oxygen deficit problems with fish kills in long ice

seasons. In shallow lakes, freezing stores a large

portion of the water mass in the solid state, and the

oxygen problem becomes then even more severe. In

large lakes, the mobility of ice introduces forcing for

circulation, turbulence and—through leads—oxygen

renewal.

Ice cover protects the lake water from atmospheric

fallout and in general the water chemistry is changed

(Jarvinen et al., 2002). In the melting season the

accumulated fallout is rapidly released into the

surface waters, which introduces risks from harmful

substances. Owing to its high albedo and low

transparency, the snow cover is the main limiting

factor for primary production in winter. On the other

hand, snow and liquid water may form semi-persis-

tent slush layers on top of the ice, constituting a

biological habitat. Over time, a slush layer may also

become interlocked with the ice sheet. Different

plankton populations have been observed in the lake

water body in ice-covered lakes (Abgeti & Smol,

1995; Adrian et al., 1999). Leads in large lakes that

receive much sunlight have potential for primary

production throughout the winter.

In the winter ecology of freezing lakes, the critical

ice cover characteristics are the snow and the mobility

of the ice (large lakes). The former largely determines

the light conditions in the lake, while the latter allows

mechanical force to be transferred through the ice so

that leads and pressure ridges form, both of which are

particular biological habitats. The present modelling

approach allows a physically realistic solution of these

two characteristics to be obtained and consequently a

proper basis for evaluating the influence of climate

changes on freezing lakes to be established. Snow on

ice may be more sensitive to climate warming than the

ice itself, and its future depends on the temperature

change and the amount and phase of precipitation.

With regard to mechanical stability, even small

changes in the thickness of the ice may influence its
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mobility. Thus the ice seasons will not only become

shorter with climate warming but also their quality

may be essentially different.
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Abstract A simple, rapid, and flexible modelling

approach was applied to explore the impacts of

climate change on hydrologic inputs and consequent

implications for nutrient loading to Lake Malaren,

Sweden using a loading function model (GWLF).

The first step in the process was to adapt the model

for use in a large and complex Swedish catchment.

We focused on the Galten basin with four rivers

draining into the western region of Malaren. The

catchment model was calibrated and tested using

long-term historical data for river discharge and

dissolved nutrients (N, P). Then multiple regional

climate model simulation results were downscaled to

the local catchment level, and used to simulate

possible hydrological and nutrient loading responses

to warmer world scenarios. Climate change projec-

tions for the rivers of Galten basin show profound

changes in the timing of discharge and nutrient

delivery due to increased winter precipitation and

earlier snow melt. Impacts on total annual discharge

and load are minimal, but the alteration in river flow

regime and the timing of nutrient delivery for future

climate scenarios is strikingly different from histor-

ical conditions.

Keywords Catchment modeling �
Hydrologic transport � Nutrient loading �
Climate impact assessment

Introduction

One challenge for climate change impact assessment

of large lakes is to consider changes in hydrologic

and nutrient inputs from large catchment areas with

diverse land cover and land use. Changes in the

magnitude and timing of river flows are possible

consequences of climate warming (Schindler, 2001).

Increased nitrogen and phosphorus loadings from

rivers are among the effects projected for areas where

precipitation increases are anticipated (Murdoch

et al., 2000). For Sweden, regional increases in air

temperature and precipitation are expected, with the

largest increases occurring in the winter months

(Raisanen et al., 2003). What response in river flow

and nutrient transport might accompany such
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changes? How would projected changes be com-

pared with the levels of enrichment from cultural

eutrophication observed in the past? We explored

these questions for Lake Malaren, the third largest

lake in Sweden. The objective of this article is to

use existing data and simulation models to estimate

the hydrologic inputs and associated dissolved

inorganic nitrogen and phosphorus loads (assuming

simple loading functions) in rivers flowing into one

basin of Lake Malaren, Sweden for historical

conditions and under future climate scenarios. Many

model choices with varying degrees of complexity

are currently available (Silgram & Schoumans,

2004). We used GWLF, the Generalized Watershed

Loading Functions model (Haith et al., 1992), a

simple hydrologic and nutrient transport model, to

first estimate stream flow and nutrient export from

large catchments with mixed land uses under present

day conditions. We then use state-of-the-art climate

models for future scenarios to assess the pattern and

magnitude of change in river water quantity and

quality for major inflows to this vitally important

large lake.

The study area

Lake Malaren is the water supply for the City of

Stockholm and is the dominant freshwater source to

the Stockholm Archipelago, with a mean outflow

averaging about 165 m3 s-1 (Boesch et al., 2006).

Our study focused on the western basin (Galten)

and its four river inflows: Arbogaån, Hedstrommen,

Kopingsån and Kolbacksån. Galten is a rapidly

flushed basin with a short water retention time of

0.07 year-1 on average (Willén, 2001) with a large

catchment to lake area ratio (8,508 km2: 61.2 km2),

and consequently, external nutrient loading exerts a

strong influence on lake water quality. Historically,

inputs of nitrogen and phosphorus from wastewater

treatment plants have been dramatically reduced,

but nutrient inputs to the Stockholm Archipelago

from land-based sources are still considerable

(Boesch et al., 2006). Land cover characteristics

and stream gauge units for hydrological modelling

of the Galten inflows are shown in Table 1.

Ungauged areas were modelled using coefficients

and parameters developed for areas with river

discharge gauges.

Materials and methods

Overall approach

The general procedure for evaluating impacts of

hypothetical climate change on hydrological behav-

iour and nutrient loads was to:

(1) Parameterise the GWLF hydrologic model and

nutrient loading functions for the historical

period using observed data for river discharge

and nutrient concentration for model calibration

and validation.

(2) Apply a simple statistical downscaling method

to transfer the climate signal from regional

climate model output to hydrological and nutri-

ent transport models.

(3) Run GWLF simulations for multiple realisations

of observed and future scenario weather

sequences to get a picture of seasonal pattern

and range of variability.

GWLF was chosen because it can be applied to

catchments with mixed land uses ranging several

orders of magnitude in size, and the minimal data

requirementsmake it relatively simple and rapid to use.

GWLF model description

The Generalized Watershed Loading Functions

(GWLF) model dynamically simulates the hydrologic

components of runoff from different land uses and

baseflow; nutrient loads associated with these flow

paths are estimated by empirically derived, source-

specific nutrient concentrations that are input to the

model (Haith & Shoemaker, 1987; Schneiderman,

2006). Although chemical transformation processes

are not simulated, the implications of hydrological

changes due to climate change on nutrient loading are

of major importance given the dominant role that

hydrology plays as the primary mechanism for

nutrient transport. To evaluate the effects of climate

change on hydrology and consequent implications for

nutrient loading, it was assumed that land use and

management remained constant. We used a version of

GWLF that was written in the Vensim (Ventana

Systems, Inc.) visual modelling software (Schneider-

man et al., 2002; Schneiderman, 2006).
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GWLF is driven by daily temperature and precip-

itation data, and water balances are calculated on a

daily interval. Streamflow consists of runoff from

different land uses and baseflow. Runoff is calculated

using the SCS curve number method (Ogrosky &

Mockus, 1964). Swedish curve numbers were esti-

mated from soil and landuse data available for the

Malaren catchment. Dissolved nutrient loads are

derived by multiplying runoff by a land use-specific

nutrient concentration. There are also watershed-wide

nutrient concentrations associated with baseflow. The

contributions of nutrients from septic systems were

estimated from literature values. Point source loadings

from treated sewage and industrial effluents are also

input and accounted for in the overall estimates of

nutrient flux. Dissolved nutrient loads can be summed

by month, season or year. Sediment and particulate

nutrient loss were not included in our analysis, so only

dissolved nutrient estimates were modelled.

Data requirements and data sources

Land use data from the Swedish Land Survey

(Lantmateriet) were based on the CORINE (European

Commission Coordination of Information on the

Environment) level 3 classification scheme. Soil data

from the Swedish Geological Survey (SGU) map (1:

1,000,000) were used for runoff curve number

calculation. Meteorological data (daily precipitation

and air temperature) from a 4 9 4 km grid interpo-

lation of local stations (Johansson, 2002) were used

for calibration of the hydrological model for the

period of 1980–1991. The fit of the model was

optimised using measured stream discharge. Both

meteorological and hydrological data were from the

Swedish Meteorological and Hydrological Institute

(SMHI). Simulations for the historical period were

based on a 30-year period (1961–1990).

Point sources of nutrients from wastewater treat-

ment plants and industry were based on published

data from the TRK (Transport–Retention–Kallfordel-

ning) study (Brandt & Ejhed, 2002). Nutrients from

septic systems were reported as an annual estimate

for the TRK study, and these loadings were converted

to fixed daily rates when used as inputs to the model.

In GWLF, nutrient loads from diffuse sources are

partitioned by land use, and information about land

use-specific nutrient concentrations were drawn from

average published values from the TRK study

Table 1 Drainage area description

Drainage basin characteristics Land cover characteristics (km2)

River sub-

catchment*

Gauged

(km2)

Ungauged

(km2)

Total area

(km2)

Conifer

forest

Other

forest

Water

bodies

Transition

woodland

shrub

Pasture Arable

land

Peat

bog

Other

Arbogaån 3808 1744 386 264 665 68 446 141 94

Hammarby 891 171 1062

Dalkarlshyttan 1183 128 1311

Kåfalla 413 80 494

Fellingsbro 298 1 299

Direct

drainage

642 642

Hedstrommen 1050 528 72 85 191 19 85 58 12

Domsta 998 52

Kopingsån 287 137 19 14 48 6 43 9 11

Odensvibron 110 177

Kolbacksån 3119 1623 277 272 552 40 129 116 110

Ramnas Krv 2849 156 3005

Berg 36 17 54

Direct

drainage

60 60

* Sub-catchment name corresponds to river gauge name in SMHI (1994)
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(Brandt & Ejhed, 2002). Information for agricultural

land uses was used for selected areas in the JRK

(Typområden på jordbruksmark) study (Kyllmar &

Johnsson, 1998). Concentrations in groundwater were

taken from long-term water quality data (SLU

database, Swedish Agricultural University,

http://www.info1.ma.slu.se). Groundwater concen-

trations were calculated as the mean of water quality

samples collected at or below the 20th percentile of

historical streamflow. Long-term monthly water

quality data from four stations near each inflow to

Galten basin were used for calibration of the nutrient

model (SLU database). The model was optimised to

minimise the residuals between long-term average

measured and modelled N and P concentrations.

Climate change scenario application and

downscaling to the catchment level

Climate forcings for this study were taken from the

Rossby Centre Atmosphere-Ocean (RCAO) regional

climate model and the Hadley Centre regional climate

model (HadRM3p) using boundary conditions from

two general circulation models: the Max Planck

Institute ECHAM4/OPYC3 and the Hadley Centre

HadAM3H for two IPCC emission scenarios (A2, B2)

(Samuelsson, 2004; Table 2). A 30-year ‘‘time slice’’

was used for a control period (1961–1990) and future

period (2071–2100). For both A2 and B2 scenarios,

increases in population growth are projected, but the

rate of increase is greater for scenario A2 (Houghton

et al., 2001). The use of multiple models allows for

some consideration of the range of uncertainty in

model representation of the climate system.

The method used to downscale climate forcings

from the regional to the local catchment scale is based

on monthly average changes in precipitation and

temperature, known as the ‘‘delta change’’ approach

in its simplest form, as described by Hay et al. (2000).

The difference in average monthly temperature

between control and future RCM model scenarios is

added or subtracted from the observed daily temper-

ature (Table 3). For precipitation, the ratio of the

monthly total precipitation for control and future

RCM scenarios is used as a multiplier that is applied

to the daily record of observed precipitation (Table 3).

One limitation in this method is that the frequency

of precipitation events is not varied (Andreásson

et al., 2004a). To avoid this pitfall, and examine the

widest range of variability in climate, we used a

resampling approach to create multiple weather

sequences from the control and future climate

scenarios. Using this method, monthly weather

records were randomly recombined to create multiple

30-year data series that could be used to drive the

GWLF model. For example, a random choice of one

of the 30 January records was made followed by a

random choice of one of the 30 February records and

so on to make up 100 30-year synthetic weather

timeseries for the purpose of hydrological modelling.

This approach does not account for any interdepen-

dence of monthly weather between successive

months. Hydrological and nutrient yield results are

presented as medians and variance of multiple model

realisations.

Results

Hydrological model performance

To derive the best set of hydrological model coeffi-

cients, eight sub-catchments, where streamflow

measurements were available, were modelled. Hydro-

logic model coefficients were optimised to obtain the

Table 2 Climate models

and scenarios used for

future projections of climate

Abbreviation General Circulation Model

(GCM)

Regional Climate Model

(RCM)

SRES Scenario

(IPCC, 2001)

E A2 ECHAM4/OPYC3 RCAO A2

E B2 ECHAM4/OPYC3 RCAO B2

H A2 HadAM3H RCAO A2

H B2 HadAM3H RCAO B2

Had A2 HadAM3P Had RM3p A2

Had B2 HadAM3P Had RM3p B2
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best match between simulated and measured river

discharge. The coefficients were then used to simu-

late river discharge for the total river drainage areas

for each of the four inflows. Summaries and statistics

for evaluating model efficiency are given in Table 4.

The hydrological model calibration period was 1981–

1990. The same model coefficients were tested for a

10-year validation period (1991–2000) and the Nash-

Sutcliffe statistics (Nash & Sutcliffe, 1970) remained

high, indicating a close correspondence between

measured and modelled streamflow (Table 4).

Patterns in climate forcings

In Figs. 1–4, only results for Arbogaån, the largest

river drainage in Galten basin, are shown, since the

patterns in results for all other sub-basins are

consistent with those for Arbogaån. The temperature

factors applied in Table 2 result in a change in mean

daily air temperature at the catchment scale, as shown

in Fig. 1. Scenario E A2 shows the greatest overall

increase in mean daily air temperature, and all

scenarios show the greatest temperature increases

during the winter months (Table 3).

Changes in precipitation are variable at a monthly

interval between different scenario projections

(Fig. 2). Overall, there is an increase in annual

precipitation for all scenarios except for the Hadley

Centre Had B2 results. In general, the future

scenarios suggested that the increase would occur

between the fall and spring, and the summers would

be somewhat drier.

Impacts on modelled snowpack

In GWLF, a simple algorithm is used to estimate the

partitioning of precipitation into rain and snow, and

to estimate the accumulation and melting of snow. On

any day when mean daily temperature drops below

0�C, precipitation is accumulated as snow. To

account for snowmelt, losses from the snowpack are

modelled as a function of mean daily air temperature

using a simple degree-day melt factor (Haith et al.,

1992). A great reduction in snowpack occurs in all

future scenario simulations, due to higher winter

temperatures.

Catchment response: seasonal changes in river

discharge and nutrient loads

The greatest change in streamflow resulted from

increased winter precipitation in the form of rain

rather than snow (Fig. 2), lower snow accumulation

and decreased spring snow melt. This translated to a

change in the timing of peak river discharge, with a

shift or disappearance of the springmelt peak (Fig. 3).

A similar shift is seen in nutrient loadings as a

Table 3 Monthly change factors applied to observed weather timeseries for future scenario (2071–2100) simulations

Month Temperature change factor (�C)a Precipitation change factor (proportion)b

E A2 E B2 H A2 H B2 Had A2 Had B2 E A2 E B2 H A2 H B2 Had A2 Had B2

Jan 5.76 4.23 4.18 2.85 5.13 4.52 1.58 1.32 1.50 1.16 1.53 1.27

Feb 6.45 5.17 3.26 2.46 2.66 2.69 1.43 1.50 1.40 1.30 1.37 1.16

Mar 6.51 5.05 3.36 2.17 4.24 2.92 1.39 1.23 1.18 1.17 1.16 1.14

Apr 5.00 3.74 3.96 2.71 3.98 3.31 1.38 1.12 1.02 1.06 1.15 1.24

May 3.59 2.73 3.98 2.74 3.64 2.98 1.04 1.18 1.35 1.04 1.11 1.23

Jun 3.35 2.67 3.01 1.24 4.04 3.06 0.93 0.92 0.86 1.05 0.99 0.90

Jul 3.77 2.81 3.21 1.45 4.79 4.21 0.88 1.02 0.86 0.78 0.86 0.74

Aug 4.54 3.42 3.49 2.24 5.03 4.44 0.67 0.74 0.70 0.79 0.83 0.74

Sep 4.15 3.11 3.80 2.55 4.37 3.13 0.90 1.02 0.73 1.00 0.76 0.79

Oct 4.49 3.24 3.73 2.64 3.85 3.04 1.38 1.26 1.19 1.06 0.80 0.96

Nov 4.96 4.01 4.18 3.18 4.36 3.50 1.40 1.29 1.22 1.24 0.95 1.05

Dec 4.65 3.75 4.65 2.94 4.85 3.59 1.44 1.34 1.30 1.17 1.20 1.16

a Model (scenario—control) mean monthly temperature
b Proportion model (scenario: control) total monthly precipitation
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consequence, with decreased loading during the

period from spring to autumn and increased loading

in the winter months. The pattern for dissolved

inorganic nitrogen (DIN) load is shown in Fig. 4. The

pattern for dissolved phosphorus load is similar, with

a maximum increase of 12% in the annual load for

the most extreme future scenario (E A2), with the

majority of this increase occurring during the winter

months. DIN and DIP loads decreased by 12–14%

and 4–6%, respectively for the HadRM3p A2 and B2

scenarios due to a decrease in annual river discharge.

The impact on total annual loads is shown in the

range of median values for streamflow, dissolved

phosphorus and dissolved inorganic nitrogen in

Table 5.

Discussion

The net effect of future climate projections on

changes in river flow is variable in terms of total

Table 4 Performance of GWLF hydrological sub-model for gauged sub-catchments

River Calibration period Validation period Summary for calibration period (1981–1990) (mm)

Sub-catchment* Nash-Sutcliffe R2

streamflow

(monthly)

1981–1990

Nash-Sutcliffe

R2 streamflow

(monthly)

1991–2000

Mean annual

streamflow

(observed)

Mean annual

evapotranspiration

Mean annual

precipitation

Arbogaån

Hammarby 0.76 0.80 387 (387) 471 853

Dalkarlshyttan 0.70 0.78 436 (434) 473 905

Kåfalla 0.64 0.78 454 (453) 493 943

Fellingsbro 0.69 0.70 391 (390) 496 882

Hedstrommen

Domsta 0.74 0.79 395 (394) 491 880

Kopingsån

Odensvibron 0.75 0.75 293 (293) 467 756

Kolbacksån

Hallstahammar 0.56 0.61 328 (326) 468 756

Berg 0.69 0.59 276 (275) 426 701

* Sub-catchment name corresponds to river gauge name (SMHI, 1994)

Fig. 1 Mean daily air temperature—100 30-year simulations

obtained by resampling. Boxplots indicate medians and

interquartile ranges, and whiskers show minimum and maxi-

mum values for 100 30-year sequences of mean daily air

temperature for a control (based on observed weather) and

future scenarios (based on observed weather perturbed by

factors given in Table 2)factors given in Table 2)

Fig. 2 Monthly precipitation (ppt) based on 100 30-year

simulations obtained by resamplingsimulations obtained by resampling
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increase (3–22%), but the change in flow regime from

snowmelt-dominated spring runoff to one dominated

by maximum winter discharge is the prevailing

pattern for all future climate scenarios. The Hadley

Center RCM results are less extreme, but show a

similar pattern. Each of the climate models has its

own biases, but the outcome is not markedly different

when the impacts on hydrology and nutrient transport

are considered with this simple modelling approach.

Hydrological modelling results for the HBV model

applied to a comprehensive study for the whole of

Sweden showed a change in runoff ranging from +2

to -35% for the Norrstrom basin (Andréasson et al.,

2004a, b). Our results for the same scenarios range

from +3 to +22%. Andréasson et al. (2004a, b)

presented results on a regional scale, and their

approach differed from ours, particularly in how the

climate signal was transferred to the hydrological

model. However, a similar seasonal pattern in runoff

was shown, for an example from southern Sweden for

four future climate scenarios that matched our dis-

charge results. The impacts of shifts in the timing of

peak flows and nutrient pulses from spring to winter

Fig. 3 Monthly streamflow based on 100 30-year simulations

obtained by resamplingobtained by resampling

Fig. 4 Comparison of the dissolved N load for the control and

E A2 climate scenario based on 100 30-year simulations

obtained by resampling. Boxplots indicate medians and

interquartile ranges, and whiskers show minimum and maxi-

mum valuesmum values

Table 5 Median streamflow and dissolved nutrient loads for principal rivers of Galten basin

Parameter Model Scenario

CTL E A2 E B2 H A2 H B2 Had A2 Had B2

Streamflow (mm year-1)

Arbogaån 328 398 376 339 336 285 292

Hedstrommen 339 409 387 350 347 296 299

Kopingsån 266 336 310 281 277 237 241

Kolbacksån 270 318 303 270 270 219 226

DIP (kg km2 year-1)

Arbogaån 6.43 7.16 6.82 6.57 6.43 6.10 6.04

Hedstrommen 3.47 4.12 3.85 3.62 3.52 3.24 3.20

Kopingsån 5.61 7.07 6.48 5.88 5.70 5.05 5.46

Kolbacksån 2.75 2.75 2.75 2.75 2.75 2.75 2.75

DIN (kg km2 year-1)

Arbogaån 148 177 166 153 150 131 132

Hedstrommen 168 205 193 175 172 147 149

Kopingsån 148 186 174 157 153 131 133

Kolbacksån 86.0 92.8 90.7 86.3 86.3 79.8 80.7
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have important implications for receiving waters. The

magnitude and variability in winter discharge may

increase when precipitation from individual winter

storms is not stored in a snowpack (Gibson et al.,

2005). This accounts for the winter increases in DIN, as

shown in Fig. 4. Galten basin, with a short retention

time, would experience earlier flushing at a time when

light and temperature limit phytoplankton growth. So

increases in dissolved nutrient loads may not result in a

growth response in phytoplankton. Other basins of

Lake Malaren have much longer residence times than

Galten (Willén, 2001), and as a result impacts in these

areas could be greater.

Conclusions

The GWLF model was used to estimate the effects of

hypothetical climate change scenarios on hydrology

and the consequent implications for nutrient loading,

for four rivers spanning three orders of magnitude in

drainage area size. The most profound change for

future scenarios was in the seasonal distribution of

river flow and nutrient loads. Increases in export

occur earlier in the winter, with decreases during the

spring snow melt period and summer months for all

future scenarios. Seasonal changes in water quantity

and quality from diffuse sources projected from

climate impacts are unparalleled in the historical

record. A logical next step to our modelling work

would be to evaluate management strategies and land

use change in combination with climate projections

to get a better picture of their combined effects.
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Abstract The bio-optical properties of some North-

European large lakes were examined during 1995–

2005 using field data and laboratory measurements.

The key variables were optically active substances

(OAS: chlorophyll, total suspended matter and

dissolved organic matter), Secchi depth, and the

‘‘spectrometric’’ and diffuse light attenuation coeffi-

cients. Our main study sites were Lake Peipsi and

Lake Vortsjarv in Estonia, both eutrophic with mean

Secchi depth below 3 m. The measured water

parameters were compared with those obtained from

two clear-water Swedish lakes, Lake Vanern and

Lake Vattern. This comparison describes the bio-

optical differences of the water in eutrophic and

oligotrophic lakes. The variability of water parame-

ters in the turbid Estonian lakes was rather high, e.g.

the chlorophyll content varied from 1.8 to 102 mg

m-3 and the diffuse light attenuation coefficient from

0.92 to 6.5 m-1. The change in water properties

depends on the season and the biological activity of

phytoplankton. We found no apparent long-time

trend in water properties. Regression analysis showed

that in the turbid Estonian lakes the optical properties

were well correlated with chlorophyll and suspended

matter, but not with dissolved organic matter. The

highest determination coefficients (between 0.73 and

0.89) were obtained when the optical parameters

were correlated with all three OAS together (multiple

regressions). Our results concerning the variability

and interconnections among bio-optical parameters in

two Estonian large lakes illustrate the effect of OAS

and light field on the ecological conditions of lakes in

general.

Keywords Underwater light field �
Optically active substances � European large lakes

Introduction

Among the different types of water bodies, lakes

deserve special attention because of the high vari-

ability of their water properties. Inspection of

published data on lakes throughout the world reveals

that the concentrations of optically active substances

(OAS) and diffuse light attenuation coefficient can

differ by more than one hundred fold (Kirk, 1994;

Lindell et al., 1999; Arst, 2003). The relative values

of OAS can also differ: in one lake the dominating

substance may be coloured dissolved organic matter,

Guest editors: T. Noges, R. Eckmann, K. Kangur, P. Noges,

A. Reinart, G. Roll, H. Simola & M. Viljanen

European Large Lakes—Ecosystem changes and their

ecological and socioeconomic impacts

B. Paavel (&) � H. Arst
Estonian Marine Institute, University of Tartu, Maealuse

St. 10A, 12618 Tallinn, Estonia

e-mail: birgot.paavel@ut.ee

A. Reinart

Tartu Observatory, Toravere, Tartumaa 60602, Estonia

123

Hydrobiologia (2008) 599:201–211

DOI 10.1007/s10750-007-9200-4



in another it may be phytoplankton. To obtain a full

picture on the global scale a huge amount of data is

necessary. For oceans and seas, optical remote

sensing has become a useful tool for monitoring the

spatial and temporal properties of the aquatic envi-

ronment, and the development of new sensors has

also made satellite monitoring of lake and coastal

waters possible (Schiller & Doerffer, 1999; Kutser

et al., 2005). However, there are difficulties concern-

ing the quantitative interpretation of satellite data, so

in situ measurements retain their value. Reliable

ground data on water properties are needed in case

satellite measurements are missing (for which there

can be several reasons, including cloudiness) and also

to aid in the interpretation of remote-sensing data.

Each database (even for 1–2 lakes) helps build a

mosaic for describing global variability in the optical

properties of lakes and elucidates the connections

between types of lakes and environmental/climatic

conditions. The present study, describing the vari-

ability and interconnections among bio-optical

parameters in two large Estonian lakes, is a fragment

in this mosaic.

Optical properties also play major role in the

ecological structure and function of lakes, which are

likely to be highly sensitive to climate changes

(Schindler et al., 1990; Vincent et al., 1998) as well

as local changes in land use (Goldman, 1988; Rae

et al., 2001). Typical problems include increases in

lake productivity, decreases in water transparency

and increased frequency and severity of algal blooms

(Dokulil & Teubner, 2003). Optical methods are used

to monitor the properties of water bodies. Information

on the types and concentrations of OAS—suspended

matter, coloured dissolved organic matter and phyto-

plankton pigments—is needed to build remote-

sensing models (Kutser et al., 2001; Dall’Olmo &

Gitelson, 2005) of optically complex water, which

have to be parameterized and validated using in situ

data (Pierson & Strombeck, 2000; Darecki & Stram-

ski, 2004; Kutser et al., 2006; Metsamaa et al., 2006).

In the present study, the spatial-temporal varia-

tions in the bio-optical parameters of some North-

European large lakes are described using field data

and laboratory measurements. Our main study sites

were Lake Peipsi and Lake Vortsjarv. The first is

located on the border of Estonia and Russia, the other

is the largest entirely Estonian lake; in situ measure-

ments were carried out in the years 2001–2005 and

1995–2005, respectively. Both lakes are rather turbid

(mean Secchi depth below 3 m). The measured water

parameters were also compared with those obtained

from two clear-water Swedish lakes, Lake Vanern

and Lake Vattern, and published previously (Pierson

& Strombeck, 2000; Reinart et al., 2004). Our

purpose was not only to describe the spatial-temporal

variations of the water properties, but also to identify

general relationships between the OAS and optical

parameters.

Description of lakes

Estonian lakes

Both Lake Peipsi and Lake Vortsjarv are large

unstratified eutrophic lakes, which are interconnected

by the River Emajogi discharging from Vortsjarv and

running into Peipsi. Lake Peipsi on the Estonian-

Russian border is the fourth largest lake in Europe

and is unique in character: shallow, eutrophic,

biologically very productive and bordered by many

wetland areas along its coast. Peipsi (3,555 km2)

consists of three parts (Fig. 1): (1) the northernmost,

largest and deepest (average depth: 8.3 m), Lake

Peipsi sensu stricto (Lake Peipsi s.s.), is unstratified

and eutrophic; (2) the southernmost Lake Pihkva is

shallower (5.3 m) and hypertrophic; and (3) the

narrow Lake Lammijarv (2.3 m) connects the first

two and is close to hypertrophic (Noges, 2001). Lake

Vortsjarv (270 km2, mean depth: 2.8 m) is the largest

wholly Estonian lake. Vortsjarv water is optically

very turbid (Table 1) and its underwater light climate

is very strongly affected by the water level and ice

conditions (Reinart & Noges, 2004).

Swedish lakes

Sweden has about 100 000 lakes with a total area of

41,000 km2, unevenly spread over 450,000 km2 in a

glacially formed landscape. The largest of these,

Lake Vanern, has area of 5,648 km2 (Table 1) and is

the third largest lake in Europe. The second largest

lake in Sweden, Vattern (Fig. 1), is the fifth largest in

Europe (Willén, 2001). Vattern and Vanern are clear-

water lakes with relatively large Secchi depth;

Vanern has more intense colour but lower turbidity
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iFig. 1 Location map of

Lake Peipsi and Lake

Vortsjarv. Points show

sampling stations for optical

measurements and regular

state monitoring

Table 1 Morphometric data and some parameters of Lakes Peipsi and Vortsjarv (Noges, 2001; Arst, 2003) compared with similar

data for large Swedish lakes (Willén, 2001)

Parameter L. Peipsi L. Vortsjarv L. Vanern L. Vattern

Area (km2) 3,555 270 5,648 1,856

Mean depth (m) 7 2.8 27 40

Maximum depth (m) 15 6.0 106 128

Chlorophyll a (mg m-3)a 1.8–95 20–102 0.2–10.6 \0.1–5.2

Secchi depth (m)a 0.4–4.8 0.15–1.0 2.0–7.9 6.5–15.0

a Data from long-time monitoring (http://www.seiremonitor.ee/, http://www.info1.ma.slu.se/)
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of the two (Pierson & Strombeck, 2000; Reinart

et al., 2004).

Materials and methods

Both in situ and laboratory measurements were

made. The programme of our study included: (1)

water transparency measurements by Secchi disk, (2)

concentrations of chlorophyll a and suspended matter

in water samples, (3) ‘‘spectrometric’’ light attenua-

tion coefficient spectra from filtered and unfiltered

water samples, and (4) underwater downwelling

planar quantum irradiance measurements in the

photosynthetically active region (400–700 nm).

Water samples were collected from Lake Peipsi at

several stations, but from only one station in Lake

Vortsjarv (Fig. 1). We have long-term (but intermit-

tent) datasets from one sampling station in Peipsi

(Varnja, 58�290 N, 27�160 E) and from one in

Vortsjarv (Limnology, 58�120 N, 26�060 E).
At the Varnja (Peipsi) and Limnology (Vorts-

jarv) Stations, we collected water samples from the

0.2 to 2 m layer using a standard water sampler. At

the other stations in Peipsi (Fig. 1) the samples

were taken from different depths (79 individual

samples altogether). All samples were stored in the

dark and cold for less than 7 h before filtering. The

‘‘spectrometric’’ attenuation coefficients, c*(k) and

c�f ðkÞ; were determined from unfiltered and filtered

water samples only for the years 2003–2005. The

term ‘spectrometric attenuation coefficient’ requires

explanation. As is known (Zaneveld et al., 1992;

Bricaud et al., 1995), experimental determination of

the true values of the beam attenuation coefficient

(c) is complicated. Theoretically, the beam trans-

mittance should contain no contribution from

scattered light, but in reality small-angle forward

scattering does reach the detector. The measured

transmittance therefore exceeds the theoretical value

and the attenuation coefficient determined from the

measured transmittance is lower than the true value.

The direct spectrophotometer reading, c*(k), is

actually:

c�ð Þ ¼k cð Þ �k Fbð Þ �k cdð Þk ; ð1Þ
where c(k) is the beam attenuation coefficient in the

water at wavelength k, b(k) is the light-scattering

coefficient, cd(k) is the beam attenuation coefficient

for distilled water and F is a coefficient showing the

contribution of small-angle forward scattering to the

radiation measured by the spectrophotometer. For

filtered water, Eq. 1 is also valid, but the term Fb(k)
is considerably smaller owing to the decrease in

scattering after filtration. We performed our labora-

tory measurements with a commercial Hitachi U1000

spectrophotometer. Unfortunately, the value of F for

this instrument is not known and therefore we

describe the measurement result not as a ‘beam

attenuation coefficient’, but as a ‘spectrometric’

attenuation coefficient.

The amount of coloured dissolved organic matter

was characterized by its absorption coefficient at

380 nm (ay(380)). However, with spectrometers such

as the Hitachi U1000 we cannot directly measure

ay(380), but the attenuation coefficient c�f ð380Þ (Kirk,
1994). For filtered water, c�f ð380Þ is not identical to

ay(380) because some very small mineral particles

can also pass through the filter. However, the

differences are small, about 2–8% (Sipelgas et al.,

2003).

For chlorophyll concentrations, CChlCC , 0.5–1 l of

water was filtered through Whatman GF/F-filters

(0.7 lm pore size) and the chlorophyll a and

phaephytin a concentrations were measured spectro-

photometrically in ethanol extracts of the filters

according to the ISO standard method (ISO 10260,

1992 (E)). The concentration of total suspended

matter, CTSSCC , was determined by dry weight (preci-

sion of weights 0.01 mg) after filtration of 0.5–1 l of

water through pre-weighed and pre-combusted (103–

105�C for 1 h) Whatman GF/F-filters (ESS method

340.2, 1993).

On the basis of c*(k) spectra measured between

400 and 700 nm (the photosynthetically active

region, PAR), the mean value for this waveband,

c�PAR; was determined. It has been shown (Arst, 2003)

that in addition to the Secchi depth and diffuse

attenuation coefficient, c�PAR is a rather good indicator

of the optical quality of the water. Using underwater

quantum irradiance qPAR(z) measurements, obtained

using an LI-192 SA quantum sensor (LI-COR

Corporation, Lincoln, Nebraska, USA), we also

calculated the depth-averaged diffuse attenuation

coefficient of PAR (Kd,PARKK ). For this we used a

semi-logarithmic plot of qPAR(z) versus depth and

calculated Kd,PARKK as the slope of the least-square

regression line through these points.
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Results

Temporal and spatial variations of optical

parameters

The minimum and maximum values of two important

water parameters for Peipsi and Vortsjarv, chloro-

phyll a concentration and Secchi depth, are presented

in Table 1; for comparison, these parameters are

shown also for the two Swedish clear-water lakes.

The temporal variations of all three OAS measured at

the two sampling stations in Peipsi and in Vortsjarv

are shown in Fig. 2. The corresponding temporal

variations of Secchi depth, diffuse and spectrometric

attenuation coefficients (Kd,PARKK and c�PAR) are pre-

sented in Fig. 3. From these figures we can see that

the variability of all six parameters is irregular, and

with no apparent long-term trend.

The range of variation and corresponding mean

values of water parameters for the Varnja and

Limnology Stations are shown in Table 2. The

variability of the water properties is high in both

lakes, except that the Secchi depth was low and less

variable. At Varnja Station it ranged from 1.1 to 2.75

and at Limnology Station it was consistently below

1.3 m.

During our measurement campaigns we also

examined the spatial variability of OAS in the

north-south direction in Lake Peipsi. The results are

shown in Table 3.

Correlation analysis

Lakes are multicomponent systems in which all

three OAS influence the optical parameters of the

Fig. 2 Temporal distribution of OAS during 1995–2005 in Estonian lakes: (a) Lake Peipsi (Varnja Station) and (b) Lake Vortsjarv
( gy )(Limnology Station)

Fig. 3 Temporal distribution of Secchi depth and diffuse and ‘‘spectrometric’’ light attenuation coefficients during 1995–2005 in

(Estonian lakes: (a) p ( j ) () Lake Peipsi (Varnja Station) and (b)) Lake Vo jrtsja ( gy )rv (Limnology Station)
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water. We can usually obtain reliable regression

formulae using databases from different types of

lakes, where the overall variation of parameters is

large. However, it is also of interest to examine

lake-specific regressions using databases from the

two turbid lakes separately. We determined the

regressions Kd,PARKK versus each OAS separately, as

well as c�PAR versus each OAS separately. In

addition, the regressions Kd,PARKK versus zSD and

CChlCC versus CTSSCC were studied. The determination

coefficients of the regression predicting Kd,PARKK were

in most cases only 0.25–0.35. The remaining

regression formulas predicting c�PARas a function

of each OAS separately are shown in Table 4. The

optical property c�PAR correlated well with chloro-

phyll and total suspended matter. The determination

coefficients were relatively high for both lakes

(from 0.67 and 0.72), but the correlation CChlCC

versus CTSSCC was good only for Peipsi (Table 4).

However c�PAR was not strongly correlated with

c�f ð380Þ in either lake; the correlation coefficients in

Peipsi and Vortsjarv were 0.24 and 0.29.

Since all three OAS simultaneously influence

water transparency, we also determined multiple

Table 2 Variation range of

the optical properties of the

water for Peipsi (Varnja)

and Vortsjarv (Limnology)

The mean values of the

parameters are shown in

parentheses

Variable Station Varnja N Station Limnology N

CChl, mg m-3 3.8–36.4 (14) 60 19–102 (47) 23

CTSSCC , g m-3 1.6–8.5 (4.2) 60 3.9–65 (18) 23

c�f ð380Þ; m-1 4–34 (13) 60 4.9–14 (8.6) 23

zSD, m 1.1–2.8 (1.8) 12 0.2–1.3 (0.8) 23

KdKK , m-1 0.7–2.3 (1.5) 12 1.6–6.5 (2.4) 23

c�PAR, m
-1 1.4–6.4 (4) 60 3.3–28 (12) 23

Table 3 Variation of ‘‘spectrometric’’ light attenuation coefficient, Secchi depth and concentrations of OAS (mean and standard

deviation) in north-south direction in Lake Peipsi

Latitude N CChl, mg m-3 CTSSCC , g m-3 c�f ð380Þ; m-1 c�PAR, m
-1 zSD, m

-1

58.8–59.0 17.1 ± 11.6 4.7 ± 3.1 5.5 ± 2.5 3.5 ± 1.9 –

58.6–58.8 18.7 ± 14.0 7.0 ± 5.1 5.1 ± 2.5 2.6 ± 0.8 2.0 ± 0.3

58.4–58.6 16.6 ± 11.6 5.7 ± 4.0 9.5 ± 6.5 3.5 ± 1.8 1.8 ± 0.7

58.2–58.4a 33.3 ± 23.4 13.3 ± 6.0 8.1 ± 3.4 5.7 ± 2.6 0.9 ± 0.4

58.0–58.2b,c 57.1 ± 15.4 22.8 ± 9.1 9.7 ± 4.9 12.9 ± 2.2 –

58.0–57.8c 48.8 ± 24.6 15.4 ± 12.9 7.8 ± 6.7 12.5 ± 2.5 –

a Mouth of River Emajogi
b Mouth of River Velikaya
c Measurements were made only in August and October

Table 4 Relationships

between OAS and

c�PARð380Þ in two large

Estonian lakes

SE is standard error, N is

the number of water

samples

y x Relationship R2 SE N

Lake Peipsi (all stations)

CChl CTSSCC y = 2.21x + 5.06 0.64 8.89 238

c�PAR CChl y = 0.14x44 + 1.32 0.72 1.32 135

c�PAR CTSSCC y = 0.38x + 1.54 0.70 1.40 120

c�PAR cf*(380) y = 0.28x + 0.98 0.24 2.20 134

Lake Vortsjarv (Station Limnology)

CChl CTSSCC y = 1.09x + 27.10 0.44 16.40 23

c�PAR CChl y = 0.21x + 2.24 0.63 3.57 23

c�PAR CTSSCC y = 0.36x + 5.7 0.67 3.37 23

c�PAR c�f ð380Þ y = -1.42x + 24.3 0.29 4.95 23

206 Hydrobiologia (2008) 599:201–211

123



regressions predicting c�PAR or Kd,PARKK from all three

OAS together. The regression formulas obtained and

the corresponding statistical characteristics are shown

below:

Here CTSSCC is measured in g m-3, CChl in mg m-3

and c�f ð380Þin m-1. When other units are used, the

coefficients in the regression formulas will change.

These equations provide a practical means for

determining any parameter if the other three

parameters are known. The relationships

c�PARðmeasÞ versus c�PARðregrÞand Kd,PARKK (meas) ver-

sus Kd,PARKK (regr) (both lakes together) are presented in

Figs. 4 and 5.

The relationship zSD versus Kd,PARKK found for two

Estonian lakes and two Swedish lakes on the basis of

our data (Reinart et al., 2004) is shown in Fig. 6. The

results show that this relationship can be described by

a power function with an exponent of 1.38. This

Lake Peipsi c�PAR ¼ 0:212CTSSCC + 0:066CChl þ 0:208c�f (380)� 0:718

(all stations) R2 ¼ 0:89, Std. err. = 0:84 m�1, N = 115, P \ 0:0001
ð2Þ

Lake V~ortsj~ €av c�PAR = 0:18CTSSCC + 0:125CChl � 0:512c�f ð Þ380 + 7:45

(Limnology Station) R2 = 0:80, Std. err. = 2:70m�1, N = 23, P \ 0:00001
ð3Þ

Lake Peipsi KdKK ;PAR = 0:078CTSSCC + 0:010CChlCC + 0:051c�f ð Þ380 + 0:404

(all stations) R2 = 0:82, Std. err. = 0:37m�1, N = 18, P \ 0.00001
ð4Þ

Lake V~ortsj~ €av KdKK ;PAR = 0:065CTSSCC + 0:0023CChlCC � 0:0038c�f (380) + 1:17

(Limnology Station) R2 = 0:73, Std. err. = 0:58 m�1, N = 23, P \ 0:00001
ð5Þ

Fig. 5 Relationship between measured and calculated (from

multiple regression analysis) diffuse attenuation coefficient

va ues e ps a d Vovalues in Peipsi and Vo tsjartsja vrv

Fig. 4 Relationship between measured and calculated (from

multiple regression analysis) spectrometric attenuation coeffi-

cient in Peipsi (all stations) and in Vortsjarv (Limnology

Stat o )Station)
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value is rather close to those obtained by Davies-

Colley & Vant (1988) and Koenings & Edmundson

(1991) (the exponent is 1) and also by Reinart &

Noges (2004) for various Estonian lakes (1.35).

In Kirk (1994) the connection between zSD, Kd,PARKK

and is described in the following way:

zSD =
C

KdKK ;PAR + cPAR
ð6Þ

where C is a constant ranging from 8.7 to 9.4

(estimated for coastal waters and New Zealand

lakes). We tried to determine the value of C for

Peipsi and Vortsjarv (Varnja and Limnology Sta-

tions), using not cPAR, but c
�
PAR(i.e. the attenuation

caused by pure water was not taken into account).

This hardly influences the result, because the contri-

bution of pure water is very small, 1–4%, in turbid

waters. Taking the two Estonian lakes together, the

statistical characteristics of the regression zSD versus

1/(Kd,PARKK + c�PAR) were: C = 6.44, intercept = 0.25,

R2 = 0.82, Std. error = 0.29 m and P[ 0.0001. The

corresponding regressions obtained separately for

both lakes are presented in Fig. 7.

Discussion

In general, any change in the type and concentrations

of OAS changes the optical properties of water. This

includes temporal changes due to phytoplankton

blooms as well as the springtime increase of

dissolved organic matter associated with snowmelt

runoff or suspended particles associated with river

discharge or resuspensions. From Table 1 we can see

that the water properties of the two large Estonian

lakes differ markedly from those of the large Swedish

lakes. For instance, the maximum values of CChlCC in

Estonian lakes exceeded those in Lakes Vanern and

Vattern by about 10–20 times. The concentrations of

all OAS in Lake Peipsi and Lake Vortsjarv were

noticeably higher than those in Vanern and Vattern.

The data collected at Varnja (Peipsi) and Limnology

(Vortsjarv) Stations showed that chlorophyll a con-

centrations in both lakes were highest during the

intensive algal blooms that occurred in late summer

(Fig. 2), which is typical of turbid lakes situated in

agricultural and rural areas (Marshall & Peters,

1989). At Limnology Station the maximum level of

Fig. 6 Relationship between the values of Secchi disk depth

and diffuse attenuation coefficient in four large North-

European lakes (for Estonian lakes the data for all stations

are included)are included)

Fig. 7 Relationship zSD versus 1/(Kd,PARKK + c�PAR), separately
for Vo jrtsja prv and Peipsi
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chlorophyll a developed in the second half of the

growing period, with CChlCC maximum values reaching

as high as 102 mg m-3 (Fig. 2b). Vernal chlorophyll

peaks were also observed at the end of April (in

Peipsi) or in May (in Vortsjarv).

The considerable increases of humic substances in

Lake Peipsi in July and September 2004 were due to

summer rainfall, which resulted in intensive inflow

from rivers to the lake. The low ay(380) values in

April 2005 corresponded to a very severe winter,

when snowmelt runoff peaks were shifted from April

to early May (Fig. 2). According to these parameters,

Peipsi and Vortsjarv fall in the same range as the

Estonian lakes investigated previously (Arst, 2003).

Temporal variations in the diffuse attenuation

coefficient (Kd,PARKK ) were closely related to the

variations in OAS. The lowest Kd,PARKK values (from

0.74 to 1.70 m-1) in Peipsi were observed in spring

and summer, but by the end of August (in some years

even in September) Kd,PARKK had increased to 2.28 m-1

because of phytoplankton blooms (Fig. 3a). In spring

Kd,PARKK values in Vortsjarv varied from 1.60 to

2.44 m-1 but increased during late summer and

autumn up to 3.80 m-1. Note that in September 1996,

when the Secchi depth was only 0.15 m, there was

one extremely high value of Kd,PARKK , equal to 6.5 m-1

(Fig. 3b). In general, the values of c�PARshowed a

seasonal dynamics similar to Kd,PARKK , but sometimes

their behaviours conflicted because Kd,PARKK , unlike

c�PAR; depends on the angular distribution of irradi-

ance (Fig. 3). For instance, in August 2005 the

increase in CChlCC values in Peipsi was clearly reflected

in c�PAR; but not in Kd,PARKK . The variation range of

Secchi depth (zSD) was 0.15–1.3 m at the Limnology

Station (Vortsjarv) and 1.1–2.8 m in Varnja (Peipsi).

We can compare the vernal diffuse attenuation

coefficient in the eutrophic Estonian lakes with that

measured in the Swedish lakes Vanern and Vattern

during spring 2002. Kd,PARKK ranged between 0.74 and

1.70 m-1 in Peipsi and from 1.60 to 2.44 m-1 in

Vortsjarv, while in Vanern and Vattern the Kd,PARKK

values were respectively 0.71 and 0.33 m-1. Water in

the deep Swedish lakes is more transparent than in

the shallow Estonian lakes; it contains fewer nutrients

because the rivers bring less organic matter from the

rocky upland catchments into these lakes (Willén,

2001) than to the Estonian lakes, which are sur-

rounded by wetlands.

The variations in Secchi depth between Peipsi and

Vortsjarv were much lower than the corresponding

variations in Kd,PARKK . The low sensitivity of Secchi

depth for describing changes in OAS in turbid waters

is more thoroughly discussed by Arst (2003).

We observed noticeable spatial variability of OAS

in the north-south direction in Lake Peipsi. The

Velikaya River (entering Lake Pihkva) accounts for

about 50% and the Emajogi River (entering Lake

Peipsi s.s.) for 39% of the inflowing water to Lake

Peipsi as a whole (Laugaste & Yastremskij, 2000).

Since these large, strongly eutrophied rivers are

major inflows in the southern coast of Lake Peipsi,

the concentrations of coloured dissolved organic

matter as well total suspended matter and chlorophyll

a concentrations are higher in the south and espe-

cially near the mouths of the Rivers Emajogi and

Velikaya (Table 3). The relatively high concentra-

tions of CChlCC and CTSSCC in the southern area of Lake

Peipsi were also at least partly caused by the fact that

measurements were made primarily to monitor the

conditions associated with algal blooms.

From Table 4 we can see that in Peipsi the

correlation between c�PAR and each OAS separately

was highest for chlorophyll concentration

(R2 = 0.72), while in Vortsjarv the strongest relation-

ship was observed for suspended matter (R2 = 0.67).

The depth of the lakes is probably the most important

factor here: in Vortsjarv, the large wind-exposed area

causes extensive resuspensions of sediments, while

Peipsi is somewhat deeper and algal blooms affect

the optical properties more strongly. The correlation

c�PARversus c�f ð380Þwas weak in both lakes (in

Vortsjarv it was actually negative), which is

explained by fact that the relative temporal change

of c�f ð380Þis noticeably smaller than the relative

variations in phytoplankton concentration in both

lakes (Erm et al., 2002). Note that the contribution of

c�f ð380Þto the scattering coefficient is extremely

small.

The determination coefficients obtained between

c�PARand each OAS separately (Table 4) and between

Kd,PARKK and OAS are smaller than those for the

multiple regression (Eqs. 2–5). The values of R2 for

c�PAR(Eqs. 2, 4) are higher than those for Kd,PARKK (Eqs.

3, 5). The reason is that Kd,PARKK depends not only on

the concentrations of substances, but also on the

angular distribution of irradiance.
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The regression formula zSD = 6.44/(Kd,PARKK +

c�PAR) + 0.25 obtained from the regression for the

two lakes together (Varnja and Limnology Stations)

showed that the constant C was lower than that

presented in Kirk (1994) and there was also an

intercept in our algorithm. The determination coef-

ficient R2 was 0.82, but for the regressions obtained

separately for Peipsi and Vortsjarv, the values of R2

were correspondingly 0.74 and 0.42 (Fig. 7). The

reason for the low value of R2 in Vortsjarv may be the

small range of variation in zSD and Kd,PARKK ; also, the

relative errors of these parameters are noticeable in

very turbid water (Secchi depth mostly below 1 m).

Comparing the values of C obtained by Kirk (8.7–

9.4) with those for Peipsi and Vortsjarv (together 6.6,

separately 5.6 and 3.5), we can propose the hypoth-

esis that the constant C in Eq. 6 decreases with

increasing turbidity of water.

Conclusions

We have demonstrated large differences between the

water properties and optical characteristics of eutro-

phic and oligotrophic lakes. Variability in the water

parameters was also observed in the two turbid

Estonian lakes where the chlorophyll concentration

varied between 1.8 and 102 mg m-3 and the diffuse

light attenuation coefficient varied between 0.92 and

6.5 m-1.

In Peipsi and Vortsjarv we found no apparent long-

term trend in the temporal changes of the water

parameters. Rather, it seems that their variability is

connected with the season and the biological activity

of the water. There was some spatial variation in the

OAS and light attenuation coefficient from north to

south in Peipsi.

In turbid lakes, all three OAS contribute signifi-

cantly to the bio-optical parameters of the water. For

this reason, correlations between optical variables

with the OAS separately are often moderately good

for CTSSCC and CChl, but weak for cf*(380). However,

the determination coefficients of multiple regressions

between all three OAS and the spectrometric atten-

uation coefficient were remarkably good, ranging

between 0.80 and 0.89 for Vortsjarv and Peipsi,

respectively. For Kd,PARKK versus OAS, the determina-

tion coefficients were 0.73 (Vortsjarv) and 0.82

(Peipsi). This illustrates the additive effects of all

OAS on the optical properties of the water.
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Abstract Hydrological changes have the greatest

impact on shallow lakes where they alter the water

volume and lake depth noticeably. Dissolved organic

carbon (DOC), which is markedly affected by

hydrological factors, has an important role in many

biogeochemical processes. The DOC load supplied to

Lake Vortsjarv, the second largest lake in Estonia,

was studied on the scale of the subcatchments

discharging into the lake. Daily discharges and

biweekly or monthly DOC concentrations were

measured close to the river outlets over the years

1990–2002. The stream flow data were separated into

groundflow and surface flow by applying local

minimum and recursive digital filtering methods.

Constituent load estimation software, LOADEST,

was used to estimate DOC concentrations and load.

LOADEST performed well for three of the four rivers.

The total estimated DOC load to Vortsjarv from all

four main rivers varied from 1,320 to 4,934 t year-1.

The average annual load over the 13-year period was

3,265 t year-1 or 1.18 g C m-2 year-1. Baseflow

separation analysis indicated that the DOC load

originating from groundflow contributed 79% and

69% of the total load according to the digital filter and

local minimum methods, respectively. The results of

our study demonstrate the utility of linking the rating-

curve method and baseflow separation to assess the

allochthonous DOC load to Vortsjarv both currently

and under changing climatic conditions.

Keywords Dissolved organic carbon (DOC) �
DOC load � Baseflow separation

Introduction

Lakes function as sinks for different chemical

substances, among which major nutrients such as

nitrogen (N) and phosphorus (P) in soluble or

particulate forms have been most extensively inves-

tigated. However, apart from N and P, attention

should also be paid to other substances, among which

carbon is important. Dissolved organic carbon (DOC)

produced in the surrounding catchment area and
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washed into the lake has received scientific attention

because it is important in terrestrial and aquatic

biogeochemistry. For example, DOC is the primary

substrate for bacterial growth in ecosystems (De

Lange et al., 2003) and controls the pelagic food

chain (Jansson et al., 2000). It supports denitrification

when leached below the rooting zone in the

watershed (Brye et al., 2001) and in streams (Seitz-

inger et al., 2006). Humic or tannin DOC affects the

color of streams and lakes (e.g., Watts et al., 2001).

Absorption of solar ultraviolet radiation (UVR) by

aquatic ecosystems is primarily controlled by DOC

(Morris et al., 1995; De Lange et al., 2003). The

factors affecting the DOC load to the lake can be

divided into (1) climatic effects on allochthonous

DOC production (temperature, radiation, CO2, and

moisture; e.g., Freeman et al., 2004, Clark et al.,

2005), (2) climatic effects on discharge (Arvola et al.,

2004), and (3) landscape type, often paired with

anthropogenic impact (e.g., clear-cut forest; Niemi-

nen, 2004). Thus, changes in DOC input to lakes may

exert significant control over productivity and bio-

geochemical cycles, and either accurate measurement

or reliable estimation of the mass of allochthonous

DOC transported in streams is needed. Export of

DOC in transport models is often calculated using

regressions of stream discharge and stream DOC

concentrations (e.g., Moore, 1989; Hinton et al.,

1997; Boyer et al., 2000; Carey, 2003).

Vortsjarv, the second largest lake in Estonia, is

highly eutrophic, receiving nutrients and DOC from

the catchment area mostly via four main rivers. It has

been found that the seasonal dynamics of the nutrient

load from the catchment area is mostly determined by

the dynamics of the hydrological load rather than by

changes in the nutrient concentrations of inflowing

water (Jarvet, 2004). Recent findings on lake hydrol-

ogy (Noges & Noges, 1999), light conditions (Reinart

& Noges, 2004), nitrogen and phosphorus budget

(Noges, et al., 1998a), primary production (Noges &

Noges, 1998), phytoplankton dynamics (Frisk, et al.,

1999), and food web interactions (Noges et al.,

1998b) have provided a comprehensive overview,

showing that water-level fluctuations have a leading

role in the functioning of this lake. However, the role

of DOC in the functioning of the ecosystem of

Vortsjarv has received less attention to date; though

for a light-limited and microbial loop-dominated

ecosystem, DOC has to be considered a particularly

important driver, controlling light conditions and

providing substrate for bacteria. The present study

represents a first step toward filling these gaps in

knowledge and its aim is to understand the factors

determining DOC inflow into Vortsjarv.

The objectives of this study were: (1) to examine

the relationship between DOC concentration and

discharge using sporadic DOC data to estimate the

total load and (2) to apply baseflow separation

analysis to evaluate the surface and groundflow

contributions of DOC to Vortsjarv.

Material and methods

Site description

Vortsjarv is located in the southern part of Estonia

in a shallow depression of preglacial origin. The

submeridionally elongated drainage basin of the

lake covers 3,374 km2 including the lake itself. Its

drainage basin through the outflowing River Ema-

jogi belongs to the drainage basin of Lake Peipsi,

the fourth largest lake in Europe. Peatlands and

meadows occupy approximately 20% and forest 30–

50% of total watershed area (Table 1). The lake is

natural and unregulated, and water level-discharge

measurements date back to 1876. Among the 18

inflows to Vortsjarv, the rivers Vaike-Emajogi,

Table 1 Contributing area

and land use upstream of

each sampling point

Watershed (river-sampling

point)

Total

(km2)

Acerland

(%)

Forest

(%)

Meadows

(%)

Bogs

(%)

Other

(%)

Vaike-Emajogi-Pikasilla 1,270 25.2 46.9 18.9 3.5 5.5

Õhne-Suislepa 573 24.4 47.1 10.5 13.1 4.9

Tanassilma-Oiu 453 30.9 41.9 11.0 11.3 4.9

Tarvastu-Linnaveski 108 41.7 32.4 13.9 3.7 8.3
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Õhne, Tanassilma, and Tarvastu (Fig. 1) constitute

70–75% of the total discharge from the catchment

area (Jarvet, 2004.). The mean depth of the lake is

2.8 m, with water-level fluctuations averaging 1.4 m

amplitude with a maximum range of 3.2 m. Changes

in discharge and load may be critical for the overall

state of Vortsjarv.

Data and statistical analysis

The period 1990–2002 is analyzed in this article.

Daily riverine discharges were estimated by the

Estonian Institute of Hydrology and Meteorology.

Chemical oxygen demand in the rivers was measured

at least monthly by the State Monitoring Programme

at Tartu Environmental Research Ltd. using perman-

ganate (CODMn, mg O l-1). We used CODMn as

proxy for DOC, since mg C l-1 was calculated

according to the molar composition of CO2:2 atoms,

or 32 mg of O consumed in wet burning by

permanganate was considered to be equivalent to 1

atom or 12 mg of C in DOC. Non-parametric

seasonal Mann-Kendall statistics were used to ana-

lyze trends.

Load estimates

The basic approach to estimating loads in a stream is

by a simple calculation, daily flow multiplied by

concentration, which summed over the study period

provides an estimate of the load transported. How-

ever, measured flow data are more numerous than

chemical concentration data, and missing values can

often be interpolated using a nearest neighbor routine

(e.g., Carey, 2003) or calculated from a site-specific

regression or rating-curve method based on the

relationship between concentration and river dis-

charge along with a continuous record of river

discharge (e.g., Hinton et al., 1997; Carey, 2003).

In the present study, the USGS software LOA-

DEST was used to estimate daily concentrations and

constituent loads using daily log-streamflow data and

event constituent log-concentration data by the

rating-curve method (Runkel et al., 2004). Given a

time series of streamflow and constituent concentra-

tion, LOADEST helps the user to develop a

regression model for estimating explanatory variables

as functions of data variables (e.g., streamflow and

time in Eq. 1). LOADEST suggests the implementa-

tion of an adjusted maximum likelihood estimate

(AMLE), maximum likelihood (MLE), when the

model residuals are normally distributed, or a least

absolute deviation (LAD) method when this condi-

tion is not fulfilled.

Hydrological flowpaths—hydrograph separation

Changes in temperature, precipitation, and evapo-

transpiration, due either to normal climatic variability

or to climatic change, may influence hydrological

flowpaths for DOC transport (Hinton et al., 1998;

Boyer et al., 2000; Carey, 2003), e.g., the decline of

surface runoff attributable to warmer winters.

Among the several methods for disaggregating a

stream hydrograph into base and direct flow, the

following two were selected: recursive digital filter

(Nathan & McMahon, 1990; Arnold & Allen, 1999)

Fig. 1 Main watersheds and drainage basins of Lake

VoVortsjartsjarv. Black triangles denote sampling pointsrv. Black triangles denote sampling points
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and local minimum technique (HYSEP hydrograph

separation program, Sloto & Crouse, 1996). The

local-minimum technique is less conservative than

the recursive digital filter, i.e., it yields higher

percentages of baseflow.

Method for calculating baseflow-separated DOC

load

For baseflow-separated load, the following workflow

was used (based on Schilling & Zhang, 2004). Firstly,

concentrations and total DOC load were estimated

using LOADEST. Among the predefined empirical

equations in LOADEST, the following model was the

best and AMLE was used, since all residuals in the

model were normally distributed:

LnðparameterÞ ¼ a0 þ a1LnQþ a2LnQ
2

þ a3Sinð2pi2 dtimeÞ
þ a4Cosð2pi2 dtimeÞ ð1Þ

where parameter is load, kg day-1, or concentration,

mg l-1; Q is daily discharge, m3 s-1; dtime is

adjusted decimal time (=decimal time - center of

decimal); a0, a1, a2, a4 are model coefficients.

Secondly, the two selected hydrograph separation

techniques, i.e., the recursive digital filter and local

minimum technique, were used to distinguish

groundflow and surface flow. Thirdly, the DOC data

record was screened according to flow character, i.e.,

(a) DOC originating from groundflow when ground-

flow formed 90–100% of the total streamflow and (b)

the rest originating from mixed flow including both

groundflow and surface flow. This procedure was

applied for both hydrograph separation techniques.

Fourthly, LOADEST was used a second time by

applying it to the screened DOC data, i.e., estimating

the DOC load only from groundflow. Fifthly, the

latter load was subtracted from the previously

estimated total load to yield the DOC load originating

from surface flow.

Results

Concentration

Because DOC concentrations have increased in some

northern European rivers in recent decades (Freeman

et al., 2004; Worrall & Burt, 2004), non-parametric

seasonal Mann-Kendall statistics were applied to

analyze trends over the period 1990–2002. However,

no significant trend was found at P\ 0.05. Estimated

DOC concentrations in the rivers were quite evenly

distributed over the year with relatively small

amplitudes.

Regressions between LOADEST-modeled and mea-

sured DOC concentrations yielded r2 values of 0.530

(P\ 0.001, n = 175), 0.585 (P\ 0.001, n = 170),

0.161 (not significant), and 0.545 (P\ 0.001, n = 172)

for Vaike-Emajogi, Õhne, Tanassilma, and Tarvastu,

respectively. Visual inspection of the same data dis-

played as a time series showed that the dynamics of

DOC concentrations was best captured for the River

Vaike-Emajogi (Fig. 2a). For the River Õhne (Fig. 2b),

two DOC concentrations emerged as outliers (11.3 mg

l-1 in May 1991 and 1.2 mg l-1 in January 2002). The

r2 was negligible for the River Tanassilma (Fig. 2c),

where the average concentration of the entire dataset

yielded a total load very close to that estimated by

regression. The predictive power of the model was

second highest for the River Tarvastu (Fig. 2d), but

LOADEST could not model a few high concentration

values that occurred at the beginning ofMay in 1993 and

2000, and at the beginning of July in 1991 and 1998. In

fact, the selected model (Eq. 1) inherently entails

adjustment by calibration with a certain ‘average’

oscillation, so a few very high or low values cannot be

captured.

The log-transformed regression between measured

DOC concentration and discharge (Q) was significant

(P\ 0.001) for three of the four rivers, with r2 values of

0.360 (n = 175), 0.470 (n = 170), 0.062 (not signi-

ficant, n = 179), and 0.502 (n = 172) for Vaike-

Emajogi, Õhne, Tanassilma, andTarvastu, respectively.

Baseflow-separated DOC concentration datasets

were analyzed to assess the effect of the hydrological

flowpath on DOC concentration and load. The dataset

was screened as: (a) groundflow (90–100% of total

flow was groundflow) and (b) mixed discharge

(groundflow was less than 90%). Using a more rigid

definition of groundflow (e.g., up to 100%) could

result in only a few DOC samples being calibrated in

the regression model (as in Schilling & Zhang, 2004);

e.g., using the local minimum method for the River

Vaike-Emajogi, the number of days with DOC data

samples during groundflow could be decreased from

89 to 25.
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Data screening revealed that both groundflow and

mixed discharge were log-correlated with DOC con-

centrations, and that on days with mixed discharge the

concentration tended to be lower than on days when

groundflow was dominant (Fig. 3). A common expla-

nation for such patterns is that runoff is diluted either

with rainwater or with shallow soil water during

periods of storm flow (Anderson et al., 1997) or else

with snowmelt water. However, this finding applies

only to the Rivers Vaike-Emajogi and Õhne (Fig 3),

because the groundflow and mixed runoff datasets for

the River Tarvastu did not differ, and the data for the

River Tanassilma were of too poor quality to allow

baseflow separation to be analyzed.

Load

The flow-weighted DOC loads estimated by

LOADEST were calculated for total and baseflow-

separated discharge. The DOC load was mainly

controlled by hydrological conditions (Fig. 4), e.g., it

was lowest for Vaike-Emajogi in 1996 (annual precipi-

tation, P, 545 mm; DOC load 651 t year-1 or 0.51 g

C m-2 year-1) and highest in the very wet years 1990

(P = 987 mm, 2,301 t year-1 or 1.81 g C m2 year-1)

and 1998 (P = 911 mm, 1,936 t year-1 or 1.52 g C

m2 year-1). The annual pattern of the cumulative load

(Fig. 4) was consistent with the discharge pattern. The

total estimated load to Vortsjarv from all four rivers

iFig. 2 Time-series of

measured (boxes) and

modeled (line)

concentrations of dissolved

organic carbon (DOC) in

the main rivers discharging

into Lake Vortsjarv during

1990–2002
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varied from 1,320 t year-1 in 1996 to 4,934 t year-1

in 1990. The annual average load over the 13-year

period was 3,265 t year-1 or 1.18 g C m2 year-1.

Baseflow separation revealed that most of the

DOC load originated from groundflow (Fig. 4). By

the digital filter method the average groundflow

fraction was 77% and the load fraction was 79%, and

by the more conservative local minimum method the

corresponding values were 71% and 69%. However,

these results may be questioned because they tend to

overestimate the role of groundflow: the model does

not include runoff conditions peculiar to Northern

latitudes, where frozen soil may effectively increase

surface runoff during the spring flood (Arvola et al.,

2004). Thus, additional studies with more frequent

sampling during the snowmelt period might reveal an

increase in the surface flow fraction.

A slight dilution effect on DOC concentrations

during high flows (Fig. 3) was confirmed by flow-

path-separated DOC load analysis. In general, a 5%

increase in the fraction of groundflow volume

estimated by the digital filter method increased the

fraction of groundflow DOC load by 6.7%

(r2 = 0.708, P\ 0.001, figure not shown). By the

local minimum method the increase was 8.2%

(r2 = 0.844, P\ 0.001, figure not shown), i.e.,

iFig. 3 Relationship

(y = a � Ln(x) + b) of
baseflow-separated

concentrations of dissolved

organic carbon (DOC) and

discharges (groundflow Qgf:

solid diamonds and solid

line; mixed flow as

groundflow + surface flow

Qgf+sf: open boxes and

dashed line) in the main

rivers discharging into Lake

Vortsjarv during 1990–

2002. ‘Digital filter’ and

‘local minimum’ represent

two different approaches to

flow calculation. The

coefficients of

determination for

groundflow and mixed

flow are (a) 0.473, 0.463;
(b) 0.404, 0.277; (c) 0.494,
0.433; (d) 0.501, 0.295,
respectively

Fig. 4 Yearly cumulative

load of dissolved organic

carbon (DOC) into Lake

Vortsjarv by River Vaike-

Emajogi
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DOC concentrations must have been higher in the

groundflow to produce that result.

Discussion

Assessing the hydrological consequences of climate

change for the DOC load to Vortsjarv, we may

conclude that if winters become warmer then spring

floods will be less developed, implying a relative

increase in concentrations as the dilution effect of the

floods decreases. However, the total load will be still

mainly dependent on total discharge. Processes that

are favored by increased temperature and higher

precipitation, such as organic matter production and

decomposition, may further increase the availability

of DOC. However, many factors are involved in DOC

production and fluxes, so it is nearly impossible to

predict changes with real confidence. For example,

Laudon et al. (2004) found, for total organic carbon

(TOC), that significant variations in runoff patterns

occurred during snowmelt-driven runoff episodes.

Much of the snowmelt runoff from forested areas

reaches the stream via a subsurface flowpath, increas-

ing TOC concentration; in contrast, a larger component

of the snowmelt from overland flow over the frozen

wetland surface diluted the TOC concentrations. Rapid

changes in DOC concentration that have been reported

within one rainstorm or snowmelt-dominated runoff

event (Boyer et al., 2000; Inamdar et al., 2004) reveal

a need to establish a more frequent sampling program

at the main rivers discharging to Vortsjarv, and more

generally for other lakes.

Conclusions

The DOC load from the four main rivers discharging

into Vortsjarv was estimated by combining the rating-

curve method for load estimation with two different

baseflow-separation methods for analyzing flowpath

effects. The annual average load over the 13-year

period was 3,265 t year-1. LOADEST performed

well for three of the four rivers, estimating the

modeled DOC concentration (r2[ 0.5) and load on

the basis of biweekly or monthly DOC measurements

and daily discharge data. Both the baseflow-separation

methods showed an unexpectedly high groundflow

contribution to the total DOC load, around 70%. We

conclude that hydrological flowpath analysis with more

frequent and detailed DOC sampling may give useful

insights into allochthonous DOC production and load to

Vortsjarv both currently and under changing climatic

conditions.
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Abstract The present article is a brief review of the

legal characteristics of water quality objectives and

legally permissible exemptions from these objectives,

as enacted in the EC Water Framework Directive. Six

different types of exemptions have been identified in

total. These varymarkedly in the legal premises of their

feasibility, ranging from the set deadlines for the

environmental objectives to application of less strin-

gent environmental objectives for certainwater bodies.

Keywords Water Framework Directive �
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Introduction

The European Community environmental policy has

two principal objectives: to enhance environmental

protection in the Community region and on the global

scale, and to contribute to the integration of environ-

mental policies within and among the present 27

member states of the Community. The policy aims at

a high level of environmental protection and attempts

to take into account the diversity of situations in the

member states. However, from the environmental

standpoint, the European environmental law and the

institutions involved have a dual task: to find an

acceptable balance between the requirements of the

internal market economy and environmental protec-

tion in the national and community legal contexts.

The environmental policy of the European Commu-

nity is implemented in the member states,

predominantly through directives. At the moment,

one of the most important environmental directives is

the Water Framework Directive (WFD; Directive,

2000), which will shape the water policies and

legislative measures in the EC and member states

for several decades to come.

The legal position of the WFD, as well as other

directives, is based on article 249 para. 3 of the

Treaty of the European Community (Treaty of Nice,

2001). The article states that ‘‘a directive shall be

binding as to the result to be achieved, upon each

Member State to which it is addressed, but shall

leave to the national authorities the choice of form

and methods’’. In practice this means that the

member states have a certain degree of flexibility

and discretion in implementing the objectives of

the directive, e.g. in amending existing national
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legislation or in enacting new legislation. However,

as is characteristic of environmental regulations in

general, the WFD comprises formal procedural,

organisational and also relatively detailed technical

provisions through which the environmental objec-

tives are to be achieved.

The WFD was enacted by the co-decision and

majority-voting procedures of the Council and the

Parliament, and its legal base is the article 175 para. 1

of the Treaty. This means that the objective of the

WFD is in the field of water protection and not the

field of water economy. The chosen legal base

enables article 176 of the Treaty to be applied, which

allows the member states to apply more stringent

environmental objectives in their own legislation than

are actually required by the directive itself.

The Water Framework Directive was implemented

in the Finnish legal system by the enactment of the

Act on the Organisation of River Basin Management

in 2004 (1229/2004), a related Decree on River Basin

Districts (1303/2004) and simultaneous amendments

to the Environmental Protection (86/2000) and the

Water (264/1961) Acts. Two recent Decrees have

been enacted on the contents and drafting of the River

Basin Management Plans (1040/2006) and on haz-

ardous substances and pollutants in fresh surface

waters (1022/2006).

The principal environmental objective of the WFD

for surface waters is that the ecological and chemical

status of all water bodies will be good or excellent by

2015, and that in none of them does the status

deteriorate below its present condition (WFD art. 1,

4.1a). The environmental objectives set out in the

WFD are legally binding on the member states.

However, the directive includes several exemptions

pertaining to specified conditions and requirements

(art. 4.1c, 4.3, 4.4–7) that allow the member states to

evade the achievement of good status. This might be

considered a reflection of the general flexibility

common to the present EC environmental law. In

addition, the permitted exemptions enable the mem-

ber states to alleviate the eventual technical,

economical or developmental burdens of complying

with the water quality requirements of the WFD (e.g.

Grimeaud, 2004).

The implementation of the environmental objec-

tives and corresponding administrative measures set

out in the WFD are realised in the form of River

Basin Management Plans (art. 13), which are to be

reported to the Commission in 6-year cycles (art. 15).

Each state makes autonomous decisions about the

legal procedures in relation to national decision

making and official approval of the river basin

management plans. In Finland, for instance, the plans

are prepared and drafted by the environmental

authorities and ultimately approved by the

government.

The aim of the present study is to identify the

particular circumstances in which the specified

exemptions are enforceable, to discuss some issues

concerning the characteristics of the provisions and to

add some remarks comparing the WFD with the

corresponding Finnish legislation as an example of

WFD implementation in a member state.

Provisions of exemptions and their prerequisites

in the WFD

We have identified a total of six different situations

(1–6 below) in which exemption from the environ-

mental objectives is feasible, thus giving a member

state liberty to breach the directive. The exemptions

differ in respect of their legal bases and prerequisites

of enforcement and their legal effects. The common

denominator of all the exemptions is that they must

be included and reported in the water management

plans, with annotations of the grounds of choice in

each individual case according to the legal require-

ments specified in the respective provision.

The allowed circumstances or corresponding situ-

ations for exemptions may be systematised as

follows:

1. Artificial and heavily modified surface waters

(art. 4.3, 4a para. iii). Water bodies of this type

constitute a category separate from other surface

waters, and they are specifically identified and

designated in the water management plans. The

water quality requirement for this category is

formulated as ‘‘good ecological potential’’ and

‘‘good chemical status’’. A water body may be

included in this category only if the changes to

the hydro-morphological characteristics needed

to achieve good ecological status would have

significant negative effects on e.g. the wider

environment, navigation, recreation, water stor-

age, power generation, flood protection or ‘‘other
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equally important sustainable human develop-

ment activities’’. In other words, designation of

artificial and heavily modified waters implies that

a lower ecological quality is accepted to promote

a certain significant human purpose, or if the

pursuit of good ecological status would be

contrary to acceptable environmental, technical

or economical causes. The artificial or heavily

modified water bodies and the grounds for their

designation have to be explicated in the river

basin management plans, and to be reviewed

every sixth year. All the other exemptions

mentioned below (2–6) are also applicable to

designated artificial and heavily modified surface

water bodies.

2. Waters in areas protected under specific Com-

munity law, the protection level of which shall be

at the required level of the appropriate regulation

by 2015 (art. 4.1c). According to articles 6, 7 and

Annex IV, these include: (a) areas designated for

the abstraction of drinking water and for the

protection of economically significant aquatic

species; (b) areas regulated by the Bathing Water

Directive (76/160/EEC), the nitrate-vulnerable

zones of the Nitrate Directive (91/676/EEC), and

areas sensitive to eutrophication by nitrogen and

phosphorus under Urban Waste Water Directive

(91/271/EEC); (c) designated protection areas

under the Habitat and Wild Bird Directives (92/

43/EEC, 79/409/EEC, respectively). For exam-

ple, if a water body is designated as a special

protection area (SPA), its conservation value

may depend directly on the maintenance of a

certain water quality. Thus, its water quality

status is defined by the Bird Directive obliga-

tions, irrespective of the water quality status

demanded for the given lake basin according to

the WFD. One example of this type is the largest

lake in the British Isles, Lough Neagh (Northern

Ireland), a shallow hypertrophic SPA-lake host-

ing a rich avian fauna, the management of which

is quite complicated because of somewhat con-

flicting anthropogenic pressures on the lake

water quality by, e.g. agriculture, recreation and

its importance as a drinking water source for

Belfast.

3. Postponing the achievement of deadlines for

environmental objectives by a phased achieve-

ment (art. 4.4). The prerequisites for prolonging

the period are that it would not be feasible to

enhance the ecological status of a water body for

technical reasons and/or because of dispropor-

tionate economic costs. Member states must

ensure that the delay does not lead to further

deterioration of the water body below its current

quality status. The grounds for the delay have to

be explained and an anticipated timetable for

implementing the required status must be set out

in the river basin management plan. An extension

is permissible for two subsequent updates

(12 years) of the river basin management plan.

An exemption may also be made if the natural

conditions are such that the objectives are

unattainable within the designated 12-year per-

iod. This latter exemption appears rather vague,

as nothing definite is provided in the article for

further procedures or time limitations of desig-

nation for water bodies of this kind. This

exemption might be especially applicable to lake

basins in which a long-term period of recovery

may be anticipated, for instance lakes with a

significant internal input of phosphorus from

anoxic sediments, as shown for Lake Varese in

Northern Italy by Premazzi et al. (2003).

4. Application of less stringent environmental

objectives is permissible if the water body is

affected by human activities to such a degree, or

its natural condition is such, that the objectives

cannot be achieved without disproportionate

economic costs, or the water quality require-

ments are technically unfeasible (art. 4.5). The

human activities referred to are ones that cause

strain on the particular water body, e.g. installa-

tions leading to point source and diffuse

pollution (Art. 5.1, App. II, 1.4.1–2). A definite

prerequisite for this exemption is that the envi-

ronmental and socio-economic needs served by

the particular human activities cannot be fulfilled

by other means. Even though these other means

would present a significantly better environmental

option, they would also result in disproportionate

costs if applied to meet the environmental and

socio-economic needs. However, it is not per-

missible to lower the quality status of the

affected water body. Also, the member state

has to ensure the highest possible ecological and

chemical status of the water body, given the

impacts that could not reasonably have been
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avoided in view of the nature of the human

activity or pollution. This provision appears quite

unclear or even obscure, leaving plenty of room

for interpretation and the possibility of applica-

tion to almost any kind of water body.

5. Temporary exemptions concerning the status of

water bodies are allowed in circumstances of

exceptional and reasonably unforeseeable natural

causes or force majeure situations, e.g. extreme

floods, long-lasting droughts or accidents (art.

4.6). By this provision, in contrast to the

preceding ones, a deterioration of water quality

is allowed. The conditions to apply the provision

are inter alia that all practicable steps have been

taken to prevent any further decline of the status

of the affected water body, or other unaffected

water bodies. Also, the conditions of the excep-

tional or reasonably unforeseen situations have to

be accounted for in the management plans and

the effects of the circumstances have to be

reviewed annually.

6. New modifications to the physical characteristics

of a water body allow for an exemption from the

objectives of good ecological status or good

potential as well as from actions to prevent

deterioration in its status. However, deterioration

of the water’s chemical status is not permissible

in this case. Also, it is permissible to decrease the

water quality status from high to good if the

reason is a new sustainable human development.

The provision requires that all practical steps

have been taken to mitigate the adverse effects of

the modifications or new development activities.

In order to apply this exemption, the member

state has to demonstrate that the actions are

justified by ‘‘overriding public interest’’. It must

also be shown that the improvement in regard to

public health, safety or sustainable development

would outweigh the societal and environmental

benefits that would otherwise be realised by the

achievement of the environmental objectives. It

is also required that the benefits of the actions

cannot be achieved by other means because of

technical unfeasibility or disproportionate costs.

In addition, all practicable steps have to be taken

to reduce negative effects on the water body

status and to explain the reasons and environ-

mental consequences for such new modifications

in the river management plans. The provision

appears in particular to address large future

projects that are considered very important for

the society. However, projects subject to this

provision might also face more stringent permis-

sion authorisation procedures at national level.

In addition to the above exemptions, transboun-

dary lake basins form a certain exception in their own

category. Member state(s) shall endeavour to coordi-

nate with the relevant non-member state with the aim

of achieving the WFD water quality objectives, and

to ensure proper application of the WFD in their own

territory (art. 3 para. 5). There are a number of

transboundary lakes in Europe: for example, Lake

Constance (shared by Germany and Switzerland),

Lake Peipsi (Estonia and Russia), Lake Geneva

(France and Switzerland), Lake Mikri Prespa

(Greece, Albania and Macedonia) and Lake Pyhajaa rvi

(Finland and Russia). These transboundary lakes are

managed through bi- or multilateral cooperation

between the member and the non-member states. It

should also be noted that use of these lakes is legally

covered by the Convention on the Protection and Use

of Transboundary Watercourses and International

Lakes (Convention, 1992), which was adopted by the

United Nations Economic Commission for Europe

(UNECE) and is presently ratified by all the EU

member states along with e.g. Russia, Albania and

Switzerland.

Discussion

Several recent authors in environmental law publica-

tions have expressed somewhat apprehensive and

even sceptical views about the realisation of the

environmental objectives of the WFD (see e.g.

Kramer, 2000; Howarth & McGillivray, 2001; Fairley

et al., 2002; Grimeaud, 2004; Howarth 2006). The

discussion has ranged from the difficulty or practical

unattainability of a legal definition of ecological

status for aquatic communities because of the natural

variability and scientifically recognised instability of

ecosystems (Howarth, 2006), to more general con-

cern that fixing a legal objective of good water

quality might lead to enhanced differentiation and

little integration of environmental law in the Com-

munity, as the individual member states are left to

define good status (Kramer, 2000). Also, the risks and
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uncertainties connected with climate change must be

considered seriously in respect of applying the WFD,

along with allowed exemptions, in the member states.

As discussed by Wilby et al. (2006), the WFD offers

a means for connecting policies for adaptation to

climate change on the national and also on the

Community scale.

Another assessment is that at present member

states tend to favour the application of derogations

provided by many environmental directives, which

may suggest a political preference for measures that

allow less strict environmental standards. In addition,

the wide spectrum of exemptions allowed in the WFD

might actually lead to quite an extensive number of

water bodies in which the good status requirement is

not fully realised (Howarth & McGillivray, 2001).

The latter possibility will naturally emerge only if

many member states apply the provisions for exemp-

tions liberally in the future.

Seppala (2004) has commented that the use of the

concept of sustainable development as legal grounds

for derogation from the environmental objectives in

WFD and the corresponding Finnish act appear

somewhat problematic and contradictory. Although

sustainable development is an extremely flexible

concept per se, the provisions of the WFD seem to

reflect a novel tendency that justifies the social and

economic dimension of sustainable development to

be utilised as grounds for such human activities,

which are actually harmful to the environment

(Seppala, 2004).

Most of the above-mentioned provisions for

exemption contain a fair number of flexible or open

expressions, e.g. ‘‘significant’’, ‘‘reasonable’’ ‘‘dis-

proportionate costs’’, ‘‘overriding public interest’’ and

‘‘benefit to environment and society’’, the exact

meaning of which seem to be unclear, leaving a

wealth of possibilities for interpretation. In the future,

such expressions will require due and diligent

scrutiny of each individual case in the decision-

making processes by member states, which would

greatly benefit from further and detailed guidance by

the European Community for interpreting the provi-

sions for exemptions (Fairley et al., 2002; Grimeaud,

2004; on dimensions of flexibility in environmental

law in general, see e.g. Scott, 2000; Maättä, 2005).

In the Finnish Water Resources Management Act,

the provisions for permissible exemptive situations

have been integrated into the overall planning and

decision-making procedure as the exemptions are

realised in the national river basin management plans,

which are approved by the government. A judicially

interesting issue in the future will be the integration

of the possible exemption situations and the legal

system for environmental permit authorisation under

the Finnish Water Act and the Environmental

Protection Act. Ultimately, the national courts of

the member states and/or the European Court of

Justice will be the forums in which the legality of the

implementation of the Water Framework Directive

and application of its specific provisions in the

member states are assessed.
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Abstract Lake Balaton (Hungary), one of the

largest lakes in Europe, has undergone eutrophication

and restoration during the last two decades. The first

quantitative phytoplankton records date back to the

1930s, and since that time thousands of data have

been published or accumulated in counting protocols

or computer sheets. These data provide material for

both scientific analyses (e.g. effects of global change)

and applications (e.g. estimation of reference state for

the Water Framework Directive). The ALMOBAL

phytoplankton database was developed to provide

computing support for these applications. It stores

data in standardized forms, handles synonyms and

allows analyses to be conducted on the basis of floral

records, numbers or biomass. The analysis includes

records of about 3000 phytoplankton samples taken

during the past 60 years from two representative

basins in Lake Balaton. This article represents the

first attempt at historical reconstruction of the eco-

logical status and compares it with changes in trophic

state and current water quality. The results indicate

that the phytoplankton biomass and community

structure found in the early 1960s could be regarded

as reference conditions. Statistical analyses support

the view that late summer phytoplankton assemblages

are the most sensitive indicators of trophic change,

and clearly show the eutrophication of the lake that

occurred from the mid-1970s to the mid-1990s and

the restoration during the last decade. An additional

advantage is that, since quality estimation is based on

relative biomass, the method can be used to recon-

struct water quality in cases when counting protocols

are available, but some basic data for quantitative

estimates are missing.

Keywords WFD � Phytoplankton � Database �
Functional assemblages � Monitoring � Long-term
changes � Eutrophication � Restoration � Q-index

Introduction

Human activity impacts lake water quality in many

different ways, and on various temporal and spatial

scales. Enrichment with plant nutrients originating

from the catchment leads to eutrophication. Con-

versely, reduction of the load results sooner or later in

a decrease in the trophic state of the lake. Since it is

the primary acceptor of the load, the phytoplankton

reflects the changes very rapidly both quantitatively

and qualitatively. In addition to the increase in
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biomass, the community structure may also change,

sometimes dramatically. Moreover, it has been

increasingly recognized that global climate change

can also be traced through changes in the structural

and functional parameters of phytoplankton; how-

ever, few analyses have been conducted worldwide,

primarily because coherent long-term phytoplankton

datasets are lacking (Padisák, 1998).

Some long-term studies have been published for

lakes with long histories of phytoplankton research,

or at least measurements such as Secchi transparency

that can be used as proxies for phytoplankton changes

(Lund, 1979; Makarewicz & Baybutt, 1981; Findlay

& Kasian, 1987; Kummerlin, 1991; Neale et al.,

1991; Reynolds & Bellinger, 1992; Willén, 1992;

Talling, 1993; Mineeva & Litvinov, 1998; Padisák,

1998; Padisák & Reynolds, 1998; Lepisto et al.,

1999). However, cross-lake comparisons are compli-

cated by inconsistency in the variables used for long-

term assessments. For example, the following vari-

ables were used in the above-cited studies: average

numbers of cells of dominant species, contribution of

dominant species to total biomass, epilimnetic bio-

mass of dominant phytoplankton groups, minimum

and maximum values of the spring and late summer

biomass, phytoplankton biomass and chlorophyll-a.

As agreed by a group of phytoplankton ecologists

(Kristiansen, 2003), the relevant basis for ecological

studies of phytoplankton is the volumetrically esti-

mated biomass. This approach led to a much deeper

understanding of spatial and temporal patterns than

any other kind of analysis (Padisák et al., 1993;

Descy et al., 1994; Alvarez-Cobelas et al., 1998;

Reynolds et al., 2000; Naselli-Flores et al., 2003;

Naselli-Flores et al., 2007). However, the need for

species-specific data in long-term analyses constitutes

an additional difficulty. The assemblage concept for

analysing community patterns appeared quite

recently (Reynolds et al., 2002) and an increasing

number of analyses have supported its usefulness

(Crosetti & Bicudo, 2005; da Silva et al., 2005;

Findlay et al., 2005; Lopes et al., 2005; Naselli-

Flores & Barone, 2005; Townsend, 2005; Devercelli,

2006, Morabito et al., 2007).

On the basis of the assemblage concept and to

satisfy the needs of the EC Water Framework

Directive (hereafter WFD; EC Parliament and Coun-

cil, 2000), a phytoplankton assemblage index (Q) was

developed that includes the relative share of each

functional group in the total biomass (p(( i, N: number of

species) multiplied by a factor (Fi) established for the

ith functional group in the lake (Padisák et al., 2006):

Q ¼
XN
i¼1

piFi

The objective of this article is to use the phyto-

plankton biomass and assemblage structure expressed

by the Q-index to reconstruct the history of water

quality in Lake Balaton and to quantify the changes in

water quality during the eutrophication and restora-

tion phases. In this study, we were interested primarily

in the applicability of this water quality index. Our

article investigates the seasonal changes in water

quality and outlines the major long-term trends in two

characteristically different basins of Lake Balaton.

Site description, materials and methods

Lake Balaton is the largest shallow lake of Central

Europe with a surface area of 593 km2, average depth

of 3.14 m, catchment area of 5182 km2 and theoret-

ical retention time of 3–8 years. The lake consists of

four basins. The River Zala enters the lake at the

western basin and provides 45% of the discharge and

most of the nutrient load. There are 51 minor inflows,

20 of which are permanent. The water level of the

lake is regulated by the single artificial outflow, the

Sió Canal (eastern basin), which came into operation

at the end of the 19th century. As a result of the

increased phosphorus load, the originally mesotro-

phic lake underwent rapid eutrophication from the

1960s onwards. In the early 1980s, a large-scale

eutrophication management programme was initiated

to restore the water quality. A large reservoir to

protect water quality was constructed at the throat of

the River Zala (Pomogyi, 1993), a sewage diversion

canal was built around the eastern basins of the lake

and sewage treatment plants with P-removal steps

were installed. This management resulted in a more

than 50% reduction of the nutrient load (Istvánovics

et al., 2002; Istvánovics et al., 2007).

The earliest quantitative phytoplankton data were

limited to cell counts, but these were soon expanded

to include biovolume estimation as well. The quan-

titative data used in this article were obtained from

two areas in Lake Balaton with sampling frequencies
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varying from daily to monthly, including protocols

from 27 of the last 40 years in the western basin and

from 30 of the last 60 years in the eastern basin. The

large quantity of data enabled us to analyse the

features of the phytoplankton during eutrophication

and restoration, as well as to explore methods for

assessing water quality as required by the WFD.

The first quantitative records of phytoplankton

were obtained in the 1930s (Entz et al., 1937) and

published as extended printed sheets until the end of

the 1970s (Tamás, 1955, 1965, 1967, 1969, 1972,

1974, 1975; Sebestyén, 1960; Herodek & Tamás,

1973, 1975; G.-Tóth & Padisák 1978). The earliest

samples were pre-sedimented and counted in a newly

developed chamber (similar to what is known as a

Kolkwitz-chamber). From the 1940s onwards, Uter-

möhl’s (1936, 1958) method and inverted microscopy

were applied. Some of the phytoplankton data used in

this article were obtained from the archives of the

Middle Transdanubian Water Authority (1985–1990,

1998–2003) containing biomass datasets. Our own

archives were used for the years between 1987 and

2005.

A database, ALMOBAL 1.0, was developed for

data analysis. It enables all types of phytoplankton

datasets to be stored and queried, storing basic

information about species and their taxonomic clas-

sifications, functional group codes, synonyms, mean

cell volumes etc. To compare the datasets, the

biomass of each species in every sample was

estimated on the basis of biovolume data. Some of

these volume data have been published (Tamás,

1955), while others were estimated from the database

by extracting mean volumes. The volumes of infre-

quently occurring species (especially Chlorococcales)

were estimated by calculating their volumes from

sizes given in the identification manuals (Komárek &

Fott, 1983). According to our calculations, mean

biovolumes have not changed during past 10 years.

However, the biovolumes of some species had quite

large standard deviations, which necessitated check-

ing our results. Our estimates were controlled against

the total biomasses published in the 1970s (Tamás,

1974; Vorös, 1980) and were found to match

approximately.

ALMOBAL 1.0 is a local client-server database

created in the Interbase 5.0 server program package.

A user interface program was developed for data

load and queries using Borland Delphi 5.0

Professional Edition (Hajnal & Padisák, 2006a, b).

The ALMOBAL now contains more than 60,000

records derived from about 3000 individual samples,

and can import them automatically from Excel

sheets. Forms and Structured Query Language

(SQL) queries can be applied, and results can be

exported into Excel sheets for subsequent calcula-

tions and analyses.

For this study, the species-specific biomasses in

each sample were pooled into functional groups

(Reynolds et al., 2002; Padisák et al., 2003, 2006).

Two different regions were analysed, one (Keszthely)

located in the middle of the westernmost basin of

Lake Balaton, the other (Tihany) in the eastern basin.

The western basin received the bulk of the nutrient

load during the eutrophication period, and at that time

became hypertrophic. The eastern basin did not

become hypertrophic, but remained in a eutrophic

state except in the years 1982, 1992 and 1994,

with heavy Cylindrospermopsis raciborskii blooms

(Padisák & Reynolds, 1998).

The monthly average biomasses of the functional

groups at each location were calculated to reduce the

variability and/or temporal and spatial heterogeneity

in individual samples. The results were organized in

pivot tables. For cluster analysis, the August and

September average biomasses of functional groups

were calculated; Euclidean distances and the

UPGMA algorithm were applied using the SynTax

III program package (Podani, 1988).

Results

Seasonal changes of community structure

In the present analysis, the data from the pre- and

post-management periods were separated.

The monthly average Q indices for Lake Balaton

show that the water quality in the eastern basin was

consistently better by 0.5–1 units (Fig. 1). The

differences between the two basins were lowest in

the cold months. Detailed analyses (not shown here)

indicated that structural differences existed, and the

winter phytoplankton was almost dominated by small

flagellated forms, as is common in many lakes

(Salmaso & Padisák, 2007). There are relatively high

differences between the two locations in April. June

represents the clear water phase after the spring

Hydrobiologia (2008) 599:227–237 229
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diatom maxima, usually dominated by small flagel-

lates and partly by green algae (Padisák & G.-Tóth,

1991).

The lowest Q index values and the largest standard

deviations were observed in late summer at both

locations. The water quality minima were reached

in August-September in the western basin and

September-October in the eastern basin. In other

words, the periods of critical water quality were

delayed by about 2 weeks in the eastern compared to

the western basin.

The monthly average contribution of diatom spe-

cies with different sizes and features belonging to the

A, C and D assemblages (Fig. 2, Table 1) exhibited a

winter and a more defined spring maximum in both

the western (Fig. 2a) and eastern (Fig. 2b) basins.

Functional group A (comprising centric diatoms in

general) is typical of the less eutrophic eastern basin

(30%). In the more eutrophic western basin, species of

group D were more dominant.

The L0 functional group mainly comprises ‘‘origi-

nal’’ species (Ceratium, Snowella, etc.) in Lake

Balaton. Species belonging to this group are present

in every month but their dominance increases after the

spring diatom phase. The L0maximum (average 30%)

was observed in August in the eastern basin (Fig. 2c)

and in July (\20%) in the western basin (Fig. 2d).

In the summer communities, the contribution of

Cyanobacteria (S1, SN) to the biomass is important.

The biomass maximum of the S1 (Fig. 2) group in the

western basin (Fig. 2c) typically occurred in October

and amounted to ca. 15%, whereas in the eastern

basin its share was only 5%. The biomass contribu-

tion of the SN group in the western basin peaked in

August or September at about 30%, while the average

biomass contribution of this group in the eastern

basin was *20% and peaked in September.

The monthly average proportions of the functional

groups including different flagellates (Fig. 2e, f)

showed the following features. In the winter months,

especially in the western basin, Y (comprising poten-

tially mixotrophic flagellates) was a very character-

istic functional group; its average content sometimes

exceeded 20%. X1 and X2 groups were more

dominant in the western (X1 *10%, X2 *30%)

than the eastern (X1 *5%, X2 *15%) basin.

Long-term trends in biomass and community

structure

These analyses concentrated on the data from August

to September. The long-term dynamics of total

biomass in August (Fig. 3) and September (not

shown here) were similar in the two basins.

Periods with high biomass had low Q indices. As

Fig. 3 clearly shows, there was only a slight increase in

biomass at the beginning of eutrophication (1966), but

serious decrease in the Q index that fell into the weak-

medium range. From the 2000s onwards, the total

biomass was not high, but the low Q indices indicated

rather high percentages of alien species of Cyanobac-

teria (Cylindrospermopsis raciborskii, many but not

each Anabaena and Aphanizomenon spp.) in the

summer communities (Padisák et al., 2004, 2005).

Examining the dendrogram that reflects the

changes in abundance of the main functional groups

and the Q index in August/September in the western

basin, four period groups could be distinguished at a

0.3 dissimilarity level (Fig. 4). The Q index of the

first group varied between 0.8 and 2.9 (poor-

medium), and its dominant assemblages were H1

and L0. The second group had Q index values

between 0.6 and 1.8 (poor-weak). In this group, S1

iFig. 1 Monthly averages

of Q index (± SD) over the

past 40 (western basin

Keszthely: (a) and 60

(eastern basin Tihany: (b)
years in Lake Balaton
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species (representing more than 10% of the total

biomass) occurred among the SN assemblage. The

water quality associated with the third group was

poor, with Q values between 0.3 and 0.8. Its

characteristic functional group was SN (Cylindro-

spermopsis raciborskii), which contributed more than

50% to the total biomass. The fourth group in the

dendrogram indicates good to excellent water quality

(Q between 3 and 5) with L0, A and H1 species

domination ([40%). The years 1980 and 1983 did not

match any group.

In the eastern basin, the years clustered into three

groups (not shown here). However, grouping by

water quality index was not clear in this basin.

Long-term and seasonal variation of ecological

status

The interannual and seasonal variations in Q index

values in both basins are shown in Fig. 5. The light-

coloured areas represent the lowest water quality, and

the dark areas show better water quality. In the

western basin, water quality was excellent during the

1960s throughout the whole year. The Q index first

decayed in 1966 with a patch in August. From 1975

onwards, the deterioration of water quality was

apparent throughout most seasons. From the 1980s

onwards, a characteristic late summer drop in water

quality developed. This period of poor water quality

iFig. 2 Average

contributions of the main

functional assemblages to

total biomass in the western

(Keszthely: a, c, e) and
eastern (Tihany: b, d, f)ff
basins of Lake Balaton. See

Table 1 and also the

nomenclature of

assemblages in Reynolds

et al. (2002) and Padisák

et al. (2006)
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was longer during the 1990s. Some years later, the

water quality management programme was initiated,

and there was a noticeable improvement in water

quality. After that, the summer periods of poor water

quality became shorter and after 2000 more frag-

mented, when excellent water quality patches

occurred in the springs and autumns. We observed

a similar pattern in the eastern basin (Fig. 5b).

Discussion

The differences between Q indices of the eastern and

western basins of Lake Balaton reflect that the

western basin receives much higher loadings from

the tributary (Fig. 1). Structural differences exist in

winter but remain hidden because the functional

assemblages of both locations have similar factor

Fig. 3 Long-term dynamics of the average total biomass, and

water quality index (Q) in August, in the western (Keszthely:

a) and eastern (Tihany: b) basins of Lake Balaton. Cell density
g p 9 99data in the eastern basin during the period 1980–1990 were

unrealistically low in the available protocols: the absolute

biomasses calculated from these data are indicated as empty

bars in (b)

iFig. 4 Hierarchical cluster

analysis of dissimilarity

among the assemblages of

late summer phytoplankton

in the western basin of Lake

Balaton
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values. In addition, winter sampling is sporadic

owing to the often unstable ice, reducing the

reliability of the winter dataset.

The differences between the two locations in April

are caused by the development of the spring diatom

peak (Cyclotella spp. in low trophic state periods and

Synedra or exceptionally Stephanodiscus in higher

ones). However, the timing of the short spring diatom

maximum depends strongly on the timing of ice-melt

(Padisák et al., 2006) and therefore, no clear temporal

pattern can be discerned in such a rough comparison.

The water quality minimum in the late summer

corresponds to the general experience that the

symptoms of eutrophication are most severe in late

summer, and that this is the most crucial period for

observing changes in trophic state (Padisák et al.,

2006). In this study, periods with high standard

deviations (considerable differences) of Q indicated

months when the assemblages were most strongly

affected by eutrophication/restoration. Here we must

note that while a narrow standard deviation around

the mean indicates reliable results in most scientific

studies, this study is different: large differences

between the averages with high and overlapping

SDs indicate that the given period was strongly

influenced by external driving forces (eutrophication

in this case) and therefore have the highest indicative

value. A possible reason of the delay of the eastern

basin is that the slower temperature rise in the deeper

eastern basin may delay the germination of the

akinetes of heterocytic blue-green algae.

According to both expert judgement and statistical

analyses of the water quality indices (Fig. 1) and

indices of dissimilarity between assemblage struc-

tures, summer communities are the best indicators of

trophic change.

Since the Q index is based on the relative biomass

contributions of the assemblages, high biomass

appears as ‘‘poor quality’’ only if the factor numbers

of the corresponding assemblages are low. However,

iFig. 5 Contour-map of

water quality index (Q) by
years and months in the

western (Keszthely: a) and
eastern (Tihany: b) basins
of Lake Balaton. Light

areas represent poor water

quality whereas dark areas

represent good water

quality
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cell density data in the eastern basin in the period of

1980–1990 appear unrealistically low in the protocols

available. This discrepancy indicates that changes in

the flora preceded those in the biomass, as predicted

by Sas’s (1989) model of eutrophication and also

found by Padisák & Kovács (1997) and Padisák &

Reynolds (1998) during the early restoration period.

From the 2000s onwards, the total biomass was not

high, but the low Q indices indicated rather high

percentages of alien species of Cyanobacteria (Cyl-

indrospermopsis raciborskii, many but not each

Anabaena and Aphanizomenon spp.) in the summer

communities (Padisák et al., 2004, 2005).

Another excellent feature of the Q index is that it

enables water quality to be reconstructed from histor-

ical archives in which identifications are correct, but

some essential data (such as volume of the sedimenta-

tion chamber, number of fields/transects counted or the

magnification) aremissing from the counting protocols,

as observed in some cases (Padisák et al., 1998).

Examining the dendrogram, the fourth group was

prominent before eutrophication in 1966–1974 and

again in 1995, reflecting the recent recovery from

eutrophication. However, in the past several years the

mean Q index has remained below three because the

proportion of alien species is still high. In 1980 and

1983, there was a serious change in community

structure preceding the bloom of Cylindrospermopsis

raciborskii, which could be understood as a signal of

system instability or, in other terminology, as a point-

of-no-return (Blenckner, this volume).

In the eastern basin, grouping by water quality

index was not clear because phytoplankton associa-

tions typically consisted of only a few functional

groups that contributed almost equally to the biomass.

The changes in phytoplankton assemblages in the

eastern and western basins of Lake Balaton during the

past 60 years show that both the community structure

and the biomass responded some years after man-

agement measures were introduced to reduce the

nutrient load. In agreement with Padisák et al.

(2006), the most representative month for eutrophi-

cation monitoring is August (or September). The Q

index, which integrated the biomass and the

Table 1 Most abundant

genera in the main

functional assemblages in

the western (Keszthely) and

eastern (Tihany) basins of

Lake Balaton

Functional

group

Most important taxa

At Keszthely At Tihany

A Cyclotella comta Cyclotella comta

B Centrales spp. [[ 5–20 lm Centrales spp. [[ 5–20 lm

C Centrales spp. [5–20 lm Centrales spp. [5–20 lm

D Synedra acus Nitzschia sigmoidea

E Dinobryon sociale small

sized chrysoflagellates

Dinobryon sociale (unique event),

small sized chrysoflagellates

F Coelastrum microporum Botryococcus braunii

H1 Aphanizomenon flos-aquae Aphanizomenon flos-aquae

L0 Planktolyngbya limnetica,
Ceratium hirundinella,
Peridinium spp.

Aphanizomenon klebahnii, Snowella
lacustris, Ceratium hirundinella

M Microcystis aeruginosa

MP Aulacoseira granulata Aulacoseira granulata

P Navicula spp. Navicula spp.

S1 Planktothrix agardhii Planktothrix agardhii

SN Cylindrospermopsis
raciborskii

Cylindrospermopsis raciborskii

W1 Euglena oxyuris Euglena spp.

X1 Ankistrodesmus spp. Ankistrodesmus spp.

X2 Rhodomonas minuta Rhodomonas minuta

X3 small chlorelloid cells Chrysococcus spp.

XPH Phacotus lenticularis Phacotus lenticularis

Y Cryptomonas erosa, C. reflexa Gymnodinium spp., Cryptomonas erosa
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indicative values of the different phytoplankton

groups, showed that water quality was poorest in

spring and late summer. However, this feature was

not clearly evident in the pre-eutrophication period.

In view of the Q index values, the 1960s were

considered to represent the reference status of

phytoplankton assemblages according to the WFD.

Acknowledgement We acknowledge financial support from

the Hungarian Programme for Research and Development

under contract 3B/022/2004 (BALÖKO).
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Tóth & J. Padisák, 2007. Updating water quality targets

for shallow Lake Balaton (Hungary), recovering from

eutrophication. Hydrobiologia 581: 305–318.
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A. Schmidt & Z. Zámbóné-Doma, 2003. Dominant spe-

cies and frequency of equilibrium phases in late summer

phytoplankton assemblages in Hungarian small shallow

lakes. Hydrobiologia 502: 157–168.
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Abstract The European Water Framework Direc-

tive (WFD) obliges EU member states to define

ecological goals for water bodies and, if necessary, to

take measures to achieve these goals by 2015. The

goals and measures for the water bodies in the

IJsselmeer area of The Netherlands are elaborated in

this study, following an approach described by Irmer

& Pollard (2006, Alternative methodology for defin-

ing Good Ecological Potential (GEP) for Heavily

Modified Water Bodies (HMWB) and Artificial

Water Bodies (AWB). ECOSTAT). With the closure

of the Afsluitdijk in 1932, the former Southern Sea

estuary was transformed into the freshwater Lake

IJsselmeer. Subsequently, a string of so-called border

lakes and Lake Markermeer were created by land

reclamation projects and the construction of dams.

These alterations serve safety, provide drinking water

supplies and created agricultural land. Owing to the

change in category, the lakes are by (WFD) definition

heavily modified. A natural lake rather than an

estuary will be the starting point for determining

ecological potential. However, damming and fixing

the water table prevented the development of emer-

gent vegetation and caused steep water-land

gradients. The Maximum Ecological Potential

includes the effect of these hydromorphological

changes after all mitigation measures have been

considered. Other pressures on the lakes are high

nutrient loads, which cause phytoplankton blooms,

the disappearance of aquatic macrophytes and inten-

sive fishery, which overexploites the pikeperch and

eel populations and causes indirect negative effects

on water quality. Good Ecological Potential for these

lakes is derived by estimating the effects of all

effective hydromorphological measures that have no

significant negative impact on existing functions or

the wider environment, and the effects of all other

measures. The suggested main measures are: con-

struction of fish passages, adaptation of shore-lines,

wind sheltered areas, reduction of nutrient load,

reduction of fishery pressure and reduction of the

bream stock. The effects of these measures are
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calculated from multivariate analyses that establish

the relationships between (a) nutrients and chloro-

phyll-a, (b) chlorophyll-a and water transparency, (c)

water transparency, depth distribution and vegetation

coverage and (d) vegetation coverage and fish

community. The proposed goals will be refined using

new scientific insights and further discussions with

stakeholders, and will finally be reported in the River

Basin Management Plan 2009. It is expected that

exemptions will be used for a phased achievement of

the objectives.

Keywords Water Framework Directive �
Human pressures � Ecological condition �
Fish � Fishery � Macrophytes � Transparency �
Nutrients � Chlorophyll-a � Water management �
Measures

Introduction

In December 2000, the European Water Framework

Directive (Directive, 2000) was accepted by the

member states of the EU, and these states were

obliged to implement this directive. Each member

state has to define ecological goals for its water

bodies and take proper measures to achieve these

goals by 2015. The definition of goals for artificial

and heavily modified water bodies (HMWB) is given

in ‘‘Overall Approach to the Classification of Eco-

logical Status and Ecological Potential’’ (ECOSTAT,

2003). To overcome several limitations of this

approach, Irmer & Pollard (2006) proposed an

alternative approach that takes better account of

current water management practice in The Nether-

lands. The objective of this study is to illustrate how

the ecological goals for water bodies in the IJssel-

meer area of The Netherlands have been worked out.

Study area

With the closure of the Afsluitdijk in 1932, this dam

transformed the former Southern Sea from an estuary

into the freshwater Lake IJsselmeer. The main source

of freshwater is the River IJssel, a tributary of the

River Rhine (Fig. 1). During the following 35 years,

several polders were created for agriculture (Fig. 1).

Therefore, IJsselmeer became smaller, and new lakes

and a string of border lakes were created: Ketelmeer

(3,195 ha), Zwarte Meer (1,691 ha), Eastern Border

Lakes (5,945 ha) and Southern Border Lakes

(3,961 ha). In 1975, the already-reduced IJsselmeer

was divided by a dam (Houtribdijk) into two separate

lakes, IJsselmeer (112,500 ha) and Markermeer

(65,000 ha) (Fig. 1). Therefore, all lakes in the

IJsselmeer area are more or less man-made. Dam-

ming and regulation of the water table prevented the

lakes from developing in a natural way. Flood plains

could not develop, as dikes created an abrupt

transition from water to land. These dikes were built

in the Middle Ages along the shorelines of the former

iFig. 1 IJsselmeergebied in

the central part of The

Netherlands. The numbers in

the right figure correspond to:

1. Afsluitdijk; 2. IJsselmeer;

3. Houtribdijk;

4. Markermeer;

5. Ketelmeer; 6. Zwarte

Meer; 7. Eastern Border

Lakes; 8. Southern Border

Lakes
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Southern Sea to protect the people. Therefore, the state

of the lake is comparable to the natural state in which

the littoral zone is disconnected from the lake by a dike

and in which the water level is regulated. The dikes and

the constant water level are considered to be the two

main hydromorphological pressures, which cannot be

reversed without considerable risks to the people living

there and to their freshwater supplies. The lakes in the

IJsselmeer area are HMWB according to WFD termi-

nology (CIS Working Group 2.2). Other pressures are

high nutrient loads and overexploitation of fish popu-

lations. The P concentration in the lakes was not

measured until the 1970s, when it was already high

(0.2–0.3 mg l-1 in IJsselmeer to 0.3–1.0 mg l-1 in the

border lakes). The nutrient problem in IJsselmeer is

partly caused by local emissions, but mainly by

loadings from abroad in the Rhine river basin, whereas

in the border lakes, the sources are mainly water

treatment plants and streams draining Dutch agricul-

tural areas. Measures were initiated in the 1980s and

resulted in a considerable reduction in P concentration.

Since the creation of the lakes, there has been intensive

fishery, mainly of eel, pikeperch and perch. Bream

exploitation became profitable in the 1990s and bream

fishery is now also intensive.

Methods

In order to identify and designate HMWB, we

followed the ‘‘Guidance Document on identification

and designation of Heavily Modified and Artificial

Water Bodies’’ (Guidance, 2003). To establish eco-

logical goals, we partly followed ‘‘Overall Approach

to the Classification of Ecological Status and Eco-

logical Potential’’ (ECOSTAT, 2003), but mainly

used the alternative approach elaborated by Irmer &

Pollard (2006). According to the former, Maximum

Ecological Potential (MEP) is determined by esti-

mating the negative effects of the irreversible

pressures on biological quality elements and adding

the positive effects of mitigating hydromorphological

measures. In Good Ecological Potential (GEP), the

biological quality elements show minor differences

from MEP. According to Irmer & Pollard (2006),

MEP can be defined as resulting from all possible

hydromorphological measures (assuming a suitable

water quality), and GEP by subtracting those mea-

sures that in combination have only a small effect.

In this study, we first prepared an inventory of the

main pressures and their ecological effects. We then

established a gross list of measures and subtracted those

with significant negative effects on existing functions or

the wider environment (remaining measures leading to

MEP). Next, we shortened the list by omittingmeasures

that together have only a small effect (remaining

measures leading to GEP). Finally, we calculated the

ecological effects of the measures in order to obtain

quantitative estimates of GEP with respect to nutrients

and to the biological quality elements—phytoplankton,

macrophytes, fish and benthic invertebrates.

The GEP values for the biological quality elements

are calculated in a way similar to that used to

establish reference values, using the same empirical

data sets for the different lake types (Van der Molen

& Pot, 2006) and the ‘new’ hydromorphology. The

indices for the biological quality elements were

elaborated in 2000–2006 by expert working groups,

and this is documented in Van der Molen & Pot

(2006). GEP values of total P and water transparency

combined with the ‘new’ hydromorphology were

assumed to lead to the corresponding GEP status of

vegetation, creating the habitat conditions for fish and

thus the GEP composition of the fish.

Results

Effects of pressures

Dams, dikes and regulated water table

The regulated constant water level and steep dikes and

dams prevent the development of littoral vegetation, as

flood plains are absent. In Lake Markermeer, the

bottom layer is mainly composed of clay and because

of permanent erosion a lot of inorganic silt is suspended

in the water column, causing high turbidity and

preventing the growth of water plants. The closure

of the Houtribdijk (Fig. 1) prevented the distribution

of the silt to IJsselmeer and changed the pattern of

distribution in Markermeer as well. A consequence of

the Afsluitdijk (dam) is that it blocks the route of fish

migration from the river to the sea and vice versa. It

prevents the migration of adult salmonids from the

Wadden Sea to the River IJssel, and coregonids,

lampreys, sticklebacks and juveniles that must migrate

to the sea to mature to adulthood.
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High nutrient loads

In lakes, a high nutrient load eventually causes an

increase in phytoplankton biomass and a decrease in

transparency. As a consequence, submerged vegetation

has less potential to develop. All lakes in the IJsselmeer

area were turbid in the 1970s and 1980s, and much

vegetation disappeared after the 1960s when the

transparency decreased (Brouwer & Tinbergen, 1939;

De Beaufort, 1954). Paleolimnological records of

IJsselmeer show that in the period around 1960, the

oligotrophic diatoms disappeared and only mesotrophic

and eutrophic species remained. The P concentration at

that time was estimated as at least 25–50 lg l-1

(Cremer & Bunnik, 2006), well below the value of ca.

250 lg l-1 that was observed during the 1980s. The

transparency in the 1960s must have been ca. 1 m, but

because the lake is on average 4.5 m deep, vegetation

was only present in the shallow parts.

In the shallow border lakes, the increase in nutrient

load caused a decrease in transparency down to 30 cm

and the submerged vegetation disappeared in conse-

quence. The fish communities associated with clear

vegetation-rich water disappeared as well (Lammens

et al., 2004). Perch, roach and pike almost disappeared

andbream,pikeperch, ruffe and smelt becamedominant.

Intensive fishery

The eel and pikeperch fisheries in IJsselmeer and

Markermeer caused overexploitation of these

populations. In consequence, only a few year classes

are present and the populations are dominated by

small individuals. This implies that prey-fish (fish

\15 cm) have a good chance of survival and create

good feeding conditions for piscivorous birds. On the

other hand, the feeding pressure of these fish on

zooplankton will be relatively high and will affect the

water quality negatively by the cascading effect on

the phytoplankton (Gulati et al., 1990). The bream

fishery that started in the 1990s (Lammens et al.,

2002) now keeps the bream population down, with

positive effects on water quality, particularly in the

border lakes (Breukelaar et al., 1996; Lammens

et al., 2004).

Measures

Owing to safety considerations and freshwater needs,

the lakes will not return to the original (brackish)

status, and Good Ecological Status (GES) of a

freshwater lake cannot be achieved. However, some

measures may be considered to mitigate the effects of

the hydromorphological alterations, such as fish

passages, adapting shorelines, wind-sheltered areas

and water level fluctuation. Eutrophication and

commercial fisheries are considered to be indepen-

dent of hydromorphological pressures and should not

constrain GEP. Table 1 summarizes the measures and

the motivations to include them or otherwise. Some

choices are obvious (e.g. not to remove dams); others

are discussed below.

Table 1 Pressures in the

IJsselmeer area and their

effects

IJsselmeer Markermeer Borderlakes

Afsluitdijk Change from estuary

to freshwater lake

Dikes Steep gradient from

land to water

Steep gradient from

land to water

Steep gradient from

land to water

Houtribdijk Increasing the silt

concentration in

Markermeer

Fixed water level Prevents emergent

vegetation to grow

in potential places

Prevents emergent

vegetation to grow

in potential places

Prevents emergent

vegetation to grow in

potential places

Nutrient load

(P and N)

Algal blooms, turbidity,

preventing water

plants to grow

Fishery pressure Overexploitation of eel

and pikeperch

Overexploitation

of eel and pikeperch
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Fish passages

A fish passage is (only) relevant to the Afsluitdijk. It

is an important measure for enabling fish to migrate

from the Wadden Sea to the IJsselmeer or via the

IJsselmeer to the River IJssel and vice versa.

Adapt shoreline profile

In order to create a more natural shoreline, the steep

land-water gradient should be altered.

However, this measure will only result in a well-

developed zone of emergent vegetation if it is

combined with natural water level fluctuation, which

is absent and cannot be restored. Therefore, there

may be only small-scale and uncertain future benefits.

However, ‘significant effects on the wider environ-

ment’ may apply to these lakes, as the dikes may be

considered a cultural heritage that should not be

altered at all (Guidance, 2003).

Creating zones with wind-sheltered areas

As a mitigation measure for the dam creating the

Markermeer, some wind-sheltered areas can be

considered to create a better light climate and

opportunities for plants to grow.

Water level fluctuation

Seasonal water level fluctuation may be beneficial for

the littoral vegetation. However, in the IJsselmeer

area, natural water level fluctuation conflicts with

safety and fresh water needs. The margins of water

level fluctuation without significant negative effects

on functions are too narrow to exert significant

ecological effects.

Reduction of the nutrient load

High nutrient concentrations are the most signifi-

cant pressure in IJsselmeer. Phosphorus is the

nutrient that limits the growth of phytoplankton

and is therefore the determining factor for trans-

parency and, accordingly, macrophytes and the

biological groups depending on this habitat. Only a

small part of the necessary nutrient reduction can be

realized by The Netherlands itself. The remainder

has to be realized by international agreements

because a large part of the nutrient load comes

from Germany and France. Markermeer, however,

is light-limited because of a high concentration of

suspended inorganic matter and the production of

phytoplankton is therefore only partly dependent on

phosphorus. For the border lakes, a level of 90 mg

P m-3 is sufficient to attain a relatively stable clear

water state (Portielje et al., 2005; Ibelings et al.,

2007). In the eastern borderlakes this has already

been achieved.

Fishery

The fishery pressure on pikeperch (Stizostedion

lucioperca), perch (Perca fluviatilis) and eel (Angu-((

illa anguilla) should be reduced to such an extent that

a balanced population containing all year classes

could develop. This implies a reduction of at least

75% of the total fishing intensity (Van Nes et al.,

2002). On the other hand, fisheries may also be used

as an ecological rehabilitation measure. If the chlo-

rophyll-a concentration is still high, but the total P

and N concentrations are within acceptable levels, a

reduction of the bream stock to 25 kg ha-1 will help

to bring the lake to clear water status (Breukelaar

et al., 1996; Søndergaard et al., 2007).

Calculation of Good Ecological Potential

In the previous paragraph, we argued which hydro-

morphological measures are necessary to achieve

MEP and which additional measures (eutrophication

and fisheries) are needed to support this. These

measures will lead to GEP if we subtract the effects

of those with little impact (adapting shoreline, limited

water fluctuation). The results are summarized in

Table 1 and discussed below.

Nutrients and chlorophyll-a

For IJsselmeer and the border lakes we assume that

the ‘new’ hydromorphology does not affect nutrient

Hydrobiologia (2008) 599:239–247 243

123



concentration. The lack of natural retention zones

causes a higher proportion of the nutrient load to be

present in the water phase, but this is considered not

to be significant for these lakes. In fact, the border

lakes already show concentrations that resemble

those of natural lakes. These natural concentrations

are presented by Heinis & Evers (2007), but not

yet approved because international harmonization

(intercalibration) is still in progress. The natural

concentration is based on a calculation with an

accuracy of 90% to establish the chlorophyll-a

concentration for top-down regulated lakes (Portielje

et al., 2005). In shallow lakes (\3 m), this chloro-

phyll/P ratio is higher in lakes with transparencies

\60 cm than in lakes with transparencies[60 cm; a

transparency of 60 cm is considered to distinguish

bottom-up from top-down regulated lakes. In top-

down regulated lakes, the chlorophyll/P ratio varies

among lake types from 200 to 500 lg chl-a per mg P;

in bottom-up regulated lakes it varies between 500

and 1,200. This ratio is used to calculate the chl-a

concentration given a certain concentration of total P

(Portielje et al., 2005). This risk approach was taken

in order to meet the WFD obligation that the

supporting physical-chemical conditions must ensure

GES.

For Markermeer this statistical relationship was

not valid. We used the current phosphorus concen-

trations for GEP because the external anthropogenic

nutrient loading is small and primary production is

light rather than nutrient-limited.

Macrophytes

The (potential) coverage of submerged water plants is

primarily determined by the light available at the lake

bottom and is therefore related to light extinction and

lake depth. Seeds and bottom substrate are assumed

not to be limiting, as it will be usually a matter of

time for the vegetation to develop. As a limit for the

amount of light at the lake bottom necessary for plant

growth, 3% of the amount of light available at the

surface is considered necessary (Middelboe & Mark-

ager, 1997). Therefore, the extinction determines the

maximal depth at which plants can grow. Another

assumption is that only 65% of the zone providing all

necessary conditions for plant growth would actually

be covered (expert opinion). The coverage potential

used is lower in very shallow areas, where wave

action has more impact, and close to the maximum in

areas of maximum colonized depth, where there is

less light. If the extinction (or transparency) and

depth zone distribution are known, the potentially

covered area can be estimated, and this is considered

the GEP value for submerged vegetation. For the

shallow border lakes the estimated GEP is 19%

coverage. For IJsselmeer and Markermeer, GEP

coverage is only ca. 5% because these lakes are

twice as deep as the border lakes.

Emergent vegetation such as reeds and bulrushes

need dry soil to germinate and can expand vegeta-

tively into a water depth of about 10 m, unless the

shore is frequently exposed to strong winds

Table 2 All possible measures in the IJsselmeer area to restore or improve the ecological condition

IJsselmeer Markermeer Borderlakes

Removing Afsluitdijk *Safety, *Freshwater needs

Removing dikes *Safety *Safety *Safety

Removing houtribdijk *Safety *Safety

Creating fish passage in Afsluitdijk No interference with main functions

Adapt shoreline Only locally feasible

(ca. 1,000 ha)

Only locally feasible

(ca. 1,000 ha)

Only locally feasible

(ca. 1,000 ha)

Create fluctuation in water level *Safety, *shipping,

*freshwater needs

*Safety, *shipping,

*freshwater need

*Safety, *shipping,

*freshwater need

Creation wind sheltered areas Not necessary Ca. 7000 ha Not necessary

Reduction of nutrient load Reduction of P-load to

result in 70 lg P l-1
Reduction of P-load to

result in 90 lg P l-1

Reduction of fishery pressure See text for explanation See text for explanation

Reduction of bream population To\ 25 kg ha-1 To\25 kg ha-1 To\25 kg ha-1

* Significant negative effects on specific functions
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(corresponding to roughly[1,000-m wind fetch). The

area of the shore zone that becomes dry between the

winter high water level and summer low water level,

including the 10-m zone of vegetative expansion into

the water, is considered the GEP value for emergent

vegetation. The zone for emergent vegetation is

limited in all lakes, seldom exceeding 1% of the

surface area. Grazing by cattle or birds can prevent or

reduce already-existing vegetation (Vulink & Van

Eerden, 1998). The coverages for submerged and

emergent vegetation for GEP are lower than the GES

values for natural lake types owing to the heavily

modified character of the lake (Table 1).

Fish

Data analysis showed that the presence of vegetation,

the transparency of the water and the lake depth

distribution are the main determinants for the fish

community, since for a number of lake types the

relative abundances of species (groups) have been

elaborated in multi-variate analyses (Jaarsma &

Klinge, 2005; Portielje et al., 2005). The following

fish-indices were chosen as indicators (Van der Molen

& Pot, 2006): % biomass of bream (1), % biomass of

roach + perch (2), % biomass of vegetation-depen-

dent (limnophilous) species (3), total number of

species (4) and oxygen-tolerant species (5). The latter

group is not elaborated, as the habitat for this group is

not present in heavily modified conditions. For multi-

variate analyses the following independent variables

were chosen: coverage of emergent vegetation, cov-

erage of submerged vegetation, transparency and

transparency/depth. The analysis predicted the

expected contributions of these groups to the fish

community and the GEP values of the indices

considered. For the border lakes, GEP for % of bream

was estimated as \34% and that for the % of

roach + perch as[30%. The number of species was

estimated as[10. All GEP values are lower than GES

because the area of vegetation habitat is smaller, since

the conditions are heavily modified. The % of

roach + perch is an exception, but this results from

the lower estimates for other species. Therefore, in

this case, the value of GES is used for GEP.

For IJsselmeer and Markermeer the GES percent-

age of the eel and pikeperch populations exceeding

legal size was estimated as 25–50%. Therefore, the

GES value is again used for GEP. For IJsselmeer,

the obstruction by the Afsluitdijk limits or even

prevents the migration of some diadromous fish

species from the sea to the freshwater and vice versa.

Therefore, an indicator from an estuarine water type

has been added to account for the connectivity

function of the lake. The effect of fish passages is

expressed as the increase in the number of diadro-

mous fish species.

Other quality elements

The GEP has to be described for all biological quality

and physico-chemical elements mentioned in Annex

V of the WFD. In this article, several quality

elements are elaborated. However, work is still in

progress and additional objectives will be established

for blooms of phytoplankton, species composition of

macrophytes and benthic invertebrates. For IJssel-

meer and Markermeer, several fish indicators that

have been described for GES cannot yet be included

in the statistical analysis because these lakes deviate

too much from the other lakes in size, depth and fish

community. The actual measurements for these two

lakes may be compared with indicator values devel-

oped for natural lakes (Van der Molen & Pot, 2006).

With respect to the physical chemistry, only nutrients

and transparency have been addressed. For the other

parameters, the GES values will probably be used for

GEP (Table 2, 3).

Discussion

It is a WFD obligation to set ecological goals and to

find the proper measures to achieve these goals. The

approach described in the CIS guidance is based on

comparison with natural water bodies. However, it is

hard to find reference conditions for these large lakes.

Most of the similar lakes in Europe are modified or

are different in nature. Furthermore, suitable data are

often missing. Historical data are not very useful

either as the lakes used to be an estuary. Using a

modelling approach and data from different sources,

an attempt was made to construct reference condi-

tions and a GES, but the values are beset by large

uncertainties. Furthermore, the approach described in

the CIS guidance assumes that one modification can
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be mitigated by one measure. This approach turns out

to be too theoretical for water bodies that suffer from

multiple modifications and other pressures.

Therefore, we welcomed an alternative approach

that starts from the current situation and the relevant

measures (Irmer & Pollard, 2006). The goals are a

result of these measures instead of the other way

around. This alternative approach has been applied in

the present study. All possible management measures

have been considered and the effects on the lakes

have been calculated. Since the same criteria are used

to select measures, the ecological aim of both

approaches is the same.

However, finding values for the quality elements is

still difficult. We applied an empirical approach using

data from the same or similar water bodies (Portielje

et al., 2005) for phytoplankton, macrophytes and fish.

IJsselmeer and Markermeer are very large and unique

lakes that cannot be compared with the smaller and

shallower border lakes. Considering size and fish

community, Lake Peipsi, on the border of Estonia and

Russia, is to some extent comparable to IJsselmeer

and Markermeer (Haberman et al., 2000). An essen-

tial difference is that Peipsi is a natural lake with

well-developed flood plains as spawning grounds for

many fish species. Pike and pikeperch live together in

this lake, whereas pike has no chance in IJsselmeer

because of the lack of flood plains (Pihu & Kangur,

2000). Therefore, the fish community in Peipsi is not

taken as a goal for IJsselmeer. However, the concen-

tration of P (40–80 lg l-1) in Peipsi, which is also

mesotrophic, may provide an idea of what we may

expect in IJsselmeer when the nutrient load in the

rivers Rhine and IJssel declines.

Apart from habitat, connectivity is also important for

the fish species in the lake. In former times the Southern

Sea estuary was a connection with the River IJssel. The

Afsluitdijk blocks the way for diadromous fish. The

only entrances for these fish are sluices that are opened

when the tide is low andwater can flow from IJsselmeer

to Waddensea. Close to high tide, when the water

current is relatively low, there is a small window of

opportunity for diadromous fish to enter the lake. Fish

passages will increase the opportunities for these fish to

enter. The prediction is that the number of diadromous

fish will exceed the current number of 10 species.

Apart from the hydromorphological pressures

there are also pressures related to nutrient loading

Table 3 Proposed values for the biological indicators representing GEP for the heavily modified lakes in the IJsselmeer area and

GES for the shallow and deep hardwater lakes

GEP

IJsselmeer

GEP

Markermeer

GEP border

lakes

GES shallow

lakes

GES deep

lakes

P concentration (lg l-1)a 70 (100) 100 (100) 90 (50) 90 90

Transparency (m)a 0.9 (0.6) 0.35 (0.25) 0.9 (1) 0.9 0.9

Phytoplankton

Chlorophyll (lg l-1)a 18 (60) 30 (50) 23 (20) 23 18

Macrophytes (% coverage)

Submers (%) 5.3 (0.8) 4.5 (0.7) 19 (20) 25 30

Emergent (%) 0.7 (0.7) 0 (0) 0.8 (0.5) 60 60

Fish

Bream (%) (20) (5) \34 (30) B8 B25

Perch + Roach (%) (40) (40) [30 (40) C30 C35

Limnophilous fish (%) (0) (0) [1.3 (1.5) C40 C3

Oxygen tolerant (%) 0 C10 C1

Number of species (12) (10) 10 (21) C14 C10

Pikeperch/eel (% biomass[ legal

size)

[25 (\25) [25 (\25) C25

Diadromous fish species [10 (10)

Sometimes ranges are given because international harmonization and national interpretation are not yet complete. The present

situation is given in brackets
a Values are average for the period April–September
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and overexploitation by commercial fisheries. These

pressures are the main reasons why the present state

does not comply with the proposed GEP in Lake

IJsselmeer. The source of the nutrients is upstream

and reduction requires both national and international

cooperation. Reduction of commercial fisheries may

affect this sector significantly. Therefore, dispropor-

tionate costs and administrative impossibilities may

lead to lowering or phasing out of goals. The eastern

border lakes already comply with the proposed GEP,

but the southern border lakes do not yet fulfil the

demands because the nutrient loading is too high.

Markermeer will comply depending on the outcome

of the discussion about the creation of a wind-

protected area, which will lead to a greater area of

submersed water plants.
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Abstract Lake Balaton, one of the largest lakes in

Europe, is an important centre for summer tourism in

Hungary. The appearance of the water is, however,

influenced by a number of physical and biological

factors such as the frequency of storms, the hydro-

logical balance, the water level and the growth of

algae. Here we report the results of a survey designed

to test the reaction of the local population to these

seasonal and inter-annual variations. This survey was

based on a questionnaire completed by 960 perma-

nent inhabitants of the shoreline villages and was

designed to explore their awareness of the local and

regional factors responsible for the changes. About

one-quarter of the respondents considered that the

drying effects of global climate change had already

had an effect on the Lake Balaton area. Although

younger (16–26) and middle-aged (27–50) respon-

dents benefit most from good water quality, those in

the oldest age group (51–92) were more concerned

about the quality of the water and broader issues such

as biodiversity and the conservation of the landscape.

Considering that the future of the lake depends on the

youngest generation, this suggests that their environ-

mental education could be improved to strengthen

their understanding of environmental issues.

Keywords Questionnaire � Local inhabitants �
Lake � Water quality � Sociological survey

Introduction

Large lakes often fulfil a wide range of societal

demands: they serve as drinking water supplies,

recreation areas and conservation zones. Many,

especially those located in middle latitudes, are

heavily impacted by tourism and over-exploitation

to the point where there is some deterioration of their

original values.

Lake Balaton, in the south-west of Hungary, is

the largest shallow lake in Europe. It is 77.9 km

long, 7.2 km wide and has an average depth of

3.14 m. Its surface area is 596 km2 and its catch-

ment area is 5776 km2. The major inflow to the

lake is the Zala River. The lake was originally

mesotrophic but showed signs of eutrophication in
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the 1960s and 1970s because of the increased

nutrient load. By the 1980s some basins in the lake

had reached the permanently hypertrophic stage.

The implementation of more rigorous management

practices for the lake then resulted in a 50–60%

decrease in biologically available phosphorus and

in a significant improvement of water quality

(Padisák & Reynolds, 1998; Padisák et al.,

2006a). Lake Balaton is one of the most popular

tourist destinations in Europe. Tourism contributes

10% to the GDP of Hungary of which the share for

the Balaton region is about 30%.

The sociological survey described here was

designed to explore the extent to which the perma-

nent inhabitants understood the key water quality

issues in Lake Balaton and were aware of the

potential effects of global climate change. We also

intended to analyse the attitude and sensitivity of the

population to a number of the defined environmental

problems. To interpret the results of this sociological

survey the following features of the lake are

fundamental:

(i) A high level of inorganic turbidity is an integral

characteristic of the lake. Lake Balaton is

shallow, with inorganic sediments that are

periodically resuspended by the wind.

(ii) Dense growths of algae were once common in

the lake but are now recorded only rarely. The

latest summer in which such a density of algae

occurred (Cylindrospermopsis raciborskii

bloom; Padisák and Koncsos, 2002; Padisák

et al., 2006a) was in 1994, most probably

because the sedimentary P-pool of the lake

subsequently failed to support dense algal

growth (Padisák and Istvánovics, 1997; Padisák

et al., 2006b, Hajnal & Padisák, 2008).

(iii) Small areas of brown-coloured water may

appear in the lake, but these are restricted to

the area around the inflow of swamp-water

from the Kis-Balaton reservoir.

(iv) Unpleasant odours are seldom reported along

the shores of the lake but when they do occur

they are connected with sporadic fish-kills in

the spawning season or the concentration of

the natural odours associated with swamps

and emergent macrophyte. The emission of

H2S by anoxic organic sediments is in no

way typical.

Our expectations concerning the results of this

survey were many fold. Among them, we supposed

that

– those residents who have better education and/or

long-term experience of living in the lake area

will have a better knowledge of water quality

issues than others;

– phenomena that can be directly observed by sense

organs (transparency, odour) will be judged more

uniformly than those that are difficult to observe

(global change, acid rain);

– the middle-aged group will be more concerned

about lake water quality because their living

standards depend directly on it, since they are

predominantly involved in the tourism industry.

The method and the population studied

The survey was conducted between May and October

2005 and was based on voluntary written answers to a

questionnaire circulated to a randomly selected

sample of the permanent inhabitants of the shoreline

communities above the age of 16. The title of the

questionnaire was ‘‘Questionnaire on environmental

awareness related to Lake Balaton’’. The original

version was in Hungarian, but an English translation

has been prepared and is included in the Appendix to

the electronic version of this article. The survey was

evaluated on the basis of a statistical analysis of the

data acquired together with some supplementary

interpretation.

The randomly chosen individuals whose opinions

are included in the study were representative of the

permanent inhabitants of the lake shoreline. The

sample comprised 960 individuals (the error, in

general, for the whole population is ±6.5%): 93.8%

were Hungarian, 42.3% were male, 57.3% were

female; 48.5% were married, 39% were unmarried,

7.7% were divorced and 3.6% were widows. All the

respondents were between 16 and 92 years of age and

were classified into three age groups: those between

16 and 26 (32.12%), mainly students; those between

27 and 50 (42.6%), forming the bulk of the working

population and those between 51 and 92 (24.2%),

mostly retired. In educational terms, the sample

included 22.6% with basic schooling (up to 8 grades),
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37.7% with a high school diploma and 28.4% with a

university or college degree. In view of the sampling

criteria (permanent residents, those who work per-

manently in shoreline cities and villages or have

another kind of permanent, long-term observational

experience), the results may represent the opinions of

some 400,000–500,000 citizens.

The questionnaire was specifically designed to

cover some of the key water quality issues addressed

by the EC 5th Framework CLIME Project. It has two

parts with two sets of questions: set I (1–7) comprises

personal data (sex, age, jobs, highest schooling,

marital status, citizenship) and set II (1–17) includes

questions related to Lake Balaton. The questions

related to global environmental changes (II/4) are

combined with a series of questions that test the

reactions of the respondents to other environmental

problems and are designed to obtain a broad view of

their opinions.

This article focuses on the analysis of variables

that refer to the opinions of the respondents related to

water quality (II/1–4) and to the possible costs

associated with improving the environmental condi-

tion of the lake (II/15–16). Since the rate of global

change is too slow to elicit an immediate reaction, we

structured these questions in such a way that we

could test their indirect as well as direct experience of

weather-related changes in the lake environment. In

Sect. II/4: ‘‘In relation to the environmental condition

of the lake, what concerns permanent residents the

most?’’, we explored the respondents’ reactions to:

(i) Those characteristics that can be perceived

personally and directly with the sense organs,

such as the transparency of the water (II/4a), its

odour (II/4b) and water level changes (II/4c);

and

(ii) Those characteristics that cannot be experienced

directly, i.e. the less easily quantified aspects of

global climate change (II/4d) such as changes in

the frequency of extreme events and the

progressive increase in UV radiation.

The attributes of variables in questions II/1 and II/

3 are ordinal, arranged on a decreasing scale from 1

to 4. For the other questions, we provided some set

options and then gave the respondents an opportunity

to add other ideas using the prompt ‘‘other, please

specify…’’. In this way, we had both quantitative and

qualitative data to analyse. Data analyses followed

recommendations by Varga (2000) and Babbie

(2001).

Results

Water transparency

More than half the respondents (55.4%) consider the

water to be moderately non-transparent (Fig. 1a).

Two contrasting opinions also appear in roughly the

same ratio: 16.3% of respondents said that they had

not yet experienced non-transparency, but 15.1%

recognised that the water is very non-transparent. A

relatively large proportion (13.2%) gave no answer.

Even though moderate non-transparency is easily

observable, more than 30% interpret the same

objective reality in subjectively different ways. By

analysing the frequencies of the opinions in relation

to sex, age and level of education (data not shown),

we reached the following observations:

1. The sex of the respondents had no effect on their

perception of non-transparency. Most respon-

dents (55% on average) were of the opinion that

the water of Lake Balaton is moderately non-

transparent and this corresponds to the objective

reality.

2. Within the different age groups, the perception

that the water is clear increased with the age of

the respondents, whilst the perception that the

water is very non-transparent decreased with age.

Therefore, the younger respondents are more

critical of any deterioration in water transparency.

3. The factor with the most pronounced effect on

the perception of change was educational level,

with the less educated group showing the biggest

deviation from average.

In order to explore whether the respondents who

are aware of the ‘non-transparency’ problem also

understood the cause, we offered them a further list of

options. Analysing the responses (Fig. 1b), we were

surprised to find that only a small proportion of the

permanent residents (23%) knew that the actual cause

of the non-transparency is the mixing effect of the

wind. The other respondents offered a range of
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implausible explanations: 23% considered that

‘foaminess’ causes non-transparency even though

the quality of the local water treatment is so high that

detergents never reach the lake. About 20% blamed

algal bloom for the non-transparency even though no

serious blooms had been reported in the lake in the

preceding 10 years and 17% considered that pond

weed is a serious problem even though their effect is

very localised (moreover, their stands block the

mixing effect of wind). Some 8% thought that

brownish-yellow humic compounds were the cause

of non-transparency even though these effects are

restricted to a very small area far from the observa-

tional range of most of the respondents.

iFig. 1 The respondents’

opinions on the

transparency of Lake

Balaton (a) and on why the

water is not transparent (b).
Distribution of opinions

about water level changes

and its possible

consequences for Lake

Balaton (c). Panel (d) shows
the distribution of ‘‘yes’’

answers in categories

offered in the context of

whether the respondents

have experienced some kind

of global change
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The odour of the water

Data analysis shows that most respondents claimed

that they have never experienced any odour; about

one-third considered the water to be moderately

smelly, and a small minority said that water is very

bad-smelling. We analysed the data further to see

how these opinions varied according to the sex, the

age and level of education of the respondents (data

not shown). These differences were quite small, but

younger respondents and those who were less well

educated were more critical of the water odour whilst

the older and better-educated people were more likely

to consider any perceived odour acceptable.

Changes in water level

In the period 2000–2003, the water budget for Lake

Balaton (average depth: 3 m) was consistently neg-

ative and the water level was about 1 m lower than

usual. Since this had produced a number of problems,

we included some questions to explore the public

response to these changes (Padisák et al., 2006b).

Most respondents (Fig. 1c) were of the opinion that

low water levels were a persistent problem even

though this was not the case at the time of the

interviews. About 34% of all respondents considered

that a low water level had very little effect on boating

and water sports, but about 20% believed that this

was a serious problem even when the water level was

relatively high. A smaller group (about 16%)

believed that the water level was high, and a small

group (3%) even considered that these levels of water

endangered constructions. In reality, this is never the

case since very high levels can be controlled very

quickly and effectively through opening the Sió

Canal and draining the water into the Danube. A

relatively large percentage (about 12%) did not

answer this question, perhaps because they were

aware of the year-to-year variation in water level and

a ‘neither low nor high’ option was provided.

Quality measures that can be related to global

changes

In order to obtain the respondents’ opinions on whether

global climate change had influenced the characteristics

of the lake, they were offered a series of multiple

choices to the question ‘‘Have you experienced any way

in which global environmental changes have influenced

the environmental conditions of the lake?’’ Collating

and analysing the responses (Fig. 1d), different options

were given in the following percentages: 18% of the

total felt that they had not yet experienced any changes

that could be ascribed to global environmental change,

20% could not decide if they had experienced such

changes, but the majority (62%) was convinced that

such changes had already occurred. In this group, 25%

said that global phenomena such as warming and drying

had affected Lake Balaton, 18% expressed concern

about increased UV radiation, whilst 3.4%were worried

about the effects of acid rain. Since this is not an issue

that could possibly affect an alkaline lake like Balaton,

this response must reflect an extrapolation of concerns

from other areas. When we analysed these responses in

relation to the sex, age and education level of the

respondents, it became clear that male and more highly

educated respondents in the older age groups were more

inclined to express concerns about acid rain (Fig. 2).

The importance of the lake and its reasons

In a supplementary survey designed to assess more

general concerns about the quality of water in Lake

Balaton (Fig. 3a), most residents (about 93%)

Fig. 2 Distribution of sex

(a), age (b) and education

level (c) of respondents who
believed there was an acid

rain effect on lake water

quality
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considered water quality a very important issue. To

establish why this was the case, we analysed their

responses to question (II/2): ‘‘From your point of

view, why is good water quality important?’’. Of the

‘‘yes’’ answers, 53.9% indicated that they were

concerned about biodiversity, 43.3% considered good

water quality important for recreational activities,

33.1% were concerned for the landscape, but only

13.3% considered water quality important from an

economic point of view. This low response was rather

unexpected because a substantial number of the local

inhabitants either work for tourist-related organisa-

tions or have businesses connected with tourism.

Exact numbers of those involved in tourism are

difficult to obtain, since indirect connections (when

close relatives of a respondent are also significantly

involved) were not mapped in the questionnaire.

Analysis of these results in relation to the sex, age and

education level of the respondents (Fig. 3) showed

that sex made no significant difference (Fig 3b), but

there were correlations with age (Fig. 3c) and educa-

tion (Fig. 3d). The level of concern tended to increase

with both age and educational level, suggesting that

the older and more educated respondents were more

aware of the lake’s ecological importance.

Examining more closely the reasons why different

ages consider water quality important, we found that

the older age group is more likely to have an

economic interest in the lake but the younger age

group has stronger recreational interests. Respondents

in the oldest age group considered good water quality

very important primarily because of biodiversity and

landscape. The younger (16–26) and middle-aged

(27–50) respondents considered water quality less

important even though they benefit from good water

quality when they bathe, swim and organise water

sports on the lake. The fact that the oldest age group

expressed the greatest concerns about the lake is

disturbing, since the future of the lake depends on the

youngest generation.

iFig. 3 Responses to the

question ‘‘How important is

the water quality of the

lake?’’ (a) and its

distribution by gender (b),
age (c) and education (d)
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Level of satisfaction with the lake water quality

Most (67%) of the respondents were satisfied with the

water quality of Lake Balaton; about one-quarter

were ‘‘not too satisfied’’, a small proportion (about

3%) were ‘‘not satisfied at all’’ and an even smaller

proportion (about 2%) claimed that they were ‘‘very

satisfied’’. There was no difference between the sexes

in the degree of satisfaction with water quality. The

proportion of satisfied respondents did, however,

increase with age and with education level. We

suspect that this reflects the more direct contact of the

youngest age group with the water and that the

correlation with age is an indirect link.

Financial resources for protection and quality

improvement

Question II/15: ‘‘What financial resources should be

used to cover the expenses of the protection and

improvement of the conditions of Lake Balaton?’’

was designed to test the respondents’ willingness to

pay for improved water quality. The results (Fig. 4a)

demonstrate an obvious preference for central support

(36%) and grants from both national and international

sources (29%). Others favoured support by sponsors

(18%) and local authorities (16%) but only 4% were

in favour of local ecotaxes. Regarding the willingness

of permanent residents to contribute personally to

management costs in specified ways, we obtained the

responses shown in Fig. 4b. Although most respon-

dents have real concerns about water quality, only

half were prepared to pay for any improvements.

Most expected these costs to be covered by the

central budget, about 40% were prepared to make

modest contributions, but only 10% would offer

larger amounts.

Discussion

There is an increasing scientific literature on deci-

sion-making procedures in environmental policy,

including issues connected to water (McDaniels et al,

1999; Alkan Olsson & Berg, 2005; Hostmann et al.,

2005; Lowgren, 2005; Marttunen & Suomalainen,

2005). In line with democratic ideals, there is a

growing call for greater public involvement in

establishing science and technology policy (Joborn

et al., 2005; Jonsson, 2005). Various public partici-

pation procedures exist with the aim of involving and

consulting the public, ranging from the public hearing

to the consensus conference (Rowe and Frewer,

2000). However, there has been little systematic

examination to date of the contribution of this activity

towards better environmental management. Neither

have there been extensive empirical studies to

examine how participation processes can be made

more effective (Bertram and Reynoldson, 2004). The

effectiveness of any kind of communication tool

depends strongly on perceptual abilities (McDaniels

et al., 1997) and the observational background of the

community involved as well as on their capacity to

interpret simple or multi-casual phenomena.

Analysing and interpreting the answers of the 960

respondents in this study, we managed to collect

information not only about what people experience or

think they experience, but also what they think and

how they think about the different environmental

problems connected with Lake Balaton.

Respondents generally shared the same opinion

about the transparency and odour of the water,

probably because these properties can be experienced

directly through the sense organs. They were, how-

ever, not too good at explaining the cause of

moderate non-transparency. Some may have been

influenced by the differences that exist between

different parts of the lake, but others may simply

interpret the same facts in different ways. Conse-

quently, even an observable characteristic such as

transparency can be ‘‘seen’’ differently, and most of

the respondents cannot explain the real cause of the

phenomenon. We suspect that respondents’ opinions

may have been influenced by environmental educa-

tion and that they have ‘picked up’ some general

knowledge that they cannot apply correctly.

Their personal experiences of recent warm, dry

summers almost certainly influenced their stated

concern about global warming. Only a small propor-

tion of the respondents were worried about the

increased levels of UV radiation—information that

must have been gained from newspapers and televi-

sion. Interestingly, a few, mainly male residents with

higher education, believed that conditions in the lake

had been influenced by acid rain. Since Lake Balaton

is alkaline it is not affected by acidification, so this

impression must have been gained from reading
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general articles on the subject, e.g. in magazines

dealing with fishing or aquatic sports.

Although younger and middle-aged residents ben-

efit most from good water quality, the oldest age

group is more interested in the ecological status of the

lake, its biodiversity and the conservation of the

surrounding landscape. This suggests that more

attention should be paid to the environmental educa-

tion of the younger generation by addressing their

interests in more specific ways.

In the opinion of the permanent residents of Lake

Balaton, financial support for the protection of the

lake should first be sought from the central state

budget, then the local authorities and finally grants

and sponsorships. They did not favour the introduc-

tion of local ecotaxes or more direct ways of

contributing personally to such expenses. It is,

however, clear that the permanent residents of Lake

Balaton really appreciate the benefits of the lake, its

biodiversity and the surrounding landscape.

The results of this study only partly agreed with

our previous expectations. In general, residents with

high education interpreted observations more cor-

rectly. In many cases, however, this was not apparent

in the percentage of responses but rather in deviations

around the average. They were also more tolerant

towards environmental issues. In this context, the

surprisingly high proportion of false responses by

males with high education concerning acid rain

allows us to conclude that information from mass

media may have priority over personal observations,

which calls attention to the importance of distributing

correct information instead of attracting headlines or

even false information designed as ‘‘breaking news’’.

Phenomena that can be directly observed by the sense

organs (transparency, odour) were judged more

uniformly than those (global change, acid rain, UV

radiation) that are difficult to observe. The high

diversity of opinions about easily observable phe-

nomena (moderate non-transparency) calls attention

to the importance of observational practices in

environmental education. Notwithstanding our expec-

tations, the middle-aged group did not show more

concern about lake water quality. This is somewhat

surprising because the living standards of many of

them are directly dependent on the tourism industry.

Most probably the wisdom of the older generation

and the knowledge about environmental issues of the

younger group counterbalanced the direct financial

involvement of the active age group.

Nevertheless, the respondents showed a great deal

of interest in the future of the lake and were prepared

to consider different methods for preserving the lake.

The responses to the survey demonstrated that a high

iFig. 4 The distribution of

the respondents’ opinions

on financial resources to

improve the water quality of

the lake (a) and their

willingness to contribute to

the expenses to improving

the environmental

conditions of Lake Balaton

(b)
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proportion of the population were environmentally

aware and recognise the important part that Lake

Balaton plays in the culture and economics of

Hungary.
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Abstract Lakes in Europe have a bipolar distribu-

tion by latitude with higher lake densities in the north

(58–65� N) and south (38–48�N). By area, 95% of the

large lakes ([100 km2) are located at altitudes lower

than 100 m above sea level (ASL) and only 1% lie

higher than 1,000 m ASL. Physically large lakes

exhibit several similarities to seas and oceans in their

thermal structure and circulation dynamics. From the

chemical point of view, lakes are important accumu-

lation sites for substances transported from the

watershed or built up in the lake itself but they may

contribute positively to global greenhouse gas emis-

sion. Fauna and flora of ancient large lakes such as the

Caspian Sea and Lake Ohrid include large numbers of

endemic species, which become endangered if condi-

tions change because of direct human impact, alien

species invasions or climate change. Large lakes offer

a wide range of ecosystem services to society, the

multiple use of which creates multiple pressures on

these water bodies such as nutrient load and toxic

pollution, modification of hydrology and shore line

structure, and shifting of the food web balance by

stocking or harvesting various species. Although large

lakes are among the best-studied ecosystems in the

world, the application to them of environmental

regulations such as the European Water Framework

Directive is a challenging task and requires that

several natural and management aspects specific to

these water bodies are adequately considered.

Keywords Eutrophication � Toxic pollution �
Climate change � Water Framework Directive �
Alien species � Endemic species

Distribution and typology of large lakes in Europe

There exists no agreed definition of a large lake.

Tilzer & Bossard (1992) analyzed the question of

what constitutes a large lake. They did not suggest

any numerical value but listed three main criteria that
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distinguish large lakes from smaller ones: the exis-

tence of a true and distinctive pelagic zone, the

generally greater mixing depth, and the formation of

areas with different physical structures causing

patchiness in biological processes. Because surface

area is by no means the only parameter that affects

the manifestation of these large lake features, it is

obvious that any attempt to create a ‘natural’ size

classification based only on lake surface area will fail.

However, for practical purposes, such classifications

exist and are even widely used. For instance, the

Water Framework Directive (Directive, 2000) con-

siders a lake surface area of 10 km2 as the boundary

between medium-size and large lakes, and lakes with

surface areas[100 km2 as very large. Most countries

that use the metric system traditionally divide their

lakes by surface area for statistical purposes into

classes of the power of 10, with the class[102 km2 as

the largest (Nixon, 1996; Lehner & Doll, 2004).

Water resources are globally unevenly distributed.

Lehner & Doll (2004) investigated the latitudinal

distribution of lakes and reservoirs as derived from

the Global Lakes and Wetlands Database (GLWD)

and found the highest concentration of lakes clearly

marked throughout all size classes in the de-glaciated

areas between 50� and 70� North, including Alaska,

Canada, Scandinavia, and northern Russia. The

latitudinal distribution of lake areas reflected the

general pattern of lake numbers but had an additional

and very prominent peak between 40� and 50� North,
marking the dominating effect of the North American

Great Lakes and the Caspian and Aral Seas.

A similar analysis based on the European Geomet-

ric Reference inWater Information System for Europe

(WISE) showed a bipolar distribution of the lacustrine

water bodies (lakes and reservoirs together) in Europe

(Fig. 1). The northernmost peak between 65� and 68�
North is mostly caused by lakes in the Kola peninsula

and in northern Finland. The highest peak in the

northern part (around 61� N) indicates the two large

lakes in Russia, Ladoga and Onega, and the lake-rich

area in southern Finland. Several large lakes in Sweden

(Vanern and Vattern), Estonia (Vortsjarv and Peipsi),

and Russia (Ilmen, Rybinsk Reservoir) form a distinct

peak between 58� and 59�N. A broad belt between 57�
and 48� N is rather poor in lakes and reservoirs. The

few large inland water bodies in this area are the Irish

lakes, the heavily modified Dutch lakes IJsselmeer and

Markemeer and a number of reservoirs on the Volga

and Dnepr Rivers. The highest peak further south is

caused mostly by the Caspian Sea but the large and

deep Perialpine lakes, Lake Balaton, Neusiedler See

and the Black Sea limans, also contribute to this peak.

The second peak in the south around 38�N is caused by

the large lakes in Turkey.

Analysis of the WISE data set revealed 192 lakes,

reservoirs and coastal lagoons in Europe with surface

areas exceeding 100 km2. Seventy-five percent of the

area of large lakes in Europe is accounted for by the

Caspian Sea (Fig. 2); 95% is located at altitudes

below 100 m above sea level (ASL), and only 1% is

located above 1,000 m ASL (Fig. 2). Clustering of

these water bodies on the basis of their morphometric

parameters, catchment size and climatic characteris-

tics (Noges & de Jager, submitted) distinguished

clusters that can simply be described as: (1) boreal

lakes, (2) shallow lakes in maritime regions and

coastal lagoons, (3) reservoirs of the Dnepr and Volga

Rivers and (4) deep natural lakes in mostly high-

altitude areas. Among those lake clusters, the boreal

lakes and the Russian reservoirs often have a highly

developed shoreline and the water bodies are divided

into a number of sub-basins, which function similarly

to smaller lakes. Water bodies in the shallow lake and

deep lake groups, although very different from each

other, exhibit most of the specific large lake features.

Large lakes as attractive study sites

Because of their high regional importance and often

striking individuality, large lakes and reservoirs have

become attractive study sites. Several of them such as

lakes Balaton, Constance, Konnevesi, Maggiore,

Neusiedl, Ohrid, Vortsjarv and the Rybinsk Reservoir

have their own limnological stations or institutes,

which carry out long-term and year-round research on

these water bodies. In some cases, well-equipped

research vessels such as R/V Muikku on Lake Saimaa

in Finland partly replace stationary lab facilities.

The focus of limnology is shifting from studies of

ecosystem functioning towards studies of how that

functioning will change in a changing environment.

The major ongoing and foreseeable changes are

associated with anthropogenic loading on the one

hand – at present, mercifully offset for the most part

by mitigating processes leading to diminishing strain

– and climatic change on the other.
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For large lakes, system inertia must be particularly

considered owing to their long retention times. Even

quite significant trends may appear only as very subtle

signals easily masked by the inevitable system noise.

Several approaches are available for tackling large

lake system functioning in the medium-term, i.e., in

the order of a decade, time-scales relevant for

anthropogenic and climate-related changes. The

approaches currently pursued can be grouped into

three categories: (i) paleolimnological studies (past

ecosystem development and assessment of pre-dis-

turbance conditions); (ii) long-term monitoring of

individual lake ecosystems (comprehensive data

gathering of system compartments, direct observation

of cause and effect processes and their variability,

development of ecosystem models); and (iii) simul-

taneous monitoring of several lake ecosystems

(observation of coherent responses of lakes to

management measures or climatic forcing).

Similarity to seas and oceans

Large lakes exhibit structures and processes found in

ocean basins (discrete coastal zones and shelf breaks,

large scale circulation patterns, vertical stratification

iFig. 1 Percentage of lakes

within the latitudinal cross-

section of Europe between

-25� and 50� E. In
addition, the Caspian Sea,

reaching 54� E, was
included in its entirety.

Measurements made with a

0.1� latitudinal interval
from the mosaic water

bodies’ layer in WISE

(http://www.wise2.jrc.it)

were smoothed with a

moving average of 9. The

mosaic is assembled from

the following data sources

with different spatial reso-

lutions using the ‘best

available’ strategy: the

WFD Article 3 reports and

the Geographic Information

System for the European

Commission (resolution

variable), Shuttle Radar

Topography Mission water-

mask (90 m), CORINE pre-

1999 landcover (25 m),

Catchment characterization

and modelling database

(250 m), and the United

Nations Landuse data

(1,000 m)
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of temperature, and biochemical processes, etc.), but

they are bounded systems with constrainable inputs

and outputs. Many key processes scale with lake size

(Håkanson, 2004). Because of their size, large lakes

exhibit complex hydrodynamic processes such as

up- and down-welling, internal waves, and Kelvin

waves (Paola et al., 2001). Physical oceanography

has strongly influenced physical limnology (Johnson,

2003). In modelling and case studies, large lakes with

their potentially well-constrained boundary condi-

tions and high-resolution chronologies, have the

potential to bridge the gap between continental-

margin-scale, field-based studies and laboratory-scale

experiments (Imberger, 1998; Blenckner, present

issue). Application of methods such as productivity

measurements in aquatic ecosystems and satellite

remote sensing, commonly used in marine studies,

have also become useful in large lakes research (Arst

et al., present issue; Alikas & Reinart, present issue).

Dynamic processes have an impact on both the

horizontal and vertical temperature distribution in

large lakes and many biotic processes are largely

wind-driven (Kvarnas, 2001; Ambrosetti et al.,

2003). During the stratified period, the thermocline

prevents the transfer of heat and particles from the

epilimnion to the lower layers and thus has

implications for natural water quality. A strong

thermocline acts as a ‘‘diffusion floor’’, suppressing

vertical mixing and inhibiting the transport of mass,

momentum, and heat into the hypolimnion.

The deep hypolimnion is partly isolated and

participates to a lesser extent in seasonal thermal

events. In deep waters, hydrostatic pressure leads to

an increase in stability equivalent to a decrease in the

water temperature of 0.2�C per 100 m (Wuest &

Lorke, 2003). In deep lakes such as Como, Maggiore

and Garda, 90% of the heat is trapped in the upper

layers, which form only 20–40% of the lake volume

(Ambrosetti & Barbanti, 2002).

One of the indicators of climate change is deep

water warming, which is observed in large and deep

European lakes and in deep tropical lakes, as well as

in the Mediterranean below 2,000 m and in Green-

land seas below 200 m (Dokulil et al., 2006 and

many references therein). For example, the increase

of deep water temperature in Lake Maggiore has

accelerated from 0.015�C y-1 in 1963–1986 to

0.063�C y-1 in 1987–1998 (Ambrossetti & Barbanti,

1999); 12 deep lakes across Europe showed a

coherent increase in deep water temperature of about

0.1–0.2�C per decade (Dokulil et al., 2006).

Extended isolation of a potentially warmer

iFig. 2 Altitudinal

distribution of the large

lakes in Europe between -

25� and 50� E. In addition,

the Caspian Sea, reaching

54� E, was included in its

entirety
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hypolimnion from the atmosphere could drive a

reduction in dissolved oxygen concentration, with

potentially enormous impacts on nearly all segments

of the ecosystem, particularly benthic metabolism,

nutrient cycling, and fisheries.

The establishment of a so-called thermal bar is a

phenomenon specific to northern large lakes such as

Ladoga (Naumenko et al., 2006) or Vanern (Reinart

& Reinhold, 2007) after ice break-up. The term refers

to a barrier of 4�C water, which develops between the

areas close to the shore and the central and more open

parts of the lake. Between the thermal bar and the

shore, the water warms more quickly and a thermo-

cline is established.

Although there is a general long-term decreasing

trend in the duration of ice cover around the northern

hemisphere (Magnuson et al., 2000), opposite trends

have also occurred during the last 50 years. For

example, ice observations on Lake Ladoga since

1943 have shown an earlier freeze-up (-0.14 days/

year) and no clear trend in the timing of ice break-up,

resulting in a slight growth in ice duration (0.06 days/

year). At the same time, the extent of areal ice cover

on the lake has decreased slowly (Karetnikov &

Naumenko, present issue).

Deposition sites, but not only

Sediment deposition, usually in the deepest parts of a

lake basin, creates a paleolimnological record of past

conditions of the lake ecosystem. Paleolimnological

data are often indispensable for reconstructing

changes in climate, the evolution of lakes, and the

onset of human impact (Smol, 2004). The most

detailed sedimentary records are provided by annu-

ally laminated or varved sediments, in which even

seasonal patterns may be discernible (Lamoureux,

2001). Even in large lakes, varved sediment may

deposit in deep areas, even though most large lake

sediments are affected by physical or biological

mixing, so that a given layer represents a more or less

homogenized sample of sedimentation for some years

or even decades (Håkanson & Jansson, 1983).

In addition to retrospection, quantitative paleolim-

nological analyses allow some prognostication,

particularly in cases of ecosystem recovery from

assault: pre-disturbance sediment may reveal the

baseline situation towards which the system may be

supposed to revert. In a paleolimnological study of

the history of Lake Peipsi during the past century,

Leeben et al. (present issue) found fossil pigments

indicating the onset of eutrophication in the 1960s,

and a continuing trend to eutrophication until the

1990s. However, a considerably earlier start for the

eutrophication process was indicated by changes in

the molecular size structure of pore-water-dissolved

organic matter, which indicated that the contribution

of autochthonous matter to the organic pool of the

lake ecosystem had already started to increase around

the late 1930s. The study of the diatom stratigraphy

of Lake Vortsjarv by Heinsalu et al. (present issue)

demonstrates that the planktonic:periphytic diatom

ratio in the sediment may be used to track water

level changes; they found a good match between the

ratio and instrumental water level records from 1871

up to the 1960s, before the onset of strong cultural

eutrophication.

Although each lake basin is geologically a sink for

organic carbon because of sediment accumulation,

many lakes actually act as considerable sources of

greenhouse gases owing to two major processes:

heterotrophic respiration of allochthonous carbon

(Jones, 2005), and methane emissions, notably from

littoral macrophyte beds (Bastviken et al., 2004;

Kankaala et al., 2004). The magnitude and seasonal

patterns of all these processes vary widely in

individual lakes. With regard to carbon sedimenta-

tion, Pajunen (2005) surveyed long-term (Holocene)

carbon accumulation in Finnish lakes of different

size classes, and arrived at an average value of

0.95 g C m-2 y-1 for the large Finnish lakes

([100 km2, n = 44). This figure is about 30% of

the corresponding estimate for a representative set of

smaller lakes (1–10 km2, n = 30). In Lake Vesijarvi,

a large and shallow eutrophic lake (106 km2, mean

depth 6 m), Pajunen (2005) estimated the long-term

C accumulation at 2 g C m-2 y-1 as an average for

the whole lake bottom area, while Kankaala et al.

(2004) measured annual methane emission from the

littoral macrophyte zone of the same lake to be in the

order of 70 g CH4 m
-2 y-1. This illustrates the

importance of the extensive reed (Phragmites) belts

of many European lowland lakes for greenhouse gas

balances. As estimated by Bastviken et al. (2004), the

world’s lakes contribute 6–16% of all natural meth-

ane emissions, and St. Louis et al. (2000) state that

CH4 emissions from man-made reservoirs contribute
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as much as 7% of the anthropogenic global warming

equivalents.

Endemic, endangered and alien species

in large lakes

Species diversity in general increases with lake size

as larger lakes offer a greater degree of habitat

diversity. This regularity has been demonstrated, for

example, for bacteria (Reche et al., 2005), phyto-

plankton (Padisák, 2005) and birds (Sillen &

Solbreck, 1977). Also, the food-chain length in 25

northern temperate lakes increases with ecosystem

size (Post et al., 2000). However, lake surface area

does not contribute positively to the mean richness of

zooplankton (Hessen et al., 2006) and large lakes are

also a harsh environment for macrophytes, since the

growth of weakly rooted floating and floating-leaved

plants is impeded by wind and wave action and

sediment disturbance (Maemets, 2005).

Many of the world’s large lakes are famous for

their endemic species – plants or animals that occur

only in a single water body and nowhere else. The

main premises for species endemism in large lakes

are long age, unique and rather stable conditions, and

long distances from other similar water bodies

creating distribution barriers. Despite considerable

human impact on water bodies throughout Europe,

several endemic species have still survived in a

number of large lakes. In the Caspian Sea on the

border of Europe, 46% of the species in flora and

fauna are endemic including 54 fish species, 190

zoobenthos species, and 64 zooplankton species

(Zenkevich, 1963; Barannik et al., 2004). Similarly,

the large number of endemic species in Lake Ohrid

originates from the vast Neogenic brackish and fresh-

water inner seas in the southeast of Europe (Slugina,

2006). Because of their unique evolutionary history

and highly specialised adaptations to the conditions

in a single water body, endemic species are often the

most endangered by changes in the ecosystems. The

two major risks to species diversity are invasive

species and eutrophication.

Many of the world’s large lakes have been

exposed to the introduction of exotic species (Hall

& Mills, 2000). Those species have had major

impacts on the ecosystems of such lakes through

various processes including predation, disturbance,

habitat modification and competition. The most

common non-indigenous species in European large

lakes are the zebra mussel Dreissena polymorpha

Pallas (Ricciardi, 2003) and the Baikalian gammarid

Gmelinoides fasciatus (Stebbing) (Timm & Timm,

1993). The latter is the most active invasive species

in Eastern Europe (Pankova & Berezina, 2007). G.

fasciatus was introduced in the 1960s and 1970s from

the Lake Baikal basin into lakes and reservoirs in the

former USSR with the purpose of enhancing fish

production (Berezina, 2007). It was first found in

Lake Peipsi in 1972 (Timm &Timm, 1993) and was

subsequently recorded in Ladoga and Onega (Berez-

ina, 2007); from Ladoga it was introduced to other

aquatic systems.

Destruction of natural geographic barriers has

resulted in expansions of several amphipod species.

Since the 20th century, eight amphipod species of

Ponto-Caspian, Baikalian and Atlantic origin have

expanded widely within Russia (Berezina, 2007). The

intentionally introduced Pontogammarus robustoides

is the most successful amphipod invader of Lithua-

nian inland waters (Gumuliauskaite & Arbaciauskas,

present issue). Unfortunately, as shown by Hall &

Mills (2000), our understanding of the extent and

impact of introductions on large lake ecosystems

often remains speculative.

At the end of the 20th century, the comb jellyfish

Mnemiopsis leidyi invaded the Caspian Sea (Ivanov

et al., 2000). This organism can harvest nearly all

plankton and puts the fragile ecosystem at great risk.

Introductions of exotic species are a global problem

that deserves global attention and understanding.

Species diversity in lakes usually increases with

moderate eutrophication but drops rapidly at higher

trophic states. Phytoplankton diversity peaks in the

oligo-mesotrophic to moderately eutrophic portion of

the trophic gradient (Padisák, 2005; Hajnal & Pad-

isák, present issue). Macrophyte diversity also

decreases with increasing nutrient loading, even

though the standing stock may increase (Pokorný &

Květ, 2004). In Peipsi, the expansion of reeds during

the last 40 years has substantially changed the littoral

communities and impoverished the floristic diversity

(Maemets, 2005). On the one hand, reed shades the

light-demanding small-sized species (Maemets &

Freiberg, 2004), but on the other, the expanding

reed belt provides new growth conditions for wind-

sensitive shade-tolerant species (Maemets, 2005). In
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contrast to Peipsi, a large-scale reed die-back has

been observed in several large lakes in Central

Europe during recent decades. In lake Ferto/Neusie-

dler See, one of the main causes of reed die-back was

harvesting with heavy machines during unfavorable

weather conditions, which considerably damaged

reed rhizomes by rooting them out (Ágoston-Szabó

et al., 2006). In Lake Constance, the extreme flood in

1999 caused serious damage and decrease of the reed

stands (Schmieder et al., 2002).

Changes in fish dominants have occurred in several

large lakes in Europe. In Peipsi and IJsselmeer, for

example, these changes are quite similar. The fish

community of Lake Peipsi has shifted from clean- and

cold-water species such as vendace Coregonus albula

(L.), whitefish C. lavaretus L. and burbot Lota lota

(L.) towards more pikeperch Sander lucioperca and

bream Abramis brama, which perfer productive warm

and turbid waters (Kangur et al., 2007b). Warming of

the aquatic environment, ongoing eutrophication and

the resulting cyanocbacterial blooms have increased

the mortality rate of smelt and decreased its abun-

dance in Peipsi (Kangur et al., 2007a) as well as in

IJsselmeer (Lammens, 2001).

Multiple use creating multiple pressures

on large lakes

Mankind benefits from a multitude of resources and

processes supplied by large lakes. These benefits,

known as ecosystem services, include the use of

lakes as sources of drinking water and fish, sites for

recreation, waterways or places for dumping wastes.

Multiple use of large lakes creates multiple pressures

on the ecosystems that may lead to regime shifts,

degradation of water quality and loss of some or most

of the ecosystem services. Decision-making concern-

ing the protection and management of large lakes

is complicated and requires broadly based public

participation. To support sustainable development,

environmental education of the local population has

to be on a high level (Várkuti et al., present issue).

Nutrient loading

While eutrophication has been extensively studied in

Europe since the 1960s (Phillips et al., 2005; Smith

et al., 2006), comparatively few studies exist on the

response of large lakes to reduced nutrient loading,

and most of those have focused on changes in

phytoplankton (Lepisto et al., 1999; Willén, 2002,

Holopainen et al., present issue), whereas other

biological components have been only briefly cov-

ered (Haberman et al., 2004; Anderson et al., 2005;

Jeppesen et al., 2005a, b). Most lakes in which

external nutrient loading was reduced, approached a

new equilibrium in 0–5 years for nitrogen and in 10–

15 years for phosphorus, irrespective of hydraulic

retention time (Anderson et al., 2005; Jeppesen et al.,

2005a, b; Kohler et al. 2005; Søndergaard et al.,

2005; Gerdeaux et al., 2006; Eckmann et al., 2007a).

The effects of global change are likely to run counter

to reductions in nutrient loading rather than reinforc-

ing re-oligotrophication (Jeppesen et al., 2005a).

In the deep peri-alpine Lake Geneva, the total

phosphorus concentration increased from 20 to

90 lg l-1 during the eutrophication stage from

1960 to the mid-1970s (Anneville et al., 2007). In

the early 1980s, restoration measures resulted in a

progressive reduction of phosphorus concentration

while the warming trend caused an increase in the

stability of the water column. Contrary to expecta-

tions, phytoplankton biomass increased although P

concentrations remained low. The paradoxical

increase in total biomass was due to the accumulation

of inedible filamentous algae.

Lake Constance underwent pronounced eutrophi-

cation until the beginning of the 1980s, mainly because

of municipal phosphorus loading. Total phosphorus

concentrations during winter mixing (TPmix) in

Upper Lake Constance rose from 5–8 lg l-1 in the

1950s to more than 80 lg l-1 by the late 1970s and

early 1980s (Bauerle & Gadke, 1998; Eckmann

et al., 2007a). During the following and continuing

re-oligotrophication resulting from pollution control

measures, TP decreased to 9 lg l-1 by 2005, while

the restoration target was set at 30 lg l-1. While both

the community structure and productivity reacted

simultaneously to the increasing phase of nutrient

loadings, the biotic response to decreasing P-loads was

initially restricted to changes of composition; the

reduction of productivity was delayed by more than a

decade.

After the 1970s, the previously oligotrophic Lake

Ladoga became mesotrophic, with elevated nutrient

concentrations, reduced transparency and structural
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changes in the plankton, zoobenthos and fish com-

munities: several species sensitive to eutrophication

disappeared (Viljanen et al., 2007). Conditions in the

whole lake, and especially at some of the most

polluted sites, have improved since late 1990s owing

to the closing of some sources of industrial pollution.

The TP concentration has decreased from 25 to

15 lg l-1 but recovery is slow because of the long

retention time (11 years). The present species

composition points to mainly oligo-mesotrophic con-

ditions in the pelagic areas but meso- or eutrophic

conditions in the coastal regions.

Eutrophication of Lake Vanern, the largest lake in

Sweden, caused primarily by the pulp industry and

urban emissions, culminated in the late 1960s.

However, the lake gradually became cleaner because

of improved waste-water treatment and the closure of

some of the older pulp mills (Wilander & Persson,

2001). The phytoplankton community reacted rapidly

with increased taxon richness, and decreased bio-

masses of diatoms and cryptophytes in spring and of

cyanobacteria in summer (Willén, 2001).

According to Noges et al. (2007) and Leeben et al.

(present issue), the loading of nitrogen to Lake Peipsi

from the Estonian catchment decreased substantially

from 1980–1991 to 1992–2004 (39%), whereas phos-

phorus loading decreasedmuch less (13%). As a result,

the N:P ratio decreased considerably in the loading

(30%) but less in the lake water (18%). Kangur &Mols

(present issue) show that in the long term, the N

concentration in Peipsi is quite stable and not sensitive

to year-by-year changes in riverine N load. In-lake

cyanobacterial N2 fixation compensates the decreased

N-loading (Noges et al., 2004), and the destabilization

of the Lake Peipsi ecosystem results from too high a P

loading (Noges et al., 2005) and anN:P ratio below the

critical value of 30 (Noges et al., present issue).

Lake Pyhajaa rvi in SW Finland, which deteriorated

because of increased algal blooms, has shown some

signs of recovery in recent years mainly due to

intensive efforts at biomanipulation (Ventela et al.,

2007).

The impact of eutrophication on peri-alpine lake

fisheries has been reported in numerous papers, and the

sequence from salmonids to coregonids, from corego-

nids to percids, and finally from percids to cyprinids

during the eutrophication since the 1970s has been

documented (Gerdeaux et al., 2006; Eckmann et al.,

2007a). While eutrophication continues to be a

problem, re-oligotrophication has also become a

problem for Central European lake fisheries

(Gerdeaux et al., 2006). During the first phase of

re-oligotrophication, the total fish yield remains nearly

the same while coregonids become dominant, but

when the TP drops below 5 lg l-1, fish production and

the total yield decrease rapidly (Eckmann et al.,

2007a).

Climate warming and oligotrophication have

largely opposing effects: species such as pikeperch,

perch and many cyprinids are favored by climate

change but not oligotrophication, while coregonids,

salmonids, and burbot represent the opposite case.

In Lake Constance, re-oligotrophication has been

reflected in an augmenting proportion of whitefish in

commercial catches and an increasing age-at-capture

(Eckmann & Rosch, 1998; Eckmann et al., 2007a),

i.e., the fish community seems to be returning to the

pre-eutrophication state.

Toxic pollution

In most European large lakes, concentrations of

mercury, other heavy metals, persistent organic

pollutants (POPs), adsorbable organic halogens

(AOX), and DDT have substantially decreased but

are still obvious in sediments and throughout the food

web, and also in fish. In Vanern, alarmingly high

concentrations of mercury, other heavy metals (Zn

and Cd) and xenobiotic organic compounds were

detected in the late 1960s, after which the pollution

decreased radically (Håkanson, 1977). Despite a high

mercury level in the sediments of Vanern, its levels in

fish were relatively low compared to fish in other

large lakes of the region that were not affected by

local mercury effluents (Lindstrom, 2001). Currently,

the situation regarding toxic pollution has greatly

improved: the pollutants have largely been buried in

sediments and their concentrations in the biota have

decreased (Lindstrom, 2001).

From the 1960s until the 1990s, the concentration

of DDT in fish in Lake Vattern decreased by 13%,

and that of polychlorinated biphenyls (PCBs) by

5.4% (Lindell et al., 2001). The decrease was in the

same order of magnitude as reported for other large

lakes.

Lake Maggiore has been subject to heavy DDT

contamination due to a chemical plant located near
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the main influent (Binelli et al., 2004). Since winter

2001–2002 a sharp increase in PCB pollution has

been noticed, with values of about 3–4 lg g-1 lipids,

probably due to the release of contaminated sedi-

ments from the numerous dams located in the

watershed. Total concentrations of dioxin-like PCBs

reached dangerous levels for the water community,

and fish consumption may be a risk to human health

especially for the resident population.

In reservoirs, commonly encountered anthropogenic

organic chemicals that are poisonous, carcinogenic or

suspected of serious health consequences include

petroleum products, heavy fractions of mineral oil,

PCBs, polycyclic aromatic hydrocarbons, phenols,

various pesticide residues, and a recently discovered

group of endocrine disrupters (Straškraba, 2005). In

many reservoirs, there is a current risk of metal

contamination, or the reservoir sediments already

contain a burden of heavymetals and organic pollutants

accumulated as a consequence of anthropogenic activ-

ities. In the Rybinsk Reservoir (Russia), the largest

artificial water-body in Europe (4550 km2), industrial-

ization has resulted in contamination with PCBs

(Chuiko et al., 2007). Ninety-five percent of PCBs

accumulate in bottom sediments (German & Zakon-

nov, 2003), so after PCB discharge into the water body

has been completely eliminated, their presence in

the system will still be an ecological hazard for

25–30 years.

Stocking and over-fishing

Predator fishes (salmonids, pike, pikeperch) improve

water quality through food chain interactions and are

also the main target of sport and commercial fishery

in many European large lakes. However, manage-

ment of the predator–prey assemblage is still not well

understood, mainly because of the complexity of the

interrelated processes and the unpredictable variabil-

ity in environmental factors governing the periodic

recruitment of prey fish (Heikinheimo, 2000; Coll-

ares-Pereira & Cowx, 2004; Sarvala et al., 2004;

Kangur et al., 2007a).

Stocking for salmonids and coregonids has been a

common practice in peri-alpine deep lakes (Gerdeaux

et al., 2006). Arctic char stocking is efficient and the

yields of char and trout are influenced by stocking

(Champigneulle & Gerdeaux, 1995), but the yield is

low compared with whitefish yields. Intensive white-

fish stocking is only practised in some of these lakes,

such as Lake Constance and Lake Biel. The recent

history of the whitefish fishery and stocking in Lake

Geneva has been very positive (Gerdeaux, 2004).

Although the contribution of hatchery-reared fish

to the cohort 2003 was 62% in Lake Constance, it

should not be concluded that stocking is necessary to

maintain the current level of commercial yields, since

it still remains unknown whether hatchery fish are

added to the naturally recruited stock leading to

stronger cohorts, or whether stocking only increases

intraspecific competition without enhancing cohort

size (Eckmann et al., 2007b).

Fish stockings in Finland involve practically all

commercially and recreationally important fish spe-

cies and all major watercourses. There has been

debate about the possible role of brown trout stocking

in the fluctuations of vendace and white fish stocks,

and it has been recommended that brown trout

stocking be restricted in vendace lakes (Helminen

& Sarvala, 1994; Marttunen & Kylmala, 1997;

Vehanen et al., 1998). The gill-net fishing of white-

fish is a problem in many Finnish large lakes

(Heikinheimo, 2000) as many brown trout young

that are still below the allowable catch size are taken

as a by-catch in whitefish gill nets with small mesh

sizes, which can lead to over-fishing. This decreases

the profitability of brown trout stocking and weakens

the potential for recreational fishing of brown trout.

On the other hand, large mesh sizes in gill-net fishing

may lead to the under-exploitation of whitefish,

which in extreme cases causes dwarfing.

Introductions can also have negative effects on

indigenous fish biodiversity (Winfield & Durie,

2004). Stocking Neusiedler See with Ctenofaryng-

odon idella led to the almost complete disappearance

of submerged macrophytes, resulting in the loss of an

important spawning habitat (Mikschi et al., 1996).

In Peipsi, which is inhabited by 37 fish species

and is considered one of the best large fishing lakes

in Europe, the recent yields of some 7,000 tons per

year are about half of those 70 years ago. Over-

exploitation has caused a significant decrease in the

abundance of larger specimens of pikeperch both

in Peipsi (Kangur et al. 2007b) and in IJsselmeer

(Lammens, 2001). The natural population of eel

Anguilla anguilla (L.) almost disappeared from the

basins of Lakes Peipsi and Vortsjarv owing to the
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construction of a hydropower station in the early

1950s (Kangur et al., 2002). As a result of regular

stocking of elvers into Lake Vortsjarv, eel has

become the most important commercial fish there

(Kangur, 1988).

The results of Huusko & Hyvarinen (2005) clearly

demonstrated that in Finnish large lakes, pelagic

planktivore fish (vendace) harvesting can work as a

forcing agent and actually dictate the population

fluctuations. Also, many top-predator fish stocks in

Finnish freshwater systems have collapsed as a result

of over-harvesting. Consequently, some of these

communities have shifted into seemingly irreversible

new states. Persson et al. (2007) have shown, for

predators feeding on prey that exhibit food-dependent

growth, that culling of fish prey may promote

predator recovery. Fishery conflicts often prevail

because of the lack of basic knowledge about the

effects of long-term exploitation and policies for

spatial allocation of fishing activities (Marjomaki &

Huolila, 2001; Marjomaki et al., 2007).

Hydromorphological modifications

In the densely populated parts of Europe, housing and

recreational development have led to extensive

deterioration of the shorelines and littoral zones of

most large lakes. Typical examples of lakes with very

extensively altered shorelines are Balaton (Domö-

törfy et al., 2003) and Constance (Ostendorp et al.,

2003). Nowadays, better understanding of the pivotal

importance of the littoral zone for the healthy

functioning of lake ecosystems has led to stricter

land use control and various littoral zone monitoring

and restoration projects (Brix, 1999).

Hydrological engineering projects, with broadly

different aims and variable degrees of intensity, are

currently affecting practically all-large water bodies

in Europe. In many cases, and especially in lowland

lakes, the protection of economic interests demands

control of the natural flooding of the system (van den

Brink et al., 2005). Generally, the opposite case holds

for hydropower: electricity production mostly calls

for unnatural water level alterations and major

hydromorphological modifications in the regulated

basin.

Immense hydropower development projects were

emblematic of the Soviet Union, and the total of more

than 2000 reservoirs that were built in the former

Soviet territory includes the largest reservoirs in

Europe. The centralized planning system and total

government control of land use made it possible to

carry out the huge Rybinsk (completed in 1947) and

Kuybyshevsky/Samara (1957) reservoir projects in

the River Volga valley, which meant drowning

numerous villages and towns and resettling over

600,000 people (Malik et al., 2000).

In the sparsely populated NW Russia, the Mur-

mansk Oblast and Karelian Republic, several large

reservoirs have been created by impounding lakes,

e.g., in the River Kovda drainage area, and further-

more, several other large lakes are strongly regulated

roughly within their natural bounds for hydropower

production (for details, see Simola & Arvola, 2004).

The typical spring draw-down of water by several

meters invariably causes the thick winter ice to settle

on the dried-out littoral zone, which is disastrous for

winter-spawning fish and the whole littoral ecosystem.

Besides hydropower, the extensive construction

projects of the Soviet waterways were also aimed at

improving water traffic. Indeed, the river transport

network connecting the Caspian, Black, Baltic and

White Seas is a major infrastructural achievement.

An unforeseen harmful consequence has been the

effective spreading of numerous alien species along

this traffic system in the bilge water of ships: for

instance, several endemites of the brackish-water

delta of the River Volga in the Caspian Sea have

managed to establish themselves successfully in the

Baltic (Olenin & Leppakoski, 1999).

Various engineering operations are currently

planned or pursued to protect the assets of lakes

against extremes of weather or climatic change.

Obvious risk areas are coastal lagoons and impound-

ments, such as the Dutch IJsselmeer (e.g., Breukers,

2000), for which even a small rise in oceanic level

will have serious consequences. Another sensitive

basin type will be the lake basins of arid climate

zones, for which even subtle changes in the precip-

itation–evaporation balance may prove fatal. Such

lakes are often additionally affected by water abstrac-

tion, e.g., for irrigation.

The huge, high-elevation Lake Van (3,700 km2,

max depth 450 m, elevation 1,719 m ASL) is a rather

extreme example of an endorheic alkaline lake, for

which major changes may be anticipated as a

consequence of increased evaporation due to climatic
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change (Altunkaynak et al., 2003). The lake’s paleo-

limnological sediment record indicates major level

fluctuations connected with events during the cli-

matic history of the Holocene (Wick et al., 2003).

Over-exploitation of the water resources of Lake

Sevan caused a severe water level reduction of

19.2 m, which reduced water volume by 42.2%,

decreased the hypolimnium volume by 90% and

caused water quality degradation (Hovhanissian &

Gabrielyan, 2000).

Climate change as an additional pressure

on ecosystems

Although direct human impact on lakes still exceeds

the changes attributable to climate change in most

cases (Mastrantuono et al., present issue), the latter

occurring on top of all other anthropogenic pressures

may worsen the ecological status of lake ecosystems.

According to climate change projections (Raisanen

et al., 2004), the warming in Northern Europe will be

greatest in winter or late autumn. By 2070–2100,

Central and Southern Europe may warm locally by 6–

10�C. The amount of precipitation will generally

increase in Northern Europe especially in winter and

will decrease in Southern and Central Europe in

summer. The belt characterised by the smallest

observed and projected changes in both temperature

and precipitation crosses the Baltic States approxi-

mately from NW to SE. That is why several long-

term changes, e.g., in Ladoga attributable to climate

change are rather weak (Naumenko, present issue;

Karetnikov & Naumenko, present issue).

An application of the climate scenarios combined

with a physical lake model to a lake in middle

Sweden predicted that by 2070, the lake will be

totally ice-free 2 years out of 10 (Blenckner et al.,

2002). Lepparanta & Wang (present issue) demon-

strated that ice cover stability is a function of ice

thickness and lake size. When the ratio of ice

thickness to lake size is above *10-5, the ice cover

is stable; otherwise, mechanical forcing breaks it.

This transition enables a convenient distinction to be

made between small and large lakes. As the climate

changes, the transition size between small and large

lake ice cover will change.

Other climate change effects also differ between

large and small lakes. Comparing large and small

lakes in Sweden, Weyhenmeyer (present issue)

demonstrated that for climate change effects that

act via the catchment, substantial time lags have to be

expected in large lakes with a long water retention

time, whereas climate change effects that act via the

lake surface do not depend on lake size. It is essential

to differentiate between these two types of effect in

order to assess the impacts of climate change and the

adaptation and vulnerability of lake ecosystems.

The effects of climate change on shallow temper-

ate lakes will mimic the effects of eutrophication.

Climate change is expected to lead to increased

external loading and the critical nutrient load during

eutrophication will decrease (Mooij et al., 2007).

Even moderate warming has the potential to exacer-

bate existing eutrophication problems in the long run.

Climate change will in most cases enhance the

development of cyanobacterial blooms by increasing

surface water temperatures and water column stabil-

ity. However, the weakening of the spring turnover in

deep perialpine lakes in warmer winters implies that

nutrients that have accumulated in the hypolimnion

during the previous stratification period will not be

uniformly distributed vertically throughout the whole

water column. Because of these climate-dependent

differences in nutrient up-welling from year to year,

phosphorus concentrations in the epilimnion of Lakes

Constance (Straile et al., 2003) and Garda (Salmaso,

2005) tended to be lower after warmer winters,

whereas the opposite was true for the hypolimnion.

Large lakes may have better resistance against

harmful algal blooms than smaller ones. Jacquet et al.

(2005) found that Planktothrix rubescens bloomed

every year in Lac du Bourget (44 km2) but not in

Lake Geneva (582 km2), even though the nutrient

status and the phytoplankton richness were very

similar in these two ecosystems. The authors sug-

gested that this difference was caused by lower water

column stability in the larger lake. Earlier and

stronger water column stratification in smaller lakes,

which influences light availability, nutrient inputs,

sinking rates of cells, etc., has been shown to be

advantageous for many bloom-forming cyanobacteria

such as Nodularia, Aphanizomenon and Planktothrix

(Kanoshina et al., 2003).

It is often difficult to detect the responses of lake

ecosystem parameters to weak climate change signals

and to distinguish them from those caused by large

seasonal or interannual variability or other factors.
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One way to overcome this problem is to study the

coherence of changes over a network of water bodies.

As a rule first described by George et al. (2000) and

later verified in other lake studies (Dokulil &

Teubner, 2002), the response of lakes to climate

forcing is most coherent for physical parameters such

as water temperature and ice-out dates. Changes in

the chemical regimes of lakes are less coherent and

depend strongly on lake type and local conditions.

Because the interactions are complex, biological

changes induced by climate change are less coherent.

Conventional sampling methods cannot produce

enough data to describe the spatial and temporal

heterogeneity in large lake systems adequately.

Modern technologies using automatic measurement

stations and/or satellite imagery (Alikas & Reinart,

present issue) together with modelling approaches

will open new horizons for studying the responses of

large lakes to external forcing factors.

Magnuson et al. (2004) showed that ice-free dates

have the greatest coherence because climatic vari-

ability dominates the processes involved; near-

bottom water temperature in summer has lower

coherence because individual morphometry (depth,

fetch) influences vertical mixing; and the biological

variables have the lowest coherence between lakes.

Implementation of the Water Framework

Directive on large lakes

Directive 2000/60/EC of the European Parliament

and Council, widely known as the Water Framework

Directive (WFD), aims to protect water bodies from

further degradation. As WFD requires the type-

specific ecological status of water bodies to be

determined (CIS, 2003a), lake size is an important

characteristic of typology because large lakes react

differently from small lakes to pressure factors.

There are several challenges regarding the imple-

mentation of WFD for large lakes:

1. The number of lakes of comparable size is small,

and this does not allow reference sites to be used

to define undisturbed conditions.

2. Historically, large lakes have usually been

exploited for longer than small lakes and one

has to consider carefully how far back in history

to go to find reference conditions.

3. Different parts of large lakes may belong to

different lake types and have different ecological

qualities (CIS, 2003b). This is most relevant for

the Nordic lakes with complicated shorelines,

e.g., Saimaa in Finland (Pilke et al., 2002).

4. The effects of commercial fisheries on fish

community structure and, through the trophic

cascade, on lower trophic levels used in water

quality assessment, are not explicitly addressed

in the directive.

5. Large lakes may have voluntarily or accidentally

introduced exotic species, e.g., zebra mussel,

causing low-grade water quality according WFD,

although most of the common indicators show

good water quality.

As many of the large lakes have been studied

seasonally for many years, they have often become

valuable model objects for studying pressure–impact

relationships in detail. This is needed as a basis for

setting the WFD water quality class boundaries. In

recent years, several large lakes have been included

in European research projects.

The EC project EUROLAKES aimed to develop an

integrated water resource management strategy for a

number of important deep European lakes (Lac du

Bourget, Bodensee, Loch Lomond, Lake Langelma-

vesi-Roine and Lac Léman) and their catchments. This

project contributed to the estimation of ecological

criteria and made recommendations for improving

environmental indicators and meta-indicators in rela-

tion to the monitoring and assessment of large deep

lakes and their catchments. An integrated water

resource management tool for lake managers, decision

makers and stakeholders was provided (Dickinson

et al., 2003). In the EC project ECOFRAME, which

developed ecological quality and functioning of shal-

low lake ecosystems with respect to the needs ofWFD,

the Estonian Lake Vortsjarv was the only representa-

tive large lake (Moss et al., 2003). In the EC project

CLIME, the impacts of climate on lakes in Europe

were assessed and particular attention was paid to the

water quality variables that are used as diagnostic

elements in the WFD. The objectives of the project

were to analyze the historical pattern of change

observed in a network of lakes distributed throughout

northern, western and central Europe and to develop

models that can be used to simulate the responses of

lakes to changes in the weather. Among the CLIME
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sites, the large lakes Peipsi, Malaren, Balaton,

Vortsjarv, and Constance were considered (Blenckner

et al., 2007; Weyhenmeyer et al., 2007). The EC

project EURO-LIMPACS analyzes the impacts of

climate change on the hydrological and hydrophysical

conditions in deep large lakes such as Constance,

Maggiore, Lomond, Hornindalsvatn and their catch-

ments. To assess the interactions of climate change,

eutrophication and restoration and their impact on

WFD reference conditions, a paleoecological database

from a number of European lakes has been compiled

and is being used (Wade, 2006).

The WFD designates water bodies that are

hydromorphologically substantially altered, e.g., by

damming for hydropower, to the category of heavily

modified water bodies (HMWB). According to the

WFD, ‘good ecological potential’ should be achieved

for these. Hydromorphological modifications are

among most important pressures on many large lakes

such as Oulujarvi and Kemijarvi in Finland or Vanern

and Suorvajaure in Sweden (Marttunen et al., 2006).

In the Netherlands, the former Southern Sea estuary

was transformed into the freshwater Lake IJsselmeer

with the closure of the Afsluitdijk in 1932. Owing to

the change in category, this lake is considered an

HMWB, and a natural lake rather than an estuary

would be the starting point for determining its

ecological potential (Lammens et al., present issue).

The WFD represents a new approach to water

management in most European countries, as it stipu-

lates a management model based on hydrological

borders and watersheds as opposed to traditional

political and administrative borders. River basins cut

by state borders are called transboundary basins; they

cover about 45% of the earth’s continental land

surface, excluding the Antarctic (Wolf et al., 1999).

There are more than 150 large transboundary rivers

and some 20 international lakes in Europe. The best-

known and largest international lakes on the EU border

are Lake Constance/Bodensee (Germany, Austria and

Switzerland), Lake Geneva (Switzerland, France),

Lake Prespa (Albania, Greece and the Former Yugo-

slav Republic of Macedonia), and Lake Peipsi/

Chudskoye (Estonia and Russian Federation). These

lakes are managed through bi- or multilateral cooper-

ation between the member and non-member states,

forming a particular exception within their own

category in WFD (Gronlund & Maättä, present issue).

The EC project MANTRA-East tested the

applicability of WFD in EU border regions using as

test area the watershed of Lake Peipsi, the largest

international lake in Europe (Gooch & Stålnacke,

2006). Problems of fisheries and exotic species were

addressed and various approaches (modelling, expert

opinion, paleolimnology) were applied to define

reference conditions and assess ecological status,

which appeared to be ‘moderate’ (Noges & Noges,

2006). Premazzi et al. (2003) summarized the situa-

tion of the most important international lakes in North

Italy. Lake Como, which has 10% of its drainage basin

in Switzerland, has three distinct sub-basins that

supposedly need to be considered as different water

bodies. Lake Maggiore is the second largest Italian

lake: 50% of its drainage basin is in Swiss territory

while 80% of the lake surface is in Italian territory. The

assessment revealed that in Lake Maggiore the eco-

logical objectives have been already achieved; relative

improvement has occurred in Lake Como, while the

water quality in this lake remains below the set

ecological objectives.

Lakes Ohrid and Prespa form a very unusual

transboundary lake system between Albania, Mace-

donia and Greece (Matzinger et al., 2006). Almost

the entire outflow from Lake Prespa flows into the

160 m lower Lake Ohrid through karst channels,

while 65% of the transported phosphorus is retained

within the aquifer, reducing the threat to Lake Ohrid,

which is famous for its large number of endemic and

relict species. However, a predicted potential four-

fold increase in the phosphorus load from Lake

Prespa could lead to a 20% increase in the phospho-

rus content of Lake Ohrid, which could jeopardize its

fragile ecosystem. While being a potential future

danger to Lake Ohrid, Lake Prespa itself is substan-

tially endangered by water losses to irrigation, which

have been shown to amplify its eutrophication.
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issue. Spatiotemporal and long-term variation in phyto-

plankton communities in the oligotrophic Lake Pyhajaa rvi

on the Finnish-Russian boarder. Hydrobiologia. DOI:

10.1007/s10750-007-9203-1.

Hovhanissian, R. & B. Gabrielyan, 2000 Ecological problems

associated with the biological resource use of Lake Sevan,

Armenia. Ecological Engineering 16: 175–180.

Huusko, A. & P. Hyvarinen, 2005. A high harvest rate induces

a tendency to generation cycling in a freshwater fish

population. Journal of Animal Ecology 74: 525–531.

Imberger, J., 1998. Physical Processes in Lakes and Oceans.

Coastal and Estuarine Studies, Vol. 54. American Geo-

physical Union, Washington.

Ivanov, V. P., A. M. Kamakin, V. B. Ushivtzev, T. Shiganova,

O. Zhukova, N. Aladin, S. I. Wilson, G. R. Harbison & H.

J. Dumont, 2000. Invasion of the Caspian Sea by the comb

jellyfish Mnemiopsis leidyi (Ctenophora). Biological

Invasions 2: 255–258.

Jacquet, S., J.-F. Briand, C. Leboulanger, C. Avois-Jacquet, L.
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