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1. INTRODUCTION

Expanding across a vast area and being affected by various environmental 
factors, large lakes are complex heterogeneous systems, which makes 
them also complicated research subjects. Large lakes usually consist 
of different lake parts, whose mutual infl uence is diffi cult to assess. 
Sometimes, large lakes expand even across several countries, which 
makes their investigations complicated as well. This is also true for Lake 
Peipsi because 44% of it belongs to the Republic of Estonia and 56% 
to the Russian Federation. Since 1991, after the restoration of Estonian 
independence, L. Peipsi is a transboundary lake between Estonia and 
Russia, and since 2004 (Estonia’s accession to the European Union) 
part of the border between the European Union (EU) and Russia. The 
EU and Estonian legislation, norms and standards for environmental 
management are different from those of Russia. Great efforts are to be 
made to harmonize the management and monitoring of the Estonian–
Russian transboundary waters.

As the European Water Framework Directive (WFD, 2000/60/EC) 
requires that all water bodies should achieve good ecological state by 
the year 2015, there is an urgent need to identify the important sources 
of nutrients and to clarify the ecological state and dangerous factors for 
every lake (EU, 2000). During the past 30 years major efforts have been 
made in many countries to improve the ecological quality of lakes by 
combating external nutrient loadings (Jeppesen et al., 2005a; Søndergaard 
et al., 2005; Arvola et al., 2011; Rask et al., 2011 etc.). Changes in loadings 
to L. Peipsi in the 1990s–2000s were totally different from those that 
occurred for lakes in Western Europe. In the former Soviet Union coun-
tries (Russia, Estonia) the changes in the loadings to a lake were caused 
by social events (the collapse of Soviet-type wasteful agriculture) rather 
than determined by purifi cation of wastewaters fl owing into the lake 
(I). This arouse our interest in the shifts taking place among phyto- and 
zooplankton communities as responses to quite uncommon changes in 
nutrient loadings and in the trophic state of the lake. 

Phyto- and zooplankton, the targets of the study, are the most important 
links of a water body’s food web. These both are largely infl uenced by 
the trophic state of the water body and, at the same time, also by weather 
conditions. Phytoplankton, as a fi rst step in trophic cascades of lakes, 
can be a good indicator of the trophic state of water bodies, considering 
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that every environmental change affects this community and many spe-
cies of this community are sensitive to changes, and that they response 
very quickly (Rakocevic-Nedovic & Hollert, 2005). Zooplankton hold 
surrogate information about the situation of the main components of the 
ecosystem from phytoplankton as the main food source for zooplankton 
up to fi sh as the main consumer of zooplankton. The grazing of her-
bivorous zooplankton is one of the indicators the lake trophy (Gulati, 
1990). It decreases in parallel with increasing trophic level. The larger 
the zooplankter, the more algae it consumes, thus, the more effective 
energy transformer it is (Malthus & Mitchell, 1990; Sartonov, 1995; Meijer 
et al., 1999). The amount of edible algae is one of the most important 
environmental factors affecting zooplankton besides water temperature 
(Jeppesen et al., 2000a). The species of the genus Daphnia, having a broad 
food spectrum (from bacteria to small cyanobacteria), are considered as 
powerful fi ltrators, ‘key-species’ (Jeppesen et al., 1999; Boersma & Stelzer, 
2000). It is well known that in the course of eutrophication algae will 
be dominated by large cyanobacteria (unsuitable food for zooplankters) 
while zooplankton will be dominated by small zooplankters (mainly 
rotifers and small-bodied cladocerans), which are not able to eat large 
algae (Haberman et al., 2007). This represents a confl ict between a small 
consumer and a large food object, which will lead to the replacement 
of the effective algal food chain by the less effective detrital food web, 
prevalent in strongly eutrophic waters. The type of food web is one of 
highly valued indicators of the water quality and the status of a water 
ecosystem (Haberman, 1998; 2001). Considering the character of the 
phytoplankton and the state of the zooplankton (I, II, III), the ineffi cient 
food web is obviously becoming increasingly prevalent in L. Peipsi (I). 

With the implementation of the WFD, the EU member states have to 
classify the ecological status of their surface waters following standardized 
procedures. As a matter of surprise to many lake ecologists, zooplankton 
were not included into the WFD as a biological quality element (BQE) 
despite their being considered to be an important and integrated compo-
nent of pelagic food webs. The value of zooplankton as an indicator of 
ecological conditions stems from their position in the food web, sand-
wiched between the top-down regulators (fi sh) and bottom-up factors 
(phytoplankton), thus providing valuable information about the relative 
importance of top-down and bottom-up control and their impact on 
water quality. Our fi ndings on zooplankton to phytoplankton biomass 
ratio (BZp/BPhyt) are one of several examples of a high indicative value 
of zooplankton in assessing the trophic state and ecological quality of 
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lakes (II, III, V). Our aim was to support with the study several zoo-
plankton researchers (Caroni & Irvine, 2010) who consider the absence 
of zooplankton from monitoring suggested under the WFD a curious 
omission and strongly recommend the EU to include zooplankton as a 
central BQE in the WFD.

When examining the trophic state and its impact on the ecosystem of 
L. Peipsi, we have to keep in mind the role of warming climate: weather-
driven changes can enhance or prevent the eutrophication process in the 
lake. Jeppesen et al. (2005a) summarized that eutrophication occurs as 
a result of the complex interplay between nutrient availability, tempera-
ture, water resident time and light conditions, and to fi nd out the main 
reason will be complicated. The knowledge about the nature of climate 
change and its impacts on lacustrine ecosystems is far from being com-
plete. Specially, additional information about winter conditions is needed. 
Winter and its consequences are still one of the weakest points in our 
understanding of the functioning of lake ecosystems. The main reason 
for the paucity of the data on winter plankton is the diffi cult conditions 
for fi eldwork (Virro et al., 2009). The two mild winters, 2007 (ice cover 
lasted less than two months) and 2008 (permanent ice cover was lack-
ing), provided us with a ’natural experiment‘ and allowed us to compare 
the impact of different (mild and severe) winters on the plankton and 
nutrient dynamics of L. Peipsi in spring (IV, V). Because of their vol-
ume and absence of stratifi cation, shallow water bodies respond more 
directly to the prevailing weather than deeper and stratifi ed ones (Gerten 
& Adrian, 2000). Lake Peipsi represents the case of large, shallow and 
unstratifi ed water bodies, however, it is unique due to its greater mean 
depth (7.1 m) and it is not identical with large and very shallow lakes in 
Europe (e.g. lakes Balaton, Võrtsjärv, Neusiedlersee). As the impact of 
climate on the lake ecosystems is largely lake-specifi c, our aim was to 
add to the whole database of climate studies the case of L. Peipsi, which 
has quite specifi c morphology.
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2. REVIEW OF THE LITERATURE

2.1. Factors affecting the dynamics of plankton

2.1.1. The impact of climate

Global warming is a topical worldwide problem, which is directly con-
nected with the ‘health’ of water bodies. Thus, questions concerning the 
pace and impacts of climate change are central to many hydrobiological 
and -chemical studies. Climate change is very likely to have both direct 
and indirect consequences on the biota and the structure and function-
ing of freshwater ecosystems (Wrona et al., 2006). However, differences 
in the lake morphometry and site specifi city result in differences in the 
relative effect of climate change on ecosystem variables (George et al., 
2004). Relevant climatic factors for shallow lake ecosystems are tempera-
ture, ice-cover duration and wind action. Secondary factors affected by 
climate include nutrient loading, residence time and water level (Mooij 
et al., 2005). Because of their smaller volume and absence of stratifi cation 
in summer, shallow water bodies are less infl uenced by meteorological 
conditions in the preceding winter than deeper water bodies, however, 
they respond more directly to the prevailing weather conditions (Gerten 
& Adrian, 2002). 

Analyses of long time series of physical and biological characteristics 
of freshwater ecosystems in Northern Europe have shown that climate 
change affects the winter concentration of nitrate nitrogen (George et al., 
2004), the concentration of dissolved reactive phosphorus (George et al., 
2004) and the timing of seasonal succession events of phytoplankton and 
zooplankton (Gerten & Adrian, 2000; Straile, 2000; George et al., 2004). 

2.1.1.1. Changes in air and water temperatures

The climate warming in the last 100 years has caused about a 0.74 °C 
increase in global average temperature (IPCC, 2007). Without proper 
action against anthropogenic greenhouse effects the Inter-governmental 
Panel on Climate Change (IPCC, 2007) predicts the rise in mean global 
temperatures to be as high as 6.4 °C by 2100. Also Rummukainen et al. 
(2001) predict that air temperatures will increase over the next decades, 
especially during winters.
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The warming trend in recent decades has led to increased water tem-
peratures in many northern temperate lakes, especially in winter and 
spring (Adrian & Deneke, 1996; George et al., 2000). This is widely rec-
ognized as a major factor infl uencing ecological processes in freshwater 
habitats. Studies of the biological effects of recent climate fl uctuations 
have revealed that changes in climatic conditions result in shifts in the 
timing of the seasonal occurrence of various aquatic species (Winder & 
Schindler, 2004a). Adrian et al. (2006) also indicated that a prominent 
response of temperate aquatic ecosystems to climate warming is changes 
in phenology – advancements or delays in annually reoccurring events in 
an organism’s life cycle. Climate impacts on the distribution and phenol-
ogy of biota may not only act directly through individual physiology, but 
also indirectly through species interactions (Berger et al., 2007), especially 
if interacting species respond differently to altered environmental condi-
tions (Winder & Schindler, 2004b; Emmerson et al., 2005). The response 
of aquatic communities to global warming appears to depend on the 
seasonal timing and magnitude of the warming; even low-to-moderate 
climatic warming during a short, but critical seasonal period may exert 
dramatic and continued effects on the whole-lake food webs (Wagner 
& Benndorf, 2007). 

2.1.1.2. Changes in the length of the ice duration in spring 

Ice cover on lakes is not only a robust indicator of climate change and 
variation (Robertson et al., 1992) but also represents a limnological re-
sponse to climate change that infl uences the ecology of aquatic systems 
(Vanderploeg et al., 1992). Several studies have shown that ice cover has 
impacts on underwater light conditions (Leppäranta et al., 2003), nutrient 
recycling (Järvinen et al., 2002), oxygen conditions (Livingstone, 1993), 
the production and biodiversity of phytoplankton (Weyhenmeyer et al., 
1999; Phillips & Fawley, 2002), the dynamics of zooplankton (Adrian 
& Deneke, 1996; Adrian et al., 1999) and the occurrence of winter fi sh 
kills (Barica & Mathias, 1979). Studies have shown that freeze-up and 
ice-loss dates are useful indices of climate and its change (Schindler et al., 
1990; Skinner, 1993). Ice formation and break-up are dependent on many 
climatic forcing variables, such as air temperature, solar radiation, wind 
action and snow depth. However, air temperature is the most important 
climatic variable affecting ice formation and loss (Mooij et al., 2005). 
Changes in winter air temperatures can be linked directly to changes 
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in ice cover dynamics (Livingstone, 1997). As a response to a 1.2 °C air 
temperature increase, Magnuson et al. (2000) reported a 6.3-day earlier 
ice break-up, on average, over the northern hemisphere during the past 
100 years. Considering global warming, the tendency towards earlier ice 
break-up in lakes is likely to continue, although individual years might 
occur with a long-lasting ice cover. Since the timing of ice break-up may 
affect the timing and development of individual species and communities, 
increases in air temperature can have profound ecosystem-level effects 
(Weyhenmeyer, 2001). 

Plankton phenology in spring was observed to be clearly related to elevated 
temperatures in winter and early spring in many lakes all over Western 
Europe (Reeders et al., 1998; Scheffer et al., 2001; Gerten & Adrian, 
2002; Straile, 2002). The timing of the onset of phytoplankton growth 
in spring is determined predominantly by abiotic factors such as mixing 
conditions in the water column (which affect the exposure of algal cells 
to light) and the seasonal variation in solar radiation (Sharples et al., 2006). 
The most obvious indirect temperature effect on phytoplankton is ice 
break-up. Ice cover on lakes, both its thickness and duration, strongly 
affects phytoplankton development due to reduced light conditions and 
reduced turbulence (George & Hewitt, 1999). There is evidence that 
warmer winters cause a shift in the phytoplankton spring season. Due 
to an earlier ice break-up, spring phytoplankton – especially diatoms 
(Weyhenmeyer et al., 2008) – start to grow earlier in the season and thus 
affect the plankton succession pattern of the whole year (Peeters et al., 
2007; Shatwell et al., 2008). Diatoms are sensitive to physical conditions 
such as the presence of ice.

Not only the phytoplankton spring season but also the beginning of 
the summer phytoplankton season is affected by temperature changes. 
After mild winters the summer phytoplankton begin to grow earlier, 
resulting in a higher biomass of cyanobacteria (Weyhenmeyer, 2001; Khan 
& Ansari, 2005). Considering that some species of cyanobacteria that 
commonly occur during a summer bloom, such as the genera Anabaena, 
Aphanizomenon and Microcystis, can be toxic, the effect of warmer winters 
on aquatic ecosystems is potentially far-reaching (Weyhenmeyer, 2001). 
Peeters et al. (2007) found that the air temperature anomaly associated 
with an early onset of phytoplankton growth is only a few degrees Celsius. 
They predict that in the future warmer climate, the onset of the spring 
phytoplankton bloom will occur earlier in the year than it does at present. 
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Weather-driven changes can exceed or prevent eutrophication processes 
in a lake (Pádisak & Koncsos, 2002). 

The temporal development and succession of zooplankton species in 
temperate lakes during spring have been explained by many direct and 
indirect factors such as temperature, food, competition and predation 
(Sommer et al., 1986). However, one of the most important abiotic envi-
ronmental factors affecting directly zooplankton reproduction, growth, 
respiration and community structure, as well as size at maturity, is water 
temperature (Chen & Folt, 2002; Weetman & Atkinson, 2004). An increase 
in winter/spring water temperature has a positive impact on the zoo-
plankton spring development (Winder & Schindler, 2004b; Richardson, 
2008). Thus, ice duration affects especially the timing and magnitude of 
the peak abundance of thermophilic cladocerans (Laugaste & Haberman, 
2005) as well as rotifers (Adrian et al., 1999). For example, temperature 
and photoperiod are important cues for the emergence of Daphnia (key-
stone species of water bodies) resting eggs (Cáceres, 1998). The data 
of Wagner and Benndorf (2007) suggest that even a small warming by 
1.7 °C affecting a keystone species may induce changes in whole lake 
food webs and thus alter entire ecosystems. 

Cladocerans are typically the most important planktonic herbivores in 
freshwater lakes (Brooks & Dodson, 1965) and are occasionally capable 
of consuming as much as 80–100% of the plankton biomass (Shurin et 
al., 2006). Thus, zooplankton may potentially exert strong control of algal 
standing crops when large-bodied cladocerans (like Daphnia spp.) dominate 
( Jeppesen et al., 1998). The temporary decline of spring phytoplankton 
biomass, caused by intense zooplankton grazing losses, leads to a clear-
water phase (a period of low phytoplankton biomass), which has been 
found to be strongly dependent on winter climatic conditions (Gerten & 
Adrian, 2000; Straile, 2000). In Central European lakes, warmer winters 
have caused an earlier onset of the clear water phase (Scheffer et al., 2001; 
Straile, 2002). But elevated temperatures may also cause a mismatch 
between a peak in phytoplankton density and the critical reproductive 
period for the phytoplankton grazers, which consequently will become 
food limited (Winder & Schindler, 2004a). 

Most of the copepod species in the temperate lakes undergo diapause 
in the sediment in a late copepod stage during winter. The photoperiod 
combined with water temperature are the main cues stimulating dia-
pause and emergence of copepodids. High spring temperature leads to an 
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early emergence of copepodids and, subsequently, early maturity (McKee 
et al., 2002). Gerten and Adrian (2002) demonstrated how the annual 
peak abundance of the two thermophiles Mesocyclops leucarti (Claus) and 
Thermocyclops oithonoides (Sars) increases signifi cantly in the warm period – in 
the case of T. oithonoides, the peak abundance is almost 10 times higher in 
a warm than in a cooler period. The authors speculate that the increase 
in the population size of both species results from the development of 
an additional generation – three instead of two cohorts per year. Identi-
fi cation of causal mechanisms for changes in the dynamics of cyclopoid 
copepods is much more problematic because of the complexity of their 
life style (Seebens et al., 2009). 

Size-selective predation by adult zooplanktivorous fi shes was identifi ed 
as a main force in structuring zooplankton communities of temperate 
lakes (Brooks & Dodson, 1965; Iglesias et al., 2011). Not only adult fi sh, 
but also young-of-the-year fry have a singifi cant effect on the diversity of 
zooplankton (Mehner, 1996). Many of their life history traits including 
time of hatching, foraging activity, and rates of digestion, consumption 
and growth, or the duration of the period with mouth gape limitation are 
all strongly dependent on ice-loss dates and spring temperature (DeStasio 
et al., 1996). Also Nõges and Järvet (2005) showed that increasing water 
temperature in spring in Estonian inland waters affects the spawning 
time of fi shes. The gape-limited feeding in young fi sh means that the 
large-bodied zooplankton species can be eaten only if the fi sh reach a 
certain length (Mehner et al., 1998). Since predatory mortality itself is 
length-dependent (Mooij, 1996), fast growth driven by higher spring 
temperature and earlier ice loss favour the survival rate of underyearling 
fi sh of species that spawn in spring months. This will ultimately increase 
the predation impact on daphnids since a higher growth rate requires a 
higher feeding rate in addition to the forced uptake of mature daphnids 
by larger fi sh. However, there are some fi sh species whose life cycle starts 
in autumn. Nyberg et al. (2001) and Kangur et al. (2008) indicated that 
fi sh species (e.g. vendace Coregonus albula L.) that spawn in late autumn 
have diffi culties to adapt with global warming. Earlier ice loss endangers 
the success of vendace hatching in spring. As vendace is a short-lived fi sh 
species, sequential unfavourable spawning years may result in the collapse 
of its population in a lake (Kangur et al., 2008; Jeppesen et al., 2010).
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2.1.2. Water nutrient concentration (bottom-up effect) – 
nitrogen and phosphorus

Many lakes have suffered from increasing eutrophication because of 
anthropogenic increases in external nutrient loading (Wetzel, 1990). A 
large number of lakes in Europe have recently been found to be highly 
eutrophic. Eutrophication – the nutrient-enrichment process – destroys 
the balanced state of water bodies leading to signifi cant changes in the 
structure and function of the aquatic ecosystem (Khan & Ansari, 2005).

Beeton (2002) claimed that pollution is a global problem that will af-
fect all lakes, large or small, deep or shallow. However, in shallow lakes, 
where the hypolimnion buffer is absent, the eutrophication process can 
be more rapid and drastic. Moreover, the shallowness makes the lake 
more vulnerable to variations in nutrient inputs from runoff. Usually 
stronger irregularities, both within a year and on a year-by-year basis, 
are observed in shallow lakes as compared to deep lakes (Somlyody & 
van Straten, 1986).

In several countries adequate control measures have been adopted to 
control eutrophication. After decades with continually increasing nutri-
ent loading, many lakes now receive less nutrients because of improving 
wastewater treatment (Dokulil & Teubner, 2005; Khan & Ansari, 2005; 
Köhler et al., 2005; Søndergaard et al., 2005). However, the recovery of 
an aquatic ecosystem is known as a very time-consuming process. The 
majority of lakes have approached a new equilibrium of total phosphorus 
(TP) and total nitrogen (TN) concentrations 10–15 years (TP) and 0–5 
years (TN) after a major reduction in loading, irrespective of the hydraulic 
retention time (Anderson et al., 2005; Jeppesen et al., 2005a). The study 
by Rumyantsev and Drabkova (2002) revealed that some aspects of the 
recovery of the large and deep Lake Ladoga could be detected only 9–11 
years after the reduction of the anthropogenic load by almost a half. 
Dokulil and Teubner (2005) found that the annual mean and maximum 
total phytoplankton biomass initially continued to increase after the TP 
concentration began to decline. Reductions in the phytoplankton biomass 
were delayed by about 5 years. Recovery may be delayed or prevented 
by a high internal TP loading, unchanged external TN loading, climate 
warming or irreversible changes in the biotic structure (Köhler et al., 
2005). The control of nutrient enrichment, particularly from diffuse 
pollution sources, remains one of the major goals of lake management 
(Bennion et al., 2005; Iital et al., 2005).
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Small concentrations of nitrates and phosphates occur in all aquatic 
ecosystems, maintaining a balanced biological growth in them. But if these 
plant nutrients are added to natural waters in large amounts, a threshold 
of ecosystem stress may eventually be crossed and phytoplankton 
biomass often reaches very high levels, causing imbalances in primary 
and secondary productivity (Khan & Ansari, 2005; Buskey, 2008). 
Continuing eutrophication of freshwater ecosystems ultimately leads to the 
dominance of single species of phytoplankters, usually of cyanobacteria, 
which may cause extensive biomass growth known as harmful algal 
blooms (Dokulil & Teubner, 2000). Downing et al. (2001) assert that 
the increase of the concentrations of TP and TN are better predictors 
of cyanobacterial blooms than the TN:TP ratio. Still, the concentration 
of TP seems to be the most critical factor in determining cyanobacterial 
development, which is a widely accepted assumption (Shen, 2002; 
Dignum et al., 2005). However, some studies have shown that nutrients 
alone are not responsible for massive algal blooms. Blooms occur most 
often when four stimulatory factors are present: nutrients, warmth 
(>20 °C), sunlight and quiescent or stagnant water (Hudnell et al., 2010).

While it might seem apparent that eutrophication would have the greatest 
impact on factors affecting growth rates of phytoplankton (nutrient sup-
ply, light availability) the roles of top-down controls, including grazers, 
cannot be ignored in studies of harmful bloom dynamics (Buskey, 2008). 
Biota may affect nutrient ratios and competition between different phyto-
plankton groups. The key herbivore Daphnia tends to retain phosphorus 
in its biomass and release mostly nitrogen, generating high TN:TP ratios 
and shifting the competitive advantage away from cyanobacteria (Elser, 
1999). On the other hand, large-bodied zooplankton such as Daphnia 
can graze small colonies or fi laments and thus favour the dominance of 
larger cyanobacteria (Elser et al., 2000). Grazers that avoid feeding on 
harmful species and actively graze on competing species may also play 
important roles in bloom initiation (Buskey, 2008). 

In fresh waters, planktonic cyanobacteria are associated with toxin 
problems (Moss et al., 2003; Tanner et al., 2005; Vasconcelos, 2006). 
They can produce a diverse range of toxins (Carmichael, 2001), which 
impact directly aquatic biota (Hudnell et al., 2010). In these scenarios, 
adult or juvenile vertebrates and invertebrates may come into contact 
with, or ingest, above-threshold concentrations or doses of relatively low 
toxicity material, leading to functional or developmental impairment, 
injury, or even mortality (Codd et al., 2005). One of the most common 



19

cyanobacterial toxins is microcystin (hepatotoxin), produced by several 
cyanobacterial genera – Microcystis, Anabaena, Oscillatoria etc. (Carmichael, 
1994). The genus Microcyctis, one of the well-studied cyanobacteria, has 
occupied several freshwaters over the world and also in L. Peipsi (I). 
Reynolds et al. (1981) suggested various explanations for the occurrence 
of Microcystis water blooms in such diverse water bodies: (1) high nutrient 
loadings; (2) raised pH and decreased CO2; (3) interaction between 
light attenuation and stability of the water column; (4) tolerance of low 
O2-concentrations; (5) resistance of colonies to grazing, either through size 
or toxicity or both. In addition, Microcyctis is a successful overwintering 
cyanobacterium providing its inoculum for the following season’s growth 
(Reynolds & Rogers, 1976). These are the likely reasons why Microcystis 
can survive unfavourable environmental conditions and explains why, 
once a water body has become colonised, it will probably continue to 
experience cyanobacterial blooms as long as eutrophic conditions persist 
(Verspagen et al., 2005).

Zooplankton are connected with nutrient concentration in water via 
phytoplankton and fi sh, and these ties are considerably weaker than 
between nutrients and algae. Under eutrophication, a negative relationship 
between zooplankter abundance and phytoplankters is likely to occur, as 
phytoplankton communities begin to dominate the ecosystem and change 
in composition, often with higher prevalence of cyanobacteria (McKee 
et al., 2002). Species that form harmful algal blooms need not necessarily 
have unique characteristics in their physiology that enhance their ability to 
form blooms (Smayda, 1997) but they often possess physical or chemical 
characteristics that may make them less palatable by grazers (Irigoien 
et al., 2005). These are strategies that cyanobacteria have developed to 
avoid being eaten by facultative heterophs – grazers. Von Elert and 
Wolffrom (2001) claim that cyanobacteria are nutritionally poor food 
relative to small chlorophytes or fl agellates. Besides, most cyanobacteria 
are uningestible, indigestible or unmanageable as food objects for grazers 
(De Bernardi & Giussano, 1990). For instance, species of the genus 
Microcystis are usually organized in colonies and may produce mucilage 
layers, which makes it much more diffi cult for zooplankton ingestion 
than in the case of single cells (Oberholster et al., 2006). In addition, 
cyanobacteria may affect grazers via physical interference with their 
feeding apparatus (clogging effect) at high abundances (Porter & Orcutt, 
1980). The synthesis of toxins by many cyanobacterial blooms can also 
be viewed as giving a selective advantage, since some zooplanktonic 
predators are susceptible to these toxins and avoid eating cyanobacteria 
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(Carmichael, 1994). Once these blooms are initiated, zooplankton often 
show reduced grazing on these toxic or unpalatable species (Caron et al., 
2004). 

However, within zooplankton, different species or groups may be 
affected differently by defence activities of cyanobacteria (Oberholster 
et al., 2006). Changes in the zooplankton community structure associated 
with the presence of fi lamentous and colonial cyanobacteria include 
the replacement of large cladocerans’ by smaller zooplankton species 
(Trabeau et al., 2004), possibly due to inhibition of the cladocerans fi ltering 
machinery. Suprisingly, not all cladocerans avoid cyanobacteria – the 
water fl ea Daphnia pulex (L.) has been shown to feed on Aphanizomenon 
fl os-aquae (L.) Ralfs (Holm et al., 1983), while De Bernardi and Giussani 
(1990) observed a strain of Microcystis in single cells or small colonies to 
be a good food source for Daphnia obtusa Kurz and Daphnia hyalina Leydig. 
Moreover, Ganf (1983) noted that blooms of large fl akes of Aphanizomenon 
are often associated with high Daphnia densities. Daphnia can strongly 
limit fi lamentous cyanobacterial abundance (Aphanizomenon) and affect 
the biogeochemical cycling of nutrients (Paterson et al., 2002) in some 
water bodies, but sometimes an opposite effect is observed (Komárková, 
1983). While some copepods are known to directly consume and control 
toxic blooms (Uye, 1986), other copepods avoid ingestion of toxic algae 
(Huntley et al., 1986) or are physiologically incapacitated from grazing 
on toxic species (Sykes & Huntley, 1987). Many copepods experience 
decreased grazing and fecundity in the presence of harmful algal bloom 
species (Turner & Tester, 1997). It has been reported that cyanobacterial 
blooms can reduce also the reproduction rate of rotifers (Arnold, 1971).

If excessive amounts of TP and TN are added to the water, algae and 
aquatic plants can grow in large quantities. When these algae die, they 
are decomposed by bacteria, which use up the dissolved oxygen of the 
water body. At night-time, dissolved oxygen concentrations often drop 
too low for fi sh to breathe, leading to fi sh kills (Kangur et al., 2005); 
but the supersaturation of oxygen during the daytime is also lethal for 
fi sh (Fish kill, 2003). Low dissolved oxygen levels are the most common 
cause of fi sh kills in northern areas, including L. Peipsi. However, there 
are other relevant reasons that cause unfavourable conditions for fi sh 
such as high pH (which bring about high ammonia concentrations), high 
water temperature in summer, low water level and massive water blooms 
with cyanotoxins (Kangur et al., 2005). 
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2.1.3. Fish-induced shifts (top-down effect) 
in plankton dynamics

The discussion about the effect of fi sh on plankton was triggered in 
the early 1960s by Hrbáček and his colleagues (1961). Most fi sh species 
in temperate lakes spawn in spring. When the larvae have used up 
the food reserves in the yolk sac, they become dependent on small 
planktonic food. At fi rst, due to gape-limited feeding, food particles 
no larger than rotifers are consumed, but in a few weeks the larvae 
have grown enough to consume larger food objects – cladocerans and 
copepods. The initial growth is very fast, but only a small fraction of 
the individuals survive to recruit into the second year-class of fi sh fry 
next spring (Scheffer, 1998). The growth of fi sh in the early stage is 
enhanced by the occurrence of larger cladocerans in their diet (Romare 
et al., 1999). Lessmark (1983) found the ranking of electivity for cladocerans 
from large to small by predation of 0+ perch (Perca fl uviatilis L.) and 
roach (Rutilus rutilus L.): Leptodora kindtii (Focke), Daphnia longispina Müller, 
Daphnia cucullata Sars, Bosmina spp. and fi nally Chydorus. There is mostly 
size-selective predation on large-bodied Daphnia, which becomes one of 
the preferred food items (Scheffer, 1998). Although the attractive body 
size and the mean energy content of Diaphanosoma brachyurum Liéven are 
roughly the same as for Daphnia, it is less conspicuous for the planktivorous 
fi sh probably due to its low movement frequency (Van Densen, 1985). 

The change-over to a mainly Daphnia-dominated diet and the fast increase 
in size selection for the larger, egg-bearing daphnids will lead to a decrease 
in the mean individual size and stock size of the Daphnia population. 
Therefore mean zooplankton size, especially of Daphnia, can be used as 
an indicator of planktivore abundance (Van Densen, 1985; Iglesias et al., 
2011). With increasing fi sh predation, the importance of small species of 
Daphnia increases and the mean size of each Daphnia species decreases 
( Jeppesen et al., 2000a), and this is a major reason for the increased 
phytoplankton biomass (Hrbáček et al., 2003). This concept is based on 
the effect of size-selective predation in systems with high population 
densities of planktivorous fi shes, which force the zooplankton community 
toward small and ineffective grazers to control phytoplankton growth 
(Bramm et al., 2009). In contrast to larger zooplankters, rotifer abundance 
is positively affected by increasing fi sh density, probably because of 
decreased competition from larger cladocerans with increasing fi sh 
population (Romare et al., 1999). Conversely, in experimental studies where 
planktivorous fi sh were absent, higher cladoceran biomass controlled 
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phytoplankton, bacteria, fl agellates and rotifers and induced improvement 
of water quality. The average macrozooplankton biomass was twice as 
high in enclosures without fi sh and developed asynchronously compared 
to enclosures with fi sh (Christoffersen et al., 1993). Moreover, some authors 
have demonstrated that Daphnia species are larger in size and produce 
more eggs as a result of reduced fi sh predation (Korponai et al., 1997).

Besides young-of-the-year fi sh, adult planktivory have also an essential 
impact on the species composition of zooplankton. For instance, smelt 
(Osmerus eperlanus L.) and vendace feed extensively on zooplankton 
throughout their life cycle and reduced availability of such prey may 
lead to marked population declines (Auvinen, 1988). Although some 
species stay planktivorous during all their life, most fi shes specialize 
in later stages in other food such as benthic invertebrates or fi sh. The 
increase in gape size with age allows the use of food other than plankton. 
Also, they become gradually less effi cient at catching zooplankton as 
they grow. Nonetheless, some adults will switch back to eating Daphnia 
again in periods when this water fl ea is very abundant (Lammens, 1985).

The abundance of planktivorous fish, and thereby the influence of 
high fi sh density on zooplankton, varies seasonally and from year to 
year depending on a number of factors such as recruitment success of 
planktivorous and piscivorous fi sh (Persson & Crowder, 1998), food 
availability (Persson & Greenberg, 1990), macrophyte coverage (Jeppesen 
et al., 2002), winter starvation and fi sh kills under ice (Jackson, 2003) and 
summer water temperature (Mehner, 2000), which may induce seasonal 
and inter-annual variations in predation threat to zooplankton. Some 
studies suggest that the spring clear-water phase may occur earlier in 
the season if planktivorous fi sh density is low and the phytoplankton is 
mainly composed of edible algal species – unicellular diatoms (Korponai 
et al., 1997). The difference between years is probably caused, at least 
partly, by a different course of water temperature. The opposite example 
by Jeppesen et al. (2004) revealed that the suggested lack of grazer control 
in spring is often attributed to a resource and temperature mediated delay 
in zooplankton growth, but it could also be a result of high predation 
on zooplankton by fi sh. According to Mehner et al. (1998), maximum 
predation by young-of-the-year fi sh occurs when these fi sh are large 
enough for selective prey on large, mature daphnids, and the timing of 
peak predation will thus be infl uenced by species-specifi c variation in 
spawning time, initial size and gape size of the fi sh. 
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The combination of many fi sh species reaching the juvenile stage at the 
same time and the high water temperatures in mid- and late summer 
increases the likelihood that high densities of juvenile fi sh will have the 
maximum impact on large Daphnia exactly in this season of the year. Still, 
species-specifi c differences in foraging behaviour and gape size will play 
an important role in determining the impact of different species on lower 
trophic levels (Kurmayer & Wanzenböck, 1996). Also other authors have 
mentioned that the biomass of the planktivorous young-of-the-year fi sh 
reaches a maximum somewhere in the summer and may affect the density 
of daphnids considerably (Qin & Culver, 1996; Hülsmann & Mehner, 
1997). Another explanation of the collapse of large-bodied daphnids is 
the propagation of inedible algae and high abundance of cyanobacteria 
( Jeppesen et al., 2004). 

In autumn water temperature falls and consequently a decrease occurs 
in the zooplankton biomass, mainly due to the disappearance of 
large-bodied thermophilic cladocerans. At the same time, the feeding 
activity of planktivorous fi sh on zooplankton also weakenes. A possible 
interpretation of this decline is that part of the fry are dying, partly due 
to the lack of food (partly due to the preying activity of larger fi sh), and 
their feeding activity is decreasing due to lower temperature (Hrbáček 
et al., 2003). Furthermore, a large part of young-of-the-year fi shes switch 
already to other food sources in autumn months (Lammens, 1985).

2.2. Zooplankton to phytoplankton biomass ratio (B
Zp

/B
Phyt

) 
as an informative ecological index of lakes

Xu et al. (2001) stated that a ‘healthy’ ecosystem can be characterized 
by small cell size in phytoplankton, large body size in zooplankton, 
high macrozooplankton biomass levels, low phytoplankton and 
microzooplankton biomass levels, a high BZp/BPhyt ratio, a high 
macrozooplankton to microzooplankton ratio, high degrees of species 
diversity, high levels of algal C assimilation, high resource use effi ciencies, 
low community production and high energy and buffer capacities. 
Historically, ecosystem health was measured using indices for a particular 
species or other components of the system. Many of those efforts, 
however, were found to be somewhat restrictive or lacking in terms of 
completeness of the system as a whole. In order to better refl ect ecosystem 
complexities, a number of new approaches have been made and indices 
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in assessing ecosystem conditions have been created (O’Connor et al., 
2000; Xu et al., 2001). 

The BZp/BPhyt ratio is a highly informative index. It characterizes 
dominating groups in phyto- and zooplankton, feeding relationships 
between them and fi sh, as well as the pressure of fi sh on zooplankton. 
Planktivorous fi shes feed selectively on the largest and most conspicuous 
zooplankton (Brooks & Dodson, 1965) and intense predation often results 
in a zooplankton community composed of small-sized ineffective grazers 
such as rotifers, small copepods and cladocerans (Søndergaard et al., 
1997), which thereby promote decrease in the BZp/BPhyt ratio (Hessen 
et al., 2006). Thus, the stucture of zooplankton, zooplankters’ size and 
the ratio of BZp/BPhyt are indicators of the intensity of fi sh predation 
on the plankton community (Brooks & Dodson, 1965). Also Jeppesen 
et al. (2009) concluded that a tendency to a decrease in the BZp/BPhyt ratio 
and the proportion of Daphnia among the cladocerans provides further 
evidence of higher fi sh predation. With a lower proportion of large-sized 
Daphnia and a lower average size of zooplankton, grazing on large-bodied 
phytoplankton is likely to decline, which will further enhance the risk 
of dominance by fi lamentous cyanobacteria. Besides fi sh pressure, the 
BZp/BPhyt ratio refl ects also the pressure of zooplankton on phytoplankton. 
Muylaert et al. (2010) used a method based on BZp/BPhyt ratios to estimate 
the grazing pressure exerted by zooplankton on phytoplankton. They 
found that in Denmark, Belgium and The Netherlands, the BZp/BPhyt 
ratio is indeed positively related to the submerged macrophyte cover. 
Gerasimova and Pogozhev (2010) stated that with the biomass ratio of 
plankton-eating zooplankton to edible phytoplankton from 0.4 to 7.9, 
zooplankton can reduce the biomass of planktonic algae within a day. 
Large-size fi lterers D. longispina and verticators Asplanchna priodonta helvetica 
Langhans contribute most to the consumption of phytoplankton biomass. 

The BZp/BPhyt ratio can be used as a marker criterion for the evaluation 
of the trophy of a water body. Additionally, this ratio largely refl ects 
the type (effectiveness) of the food web in a water body and hence the 
nature of the ecosystem. Several observational data indicate that when 
lakes experience increased nutrient enrichment (mainly TP loading), a 
tendency for the ratio of BZp/BPhyt to decline can be observed (Jeppesen 
et al., 2003; Margonski, 2005; Hessen et al., 2006). Two explanations 
for this phenomenon could be, among others, that the phytoplankton 
community shifts to less edible species as lake productivity increases 
(Watson & Kalff, 1981) or that nutrient-rich lakes have more intensive fi sh 
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predation pressure (Jeppesen et al., 2003). Eutrophication typically results 
in increased phytoplankton unit size (Agusti et al., 1990) and increased 
fi sh predation on metazoan zooplankton (Jeppesen et al., 2000b). Still, 
the most important reason for the declining tendency of the BZp/BPhyt 
ratio is the obvious changes in the phytoplankton community, where a 
transition from small, edible algae to larger, less edible, less nutritious and 
less palatable diatoms and fi lamentous or toxic cyanobacteria is a frequent 
result of eutrophication. These algae are poor food for most zooplankton 
species (Watson & Kalff, 1981). In addition, cyanobacteria that dominate 
in (highly) eutrophic lakes have been shown to reduce the grazing activities 
of crustacean zooplankton, either through mechanical interference or by 
various effects of toxins (Porter & Orcutt, 1980). This situation induces 
an increase in the relative importance of microbial pathways, an increase 
in the number of links in food webs connecting basal resources with 
macrozooplankton and reduced food web effi ciency (Hessen et al., 2006). 
Thus, the BZp/BPhyt ratio is related to the effi ciency of energy transfer and 
ecosystem health (Margonski, 2005). Similar conclusions were published 
by Malthus and Mitchell (1990), who rejected the predation hypothesis 
and argued that the low BZp/BPhyt ratios most likely refl ect an apparent 
tendency towards dominance of large phytoplankton forms that are not 
likely to be directly available as food for zooplankton. Some studies have 
provided convincing evidence that a low BZp/BPhyt ratio and a low transfer 
effi ciency between phytoplankton and zooplankton can also be explained 
by the combination of the diel vertical migration and the diel feeding 
rhythms of most zooplankton, which minimizes the grazing pressure and 
supports the accumulation of phytoplankton biomass (Kouassi et al., 2001).
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3. AIMS OF THE STUDY

In the present thesis, the interactions of phyto- and zooplankton are 
studied in the large and shallow Lake Peipsi. As phyto- and zooplankton 
communities and their relations are sensitive to changes in the trophic 
state of the lake as well as weather conditions, they can be used as in-
dicators in assessing changes in the environment. After examining the 
dynamics of plankton over a 12-year period we were able to analyse the 
changes that have taken place in the ecosystem of the lake and the pos-
sible causes of these changes. 

The main objectives of this thesis were:

1. To ascertain how phyto- and zooplankton communities and 
their interactions respond to changes in the trophic level of the 
large and shallow Lake Peipsi (I).

2. To test in time and space the indicative value of zooplankton 
to phytoplankton biomass ratio (BZp/BPhyt) in assessing the 
interrelations between zoo- and phytoplankton and the trophic 
state of a large and shallow lake (II, III, V). 

3. To fi nd out how the ice cover duration of Lake Peipsi infl uences 
the dynamics of nutrients and phyto- and zooplankton in spring 
(IV, V).
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4. MATERIAL AND METHODS

4.1. Study area

Studies were conducted in L. Peipsi s.l. (sensu lato), which is a large 
(3555 km2) and shallow (mean depth 7.1 m), mainly unstratifi ed lowland 
water body. There are three limnologically different parts of L. Peipsi s.l. 
The northern eutrophic part, L. Peipsi sensu stricto (s.s.), is the largest and 
deepest. The southern hypertrophic part, L. Pihkva, is half as deep as 
L. Peipsi s.s. and its volume of water is almost 8 times less than that of 
L. Peipsi s.s. (Table 4.1.1). These two lake parts are connected with river-
like L. Lämmijärv (Fig. 4.2.1). 

Table 4.1.1. Selected morphometric and chemical characteristics and Secchi disc values 
of three parts of Lake Peipsi s.l. Geometrical mean values for August of 2003–2008.

L. Peipsi s.s. L. Lämmijärv L. Pihkva

Surface area, km2 2611 236 708
Volume, km3 21.2 0.60 2.68
Mean depth, m 8.3 2.5 3.8
TP, μg L-1 49 102 130
TN, μg L-1 637 1114 1189
TN:TP mass ratio 16.5 11.1 7.0
Secchi depth, m 1.7 0.9 0.7

Lake Peipsi s.l. is located in eastern Estonia and is part of the border 
between Estonia and Russia, being the largest international lake in 
Europe. Its water volume is 25 km3 at the long-term mean water level 
(30 m above sea level) and the mean residence time of water is about two 
years. The catchment of the lake (including lake surface) has an area of 
47 800 km2, of which 34% belongs to Estonia, 58% to Russia and 8% 
to Latvia. Forest and semi-natural areas dominate in the lake catchment, 
agricultural areas cover around 14% of the cathment (Jaani, 2001a). There 
are about 240 infl ows into the lake of which the largest are the River 
Velikaya in Russia and the River Emajõgi in Estonia. The River Narva, 
the only outfl ow of L. Peipsi, falls into the Gulf of Finland. 

In the 1960s the lake was covered by ice for up to 6 months, but in recent 
decades the ice-on period has shortened to 3–4 months. Moreover, in 
the winter of 2008 a permanent ice cover was lacking altogether. This 
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was an extraordinarily mild winter, which is regarded as the warmest of 
the last 140 years ( Jaagus, 2008). The water is the warmest (21–22 °C in 
open water) in July–August. The water is alkaline, the mean pH for the 
ice-free period is 8.4 (Milius & Haldna, 2008).

Two dominating phytoplankton groups by biomass in L. Peipsi are diatoms 
and cyanobacteria; the third place is occupied by green algae. Among 
cyanobacteria, the most important dominants are Gloeotrichia echinulata 
( J. E. Smith) Richter, A. fl os-aquae, Microcystis spp. and Anabaena spp. 
Summer water blooms caused by cyanobacteria were registrated in 
L. Peipsi as early as in 1895 (Kullus, 1964), but since 1959 cyanobacterial 
blooms have been found in the lake in all studied years. In recent years, 
the frequency and intencity of fl uctuations in phytoplankton biomass 
have increased (Laugaste et al., 2001; Nõges et al., 2004). The biomass 
of zooplankton is formed prevalently by cladoceran species of the 
genus Bosmina (recently mainly of Bosmina gibbera Schoedler) and of the 
genus Daphnia (mainly D. cucullata), copepods Eudiatomus gracilis (Sars) 
and juveniles of the genus Mesocyclops. In mid-summer ( July−August) 
zooplankton grazing pressure on small algae is strong and large algae 
gain dominance (Nõges et al., 2004). In the last decade signifi cant changes 
were taking place in the zooplankton community: a decreasing trend was 
observed for all zooplankton groups: rotifers, cladocerans, copepods as 
well as Dreissena polymorpha Pallas veligers (Haberman et al., 2008). 

Nutrient loads from Estonia and Russia have differed over time. On 
the basis of the OECD (Research of the Organization for Economic 
Co-Operation and Development, 1982) classifi cation, L. Peipsi s.s. was a 
eutrophic water body (TN 640, TP 50 μg L-1 in summer for 2003–2008), 
while L. Pihkva is hypertrophic at present (TN 1200 and TP 130 μg L-1). 
In the 1960s, L. Peipsi s.s. was almost mesotrophic and L. Pihkva eutrophic 
(Starast et al., 2001). As a result of the collapse of Soviet-type agriculture 
in the catchment of L. Peipsi in the fi rst half of the 1990s, the nutrient 
load to the lake decreased after the heavy loading in the 1980s, but it 
increased again in the second half of the 1990s and in the 2000s (Nõges 
et al., 2005). A continuous and even accelerating deterioration of the 
quality of the lake water has taken place up to the present (Milius & 
Haldna, 2008).
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4.2. Sampling

Hydrobiological and -chemical samples were taken monthly during 
the vegetation periods since 1997 at fi xed sampling stations from the 
pelagic region of L. Peipsi s.l. (Fig. 4.2.1). All water samples were collected 
simultaneously on board the same research vessel. Regular monitoring 
covered four stations in L. Peipsi s.s. and two stations in L. Lämmijärv from 
the Estonian side of the lake. Data from the Russian aquatory (including 
L. Pihkva of which 98% belongs to Russia) were available only for March 
and August 2003−2008 when joint expeditions were arranged. Then a 
total of 15 fi xed stations across L. Peipsi s.l. were sampled during each 
monitoring. 

Figure 4.2.1. Lake Peipsi s.l. and its three parts (L. Peipsi s.s., L. Lämmijärv, 
L. Pihkva) with samplig stations, two largest infl ows (R. Emajõgi, R. Velikaya) and 
the outfl ow R. Narva.

Sampling was conducted in the middle of each month. Papers IV and 
V were compiled on the basis of data from the fi rst half of the growing 
season. For papers I, II and III samples covered the whole vegetation 
period – from May to October.

On L. Peipsi, a series of 2-litre samples were taken with a Van Dorn 
sampler at 1-metre intervals from the surface to approximately 0.5 m above 
the sediments. Samples for phytoplankton and chlorophyll a (Chl a) were 
taken directly from a tank fi lled with mixed water, while for zooplankton, 
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20 litres was screened through a plankton net with a mesh size of 48 μm. 
Water transparency was measured with a Secchi disc (diameter 30 cm).

4.3. Sample fi xation and microscopy

Integrated phyto- and zooplankton samples were preserved with Lugol’s 
(acidifi ed iodine) solution. In the laboratory, the preserved phytoplankton 
samples were counted under inverted microscope (at 10×40 magnifi cation) 
using the Utermöhl (1958) technique. Biomass (wet weight) was estimated 
according to the volumes of algal cells, taking the specific gravity 
equal to 1. Pigment (Chl a) analyses were made spectrophotometrically 
(Recommendations...1979).

Zooplankton biomass and community composition were studied by 
conventional quantitative methods (Kiselev, 1956). Samples of 4 ml were 
analysed under a binocular microscope in a Bogorov chamber at up 
to 56× magnifi cation. Zooplankton taxa forming 20% or more of the 
number and biomass were considered as dominants (Haberman, 1977). 
If possible, at least 10 individuals of each species were measured for wet 
biomass determination in each sample. Individual rotifer weights were 
estimated from average lengths according to Ruttner-Kolishko (1977). 
Crustacean lenghts were converted to weights according to Studenikina 
and Cherepakhina (1969) and Balushkina and Vinberg (1979). The 
methods of collecting and treating samples are described in detail by 
Laugaste et al. (2001) and by Haberman (2001).
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5. RESULTS AND DISCUSSION

5.1. Changes in nutrient concentrations of Lake Peipsi in the 
last decade – consequences for phyto- and zooplankton 

communities (I)

Many temperate lakes have suffered from increasing eutrophication over 
the past few decades because of anthropogenic increases in external 
nutrient loading, which has led to signifi cant changes in water quality 
(Gulati & Van Donk, 2002). Especially shallow lakes are sensitive to 
eutrophication processes as the shallowness makes them more vulnerable 
to nutrient inputs from runoff ( Jeppesen et al., 2005a; Søndergaard 
et al., 2005; Kõiv et al., 2011). Khan and Ansari (2005) asserted that the 
eutrophication of several water bodies will lead to signifi cant changes in 
the structure and function of the aquatic ecosystem. This phenomenon 
was also noticed in the case of L. Peipsi where the ecosystem underwent 
great changes over the time period examined (May–October for 
1997–2008). The lake’s southern parts (L. Lämmijärv and L. Pihkva), 
where strongly affected and were losing their resistance to eutrophication. 

A signifi cant eutrophication process of L. Peipsi s.l. started in the 1960s, 
accelerated in the 1970s and showed a continuing trend in the 1980s and 
1990s (Starast et al., 2001). The water quality of L. Peipsi s.l. depends 
mostly on the nutrient load of riverine origin (I, Table 3). About 240 
infl ows are discharging into L. Peipsi, but two largest of them – the 
R. Emajõgi (drainage basin 9960 km2) and the R. Velikaya (drainage basin 
25 200 km2) – have the strongest impact on the state of the whole lake 
(Milius & Haldna, 2008). Nutrient loads from Estonia and Russia into 
L. Peipsi have been different over times: studies have shown that the 
loadings of TN into L. Peipsi from the Estonian part of the lake’s 
cathment decreased from 1980 to 2004 (39%) whereas the loading of 
TP decreased less (13%, Nõges et al., 2005; Leeben et al., 2008). At the 
same time, the TP loading from the Russian part of the lake’s catchment 
continued to increase (Nõges et al., 2010). Rumyantsev et al. (2005) stated 
that 60% of the TP discharged into L. Pihkva remains in the lake and 
does not take part in the eutrophication of L. Peipsi s.s. Also Nõges et al. 
(2005) asserted that the southern part of the lake acts as a purifi cation 
pond for L. Peipsi s.s. As L. Pihkva is shallow (mean depth is only 
3.8 m) and highly infl uenced by wind action, the TP discharged into 
it cannot be retarded largely in sediments, it is mobile, moves into the 
water column and the internal pollution on the lake is obviously great. 
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Consequently, the lake’s ability to function as a fi lter or purifi cation pond 
can hardly be great. Not denying some purifi cation effect of L. Pihkva, 
its polluting effect on L. Peipsi s.s. via L. Lämmijärv is evident. The TP 
and TN concentrations of L. Pihkva and L. Lämmijärv are rather similar, 
and mostly different from the corresponding data on the northern part, 
L. Peipsi s.s. (I, Table 4). Up to the present time, L. Pihkva is continuously 
strongly polluted by loadings. It could be due to the lack of effi cient 
wastewater treatment in Pskov and other settlements in the catchment of 
the Russian side. According to the WFD criteria, the water of L. Peipsi 
s.s. is qualifi ed as moderate and that of L. Pihkva as bad. 

Besides riverine infl ows, the water quality of L. Peipsi s.l. also depends on 
other factors such as climate conditions (IV, V) and the morphometry of 
the lake. The amount of loadings, character of the catchment area, water 
volume and relative depth of the parts of L. Peipsi s.l. are different, and 
consequently their resistance to eutrophication is also dissimilar. Previous 
investigations have demonstrated that the water chemistry of L. Peipsi 
s.l. differs from north to south (Kangur & Möls, 2008; Milius & Haldna, 
2008). The northern and deepest part, L. Peipsi s.s., is signifi cantly less 
loaded with nutrients and is more transparent than the southern very 
shallow part, L. Pihkva. Also the current study showed clear differences 
between the northern and southern lake parts (I, Tables 1, 4, 6). The TP 
concentration in summer fl uctuated between 21 and 100 μg L-1 in the 
northern eutrophic part of the lake, Peipsi s.s. and from 54 to 220 μg L-1 
in the southern hypertrophic part, L. Pihkva (I, Table 4). 

At the same time the concentration of TN was quite stable with mean 
values of about 637 μg L-1 in the northern part and 1189 μg L-1 in the 
southern part of the lake. Such dynamics brought about a decline in the 
TN:TP ratio the values of which were particularly low for the southern 
part of the lake in summers 2003–2006. In 2007–2008, with very warm 
winters and a short ice duration (less than two months instead of the 
usual 4–5 months) followed by a rise in the nitrogen content, the TN:TP 
ratio increased (I, Fig. 2). 

It should be noted that the structure of changes in the nutrient supply 
of lakes in West European countries has been completely different from 
that in the countries of the former Soviet Union (Russia, Estonia). In the 
Western countries, extensive efforts have been made to improve waste 
water purifi cation and to reduce phosphorus concentration in the effl uents 
(Jeppesen et al., 2005b). In Estonia and Russia, a major nitrogen reduction 
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was not associated with proper purifi cation processes, but occurred 
as a result of the collapse of Soviet-type wastful agricultural activity 
characterized by over-fertilization of fi elds (Blinova, 2001; Nõges et al., 
2004). Nevertheless, the reduced TN content led to a slight trend of 
re-oligotrophication of the water body in the early 1990s (Milius & Haldna, 
2008). Unfortunately, this situation did not last long – the recovery of 
the lake reversed in the mid-1990s due to increasing phosphorus loading 
from the south (R. Velikaya). 

The slight temporary re-oligotrophication of L. Peipsi after the collapse 
of intensive agricultural activity in the early 1990s and the following 
reversal towards deteriorated water quality due to a signifi cant increase 
in the TP loading from the southern part of the lake have caused a 
serious disturbance in the aquatic ecosystem of L. Peipsi s.l. Before these 
events, the ecosystem of the lake was in a relatively stable state for a long 
period, a balanced and effective algal food web prevailed in L. Peipsi 
s.s. (Nõges et al., 2001) and the fi sh stock was dominated by clean-water 
planktivorous smelt (Osmerus eperlanus eperlanus m. spirinchus Pallas) and 
vendace (Pihu & Kangur, 2001). The continually increasing TP and TN 
loadings have caused changes in the biomass and community structure of 
aquatic organisms in many other temperate lakes as well, and such changes 
are also likely to affect the overall food web structure and ecosystem 
stability ( Jeppesen et al., 2000a; Köhler et al., 2005). The most serious 
phenomenon accompaning eutrophication is changes in the diversity 
and abundance of the phytoplankton community, which ultimately leads 
to the dominance of single species, usually of cyanobacteria (Dokulil & 
Treubner, 2000). 

Cyanobacterial blooms were a common phenomenon in L. Peipsi already 
at the beginning of the 20th century (Laugaste et al., 2001). Blooms ceased 
in the mid-1980s due to a high water level and heavy nitrogen loading and 
intensifi ed again in the late 1990s and 2000s together with the decrease 
in the TN:TP ratio. In the 1990s the percentage of cyanobacteria in the 
phytoplankton increased continuously in summer months (I, Fig. 3), 
accounting for up to 90% of the total biomass in the southern lake 
parts (L. Lämmijärv and L. Pihkva; I, Table 6). This was accompanied 
with a continuously increasing TP concentration in the water (Fig. 5.1.1), 
which formed favourable conditions for the development of cyanobacteria 
(Willén, 2000; Nõges et al., 2007). Already Schindler (1977) noticed 
that high concentrations of TP and low TN:TP favour the development 
of cyanobacterial blooms. Cyanobacterial dominance at lower TN:TP 
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ratios has been linked to the fact that cyanobacteria compete better for 
nitrogen than other phytoplankton because many cyanobacteria species 
are capable of fi xing N2 (Huisman et al., 2005). However, the ample 
literature data on the relationship between cyanobacteria and the TN:TP 
ratio are controversial. Some authors suggest the importance of TP and 
not the TN:TP ratio in cyanobacterial dominance (Wang et al., 2008; 
Vrede et al., 2009). Downing et al. (2001) found that the TN:TP ratio is 
the poorest predictor of cyanobacterial dominance, and the probability 
for TP concentration to predict such dominance is 30% higher. 
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Figure 5.1.1. Relationship between total phosphorus (TP) and the biomass of 
cyanobacteria in August 2002–2008, all lake parts included.

Cyanobacterial blooms in moderately deep eutrophic lakes are typically 
composed of N2-fi xing taxa (Nõges et al., 2010). Also during 1997–2008, 
the dominating cyanobacteria genera in L. Peipsi were Aphanizomenon, 
Anabaena, Gloeotrichia (both three species are N2-fi xers) and Microcystis; 
while a signifi cant increase occurred in the genera of Microcystis (I, Table 5) 
and Aphanizomenon. The growth of Microcystis began in summer 1999 in 
L. Lämmijärv and in July–September 2005–2006 it exceeded 20 g m-3 

in the southern lake parts (I, Tables 5, 6). The prevailing species was 
Microcystis viridis (A. Braun) Lemm., which is one of the potentially most 
toxic cyanobacterial taxa. An abrupt increase in Microcystis took place 
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at a very low TN:TP ratio (mass ratio below 10; I, Fig. 6). In such a 
case, presumably N2-fi xing species ought to be prevalent. In the years 
2002–2006, on the contrary, the biomass values of Microcystis were high 
but decreased again in the two following years, 2007–2008, together with 
the increasing TN:TP ratio. According to Varis (1992), a limited nitrogen 
supply in a lake is advantageous not only for nitrogen-fi xing cyanobacteria 
but also for the genus Microcystis. The triggering factor for Microcystis 
growth in L. Peipsi was probably the increasing TP concentration in 
the southern lake parts at that time, amounting to 120–220 μg L-1, with 
a very weak increase in the TN concentration. According to Nõges 
et al. (2008), the biomasses of all cyanobacteria and N2-fi xing species, as 
well as the proportions of cyanobacteria and N2-fi xing species, achieve 
maximum values at the TN:TP mass ratio at or below 30 in L. Peipsi. In 
our opinion, this threshold is not very strict, particularly for L. Peipsi s.s. 

In parallel with the increase of cyanobacteria, a drop in diatoms occurred 
(I, Table 5). The abundance of the former dominant of the cool period, 
Aulacoseira islandica (O. Müller) Sim., decreased 65%; this species was absent 
altogether in some years, a phenomenon unknown for the lake since the 
beginning of systematic studies in the 1960s. Among small algae edible for 
zooplankton (<40 μm d) chlorophytes prevailed followed by cryptophytes 
and unicellular centric diatoms, while the share of chrysophytes was 
insignifi cant. 

Several factors (besides a huge number of environmental factors, mainly 
phytoplankton abundance and composition, and the predation by fi sh) 
interact in forming the zooplankton community structure, making it diffi -
cult to estimate the causes of shifts within this community. A considerable 
decrease in the amount of zooplankton and its various groups occurred 
from 2001 (I, Fig. 5). In 1985–1996, the mean summer ( July–August) 
zooplankton biomass was about 3 g m-3 (Haberman, 2001), while from the 
early 2000s it diminished to about 1 g m-3 (Fig. 5.1.2). The most essential 
and confusing (as they are not especially vulnerable to fi sh predation) 
was the decline in the group of rotifers: their abundance was about 60% 
lower in 2001–2008 than in the 1990s. Here it should be reminded that 
usually the amount of rotifers increases with the increase in water trophy 
(Wen et al., 2011). The biomass of copepods decreased almost 50% and 
that of cladocerans 34%. Also the abundance of D. polymorpha veligers 
fell signifi cantly in the whole lake (I, Table 5). 
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Figure 5.1.2. Biomass of phyto- and zooplankton in lakes Peipsi s.s. and Lämmijärv, 
average for July–August 1997–2008. Whiskers: ±95% confi dence intervals.

The calanoid copepod E. gracilis is a zooplankter of oligo-mesotrophic 
waters. Lately, its abundance in L. Peipsi decreased signifi cantly. In 
1997–1999 its mean abundance for the growing season was 11 000 ind. m-3, 
but in 2004–2006 only 6000 ind. m-3. It has almost entirely disappeared 
from the hypertrophic L. Võrtsjärv (Haberman, 1998). In parallel with 
the decrease in the abundance of E. gracilis, an essential increase in the 
abundance of Chydorus sphaericus (O. F. Müller), an indicator of eutrophic 
conditions, occurred. Its abundance in the hypertrophic L. Pihkva in 
August 2003–2010 was 28 000 ind. m-3 and in the eutrophic L. Peipsi 
only 6000 ind. m-3. The biomass of the genus Daphnia decreased from 
the year 2000 and reached a minimum in 2005, which was seven times 
lower than the biomass in 1999. The genus Bosmina was characterized by a 
low biomass from 2003. Among rotifers, a notable decline was observed 
in the genera Keratella, Conochilus, Kellicottia, Polyarthra and Synchaeta. The 
distinct difference in the plankton composition between the southern 
and northern lake parts was particularly evident in summer (I, Table 6). 

Zooplankton groups had the most signifi cant correlations with water 
temperature (r = 0.26–0.35, p <0.001). Correlations between zooplankton 
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and phytoplankton were weak; the only signifi cant correlations of fi lter-
feeding copepods and the genus Daphnia occurred with cryptophytes 
(r = 0.34 and 0.29, respectively, p <0.0001). It is known that several factors 
(defi cit of suitable food, nutrient recycling, weather conditions and other 
factors beyond this study) may weaken the links between phyto- and 
zooplankton. Zooplankton–phytoplankton correlations, according to 
our data, were infl uenced more by the different (or similar) dynamics 
of different groups than by their direct relationships. Only correlations 
of copepods and Daphnia with cryptophytes can indicate possible direct 
food-based relationships. Absence of correlation may indicate a suffi cient 
supply of food for fi ltrative zooplankton, particularly in the last 4–5 years 
(I, Fig. 4). Rivier (1993) regarded the threshold of food saturation to be 
1.5 mg L-1 dry weight of phytoplankton in the mesotrophic Rybinsk 
Reservoir. In L. Peipsi the mean wet weight of small algae in the growing 
season was 0.93 mg L-1 in 1997–2000 and 1.12 mg L-1 in 2001–2008. This 
means that at least in some periods zooplankton can suffer food shortage. 
The biomass of small algae, including mostly green algae, increased 
abruptly in 2005 (I, Fig. 4). The probable reason for this was a drop in 
zooplankton pressure. Cryptophytes, the best food for zooplankton, 
underwent a decline at that time; their relationship with natural conditions, 
particularly water level, appeared to be the most pronounced (Milius 
et al., 2005).

It is a well-known fact that during the history of a water body (from 
oligotrophic state and further) at fi rst the biomass of zooplankton begins 
to increase in parallel with the trophic state. In the case of L. Peipsi, earlier 
data indicated that the amount of zooplankton showed the gradient of 
increasing density from north to south as did the growth of the trophic 
state (Mäemets, 1966; Haberman, 1971). But during the present study 
some changes were noticed: the data for August (the period for which 
data are equally available for all lake parts) showed the opposite trend 
(I). This can be explained by the high trophy of L. Pihkva, which already 
suppresses the development of zooplankton. In 2006, a particularly 
intensive cyanobacterial bloom took place in L. Pihkva, which resulted 
in an unusually low zooplankton biomass (0.560 g m-3). 

Crane & Culver (2008) stressed that top-down factors are most important 
in infl uencing zooplankton communities. Preferring larger food objects, 
fi sh feed fi rst of all on cladocerans and copepods, clearly preferring 
cladocerans. In L. Peipsi, planktofagous fi shes prefer large-sized Daphnia 
galeata Sars, Limnosida frontosa Sars, Bosmina berolinensis Imhof, L. kindti and 
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E. gracilis. The impact of fi sh on the zooplankton in L. Peipsi was signifi cant 
in the 1960s when the fi sh community was dominated by planktivorous 
vendace and smelt. Vendace was one of the main commercial fi sh in 
L. Peipsi until the 1990s. Its stock attained the highest level in 1986–1989, 
when annual catches were 1957–3271 tonnes (Pihu & Kangur, 2001). 
However, its abundance decreased sharply at the beginning of the 1990s 
and has not recovered. Because of the collapse of the population the 
vendace fi shery in L. Peipsi has stopped (Lammens et al., 2007). The 
decline in the catches of smelt was also notable: in the 1980s the catch 
was 5567 t, in 1998 2966 t, between 2003 and 2006 117 t and in 2006 
only 83 t (Pihu & Kangur, 2001; Krause & Palm, 2008). A warming 
of the aquatic environment, coupled with concurrent eutrophication 
and the resulting cyanobacterial blooms, has decreased the reproductive 
success and increased direct adult mortality (fi sh kills) of smelt in L. Peipsi 
(Kangur et al., 2007; 2008). The collapse of vendace, however, is related 
to the increase in water temperature in winter during several successive 
years, which created unfavourable spawning conditions for this species. 

Changed environmental conditions (eutrophication, higher water 
temperature, increased turbidity of water) in L. Peipsi have favoured 
the recruitment of pikeperch (Sander lucioperca (L.)). Since the late 1950s 
to the early 1980s, the pikeperch stock was an average only 15 t y-1, that 
is <0.5% of the annual catch. During the last one and a half decades 
the annual catch of pikeperch has been between 747 and 3151 t y-1, and 
its proportion reached 30–40% in the whole fi sh catch (Kangur et al., 
2008). The dominance of pikeperch, a predatory fi sh of eutrophic waters, 
has led to a high predation pressure on the fi sh community and was 
also a probable reason for the sharp decline of the populations of small 
clean-water planktivorous fi shes (Lammens et al., 2007). 

We conclude that the fi sh stock of the lake is currently out of balance: 
the amount of the most important food object for pikeperch, i.e. smelt, 
is not suffi cient. We found that the pressure of fi sh on zooplankton did 
not increase during the study period and consequently the decrease in 
the zooplankton in L. Peipsi cannot be explained by the pressure of fi sh. 
The effect of planktivorous pikeperch juveniles on zooplankton may be 
essential but it does not offset the possible effect of the almost vanished 
smelt and vendace. Here we should emphasize that the overexploitation 
has decreased essentially the abundance of large specimens of pikeperch 
(Kangur et al., 2008; Ginter et al., 2011).
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Besides top-down forces (fi sh predation) zooplankton are strongly affected 
also by bottom-up control (algae). Taking into account the present 
amount and composition of phytoplankton in L. Peipsi, we consider toxic 
cyanobacterial blooms as the key factor for the zooplankton decline during 
the study period. Tanner et al. (2005) found 50 μg L-1 of microcystins 
(5 types) in the open area of L. Peipsi s.s. at a depth of 30–50 cm. At 
that time M. viridis and Anabaena species prevailed. In comparison with 
literature data (Watanabe et al., 2000; Lindholm et al., 2003), the amount 
of toxins in L. Peipsi appears to be very high at times, which defi nitely 
affects zooplankters. Also several other data indicate the harmful effect 
of toxins as well as of bloom extracts on zooplankton (Nandini, 2000; 
Agrawal et al., 2001; Ghadouani et al., 2003). According to a review article 
by Christoffersen (1996), there are large species-specifi c differences 
between zooplankton species (as well as between different stages of life) 
in response to toxins. Toxins may affect all organisms whether or not they 
consume algae. Gilbert (1994) stresses that as sensitivity depends on the 
body weight of an organism, rotifers are the most sensitive zooplankton 
group. According to other studies, cladocerans are the most vulnerable 
organisms to cyanotoxins (Ghadouani et al., 2003). Thus, taking into 
consideration the data of microcystin concentrations in L. Peipsi, toxic 
cyanobacterial blooms are among the probable causes of the signifi cant 
decline in rotifers and, to a smaller extent, in cladocerans and copepods 
in the lake.

The described disturbances within phyto- and zooplankton of 
L. Peipsi give reason to believe that the lake has lost its balance, and the 
southernmost part, L. Pihkva is losing its resistance to eutrophication. We 
conclude that the driving force was the slight trend of re-oligotrophication 
at the beginning of the 1990s, which reversed in the middle of the 1990s 
due to the increasing TP loading. It may take many years before the 
previous TP values are restored. In some cases such lakes will never 
recover (Jeppesen et al., 2005a). It is known that the recovery of an aquatic 
ecosystem may be delayed or prevented by a high internal TP loading, 
unchanged external TN loading, ineffective purifi cation of waste waters, 
climate warming or irreversible changes in its biotic structure such as an 
altered fi sh stock (Köhler et al., 2005). We are not able to change climate 
conditions and the consequent rise in water temperatures. The only way 
to improve the lake’s state is careful purifi cation of all infl ows, especially 
of the insuffi ciently (TP is not extracted) purifi ed waste waters of the 
R. Velikaya (Loigu et al., 2008). 



40

5.2. Estimating the trophic state of a shallow lake using 
the zooplankton to phytoplankton biomass ratio 

(B
Zp

/B
Phyt

) (II, III, V)

Because large and shallow lakes respond more drastically to environmental 
(climatic, anthropogenic) changes and are more complex to study than 
other types of water bodies, different indicators should be developed. 
These indicators should help to defi ne the nature and extent of several 
environmental problems and to keep track of trends in the state of the 
aquatic environment. The BZp/BPhyt ratio has been considered as a highly 
informative index of the eutrophication process (Avinski et al., 1995). 
Although this ratio was analysed earlier (Haberman, 1998; Haberman 
& Laugaste, 2003; Nõges & Nõges, 2006), new studies are needed as 
the situation in the lake changed markedly over the period of study (I).

During 12-year period (1997–2008) under investigation the mean values 
of BZp/BPhyt for the growing season decreased from 0.34 in 1997 to 0.18 
in 2008 in L. Peipsi s.s., and from 0.24 to 0.10 in L. Lämmijärv. This 
parameter revealed signifi cant variances between the three limnologically 
different lake parts (L. Peipsi s.s., L. Lämmijärv, L. Pihkva) with different 
levels of trophy (II, Fig. 4). The ratio was the highest in the northern 
eutrophic part, L. Peipsi s.s., and diminished southwards being the lowest 
in the hypertrophic southern part, L. Pihkva (Fig. 5.2.1). The mean values 
for August (2003–2008) were 0.18 for L. Peipsi s.s. (TP 49 μg L-1), 0.07 
for L. Lämmijärv (TP 102 μg L-1) and 0.06 for L. Pihkva (TP 130 μg L-1). 
The reduction of the BZp/BPhyt ratio in the southern lake parts was mainly 
caused by a decline in the abundance and body size of large-bodied 
cladocerans and by the increase in the proportion of small-bodied rotifers 
accompanied with signifi cantly higher share of cyanobacteria under 
strongly eutrophic conditions (I). 

Several other studies have also demonstrated that this parameter decreases 
with the increasing trophic state of the water body ( Jeppesen et al., 
2000a; Haberman & Laugaste, 2003). It is found that the BZp/BPhyt ratio 
decreases with increasing TP concentration in both shallow and deep 
lakes (III). Some authors have found that the mean BZp/BPhyt ratio is 0.5 
for eutrophic water bodies ( Jeppesen et al., 1999; Auer et al., 2004) and 
0.05 for hypertrophic lakes (Havens et al., 2007). The results of our study 
matched with these fi ndings: the mean values of BZp/BPhyt for L. Peipsi 
s.s. were within the boundaries of the eutrophic state and for L. Pihkva 
of the hypertrophic one. It was evident that the mean values of this ratio 
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in L. Peipsi s.l. never achieved mesotrophic level, even at the time of its 
maxima in June. It is interesting to cite comparable data by Haberman 
(1996), who demonstrated that the mean value of BZp/BPhyt in L. Peipsi 
s.s. in the 1980s was 0.70 for the growing season, which indicates the 
boundary between meso- and eutrophy. 
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Figure 5.2.1. The zooplankton to phytoplankton biomass ratio (BZp/BPhyt) in August 
of different periods. Whiskers: ±95% confi dence intervals.

The seasonal variability of the BZp/BPhyt ratio is caused by different 
courses of phyto- and zooplankton groups during the growing season in 
L. Peipsi s.l. (II, Fig. 2). This results from their different requirements for 
environmental conditions: phytoplankton growth is mostly affected by the 
seasonal variation in solar radiation and by mixing conditions in the water 
column (Sharples et al., 2006), while water temperature is thought to be 
one of the most important factors infl uencing zooplankton development 
(Pinel-Alloul et al., 1999) besides the availability of suitable food and fi sh 
pressure. In L. Peipsi s.l., the values of BZp/BPhyt fl uctuated during the 
vegetation period (II, Fig. 3), increasing already in May, peaking in June 
(clear-water period), and decreasing sharply in the summer months, with 
an annual minimum in late autumn (II, Table 2). During the study period 
(1997–2008), the average values of BZp/BPhyt for the growing season were 
lower than 0.5, being 0.27 for L. Peipsi s.s. and 0.16 for L. Lämmijärv. The 
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monthly values of BZp/BPhyt fl uctuated in a wide range: from 0.06 to 0.62 
for L. Peipsi s.s. and L. Lämmijärv. For L. Pihkva, this value was available 
only for March (0.004), August (0.06), and October (0.08). Maximum 
values (up to 2) occurred for L. Peipsi s.s. in June and quite an essential 
increase in this value (up to 1) was also found in May. The annual peak 
in June is explained by signifi cantly increasing percentage of large-bodied 
cladocerans (genera Daphnia and Bosmina) and fi lter-feeding copepodites 
in zooplankton biomass with stronger grazing effect and by the fact that 
the spring peak of the biomass of phytoplankton had ended and the share 
of cyanobacteria in phytoplankton had not achieved its annual maximum 
values yet. This allows us to suppose that in June an effi cient algal food 
web (direct relationship between zoo- and phytoplankton) may occur, 
while in the other months ineffi cient microbial food web is prevalent. 

The relatively low values for summer months (July–August, II, Fig. 3, Table 2) 
may indicate increasing fi sh predation and decreasing grazing by fi lter 
feeding zooplankton. It is known that the toxic Microcystis, accompanying 
with increasing trophy and occurring already abundantly in the southern 
parts of L. Peipsi s.l. (I), suppresses markedly the fi ltration activity of 
cladocerans (Lampert, 1981). Also the role of fi sh in the formation of 
the mean BZp/BPhyt is signifi cant ( Jeppesen et al., 2005b; Iglesias et al., 
2008; Amundsen et al., 2009), because fi sh are size-selective feeders and 
under high population densities of planktivorous fi sh, the zooplankton 
community is forced toward small and ineffective grazers, which are 
not able to control phytoplankton growth (Bramm et al., 2009). Not 
denying the infl uence of planktivorous fi shes, we are of the opinion that 
the supreme factor causing the drop in the summer BZp/BPhyt is the high 
biomass of phytoplankton with dominating toxic cyanobacteria rather than 
fi sh predation. The low values of BZp/BPhyt for October and November do 
not indicate a clear degradation of the ecosystem in autumn but refl ect 
the longer growing season of phytoplankton compared to zooplankton 
(II, Table 2). Still, it is worth mentioning that the continuously growing 
role of the small-bodied indicator of eutrophy C. sphaericus (Haberman, 
1998) reduces zooplankton biomass in autumn. 

During the vegetation period, BZp/BPhyt showed the widest range of 
fl uctuations in May and August. The wide variability in May is explicable 
with differences in the melting time of the ice cover and therefore, in 
the initial timing of the spring peak of phytoplankton in different years. 
Our data showed that the BZp/BPhyt ratio was markedly higher after 
the warm winters (V, Fig. 8a) with a short ice cover period, which is 
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connected with a more numerous appearance of thermophilous and 
large-bodied cladocerans. In August, the absolute values of phytoplankton 
(water bloom caused by cyanobacteria) vary by years and depend most 
on weather conditions. The ratio demonstrated the lowest variability 
in autumn months. A low BZp/BPhyt ratio suggests that the impact of 
herbivory (top-down pressure on phytoplankton) is unimportant and the 
bulk of primary production remains uneaten (Haberman, 1998; Scharf, 
1999) during this period, which is likely for L. Peipsi s.s. and apparent 
for L. Pihkva.

Our results indicate that the BZp/BPhyt ratio (mean for the growing season) 
is a reliable indicator for assessing the ecosystem and water quality of 
a lake. Unfortunately, this versatile index (BZp/BPhyt) is not thoroughly 
analysed in the literature. The BZp/BPhyt ratio has been used mainly in 
assessing the pressure of fi sh on zooplankton. Further investigations are 
needed to enhance the understanding of unexpectable shifts taking place 
in lacustrine ecosystems. We hope to support with our fi ndings the urgent 
suggestion by European zooplankton researchers that zooplankton be 
added as an essential component in ecosystems of water bodies into the 
list of the BQE in the WFD. 

5.3. Impact of a shorter ice-cover period on the dynamics of 
plankton and nutrient concentrations in a shallow lake (IV, V)

The ecological status of many freshwater lakes in Europe has changed 
dramatically over the last 20 years. Many of these changes are the result 
of antrophogenic infl uences in the catchment but some are also driven 
by changes in the regional climate (Straile et al., 2003). 

In Northern Europe, the annual mean air temperature recorded during 
the period 1961–1990 varied from 3.4 to 6 °C. Model scenarios of the 
future change in the climate suggest that the annual temperature could 
be 2–6 °C higher by 2071–2100 with the most pronounced increases 
(4–5 °C) being projected for the winter (Blenckner et al., 2010). Climate 
research in Estonia has demonstrated an air temperature rise of 1–1.7 °C 
in the second half of the 20th century (Jaagus, 2003). However, lakes that 
differ with respect to their morphometry respond differently to climate 
forcing changes (George, 2010), with shallower lakes integrating the 
effects of meteorological forcing over shorter periods of time. In the case 
of L. Peipsi, it is worth stressing that shallow freshwater ecosystems are 
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particularly susceptible to externally imposed change, and are therefore 
likely to be the ecosystems facing considerable perturbation under 
scenarios of climate warming (McKee et al., 2002). The data collected 
from shallow lakes in Sweden, Germany and Estonia indicate that the 
spring water temperatures show a clear upward trend, a pattern partly 
explained by the increase in the spring air temperature and partly by the 
change in the winter water temperature (Nõges, 2004; Weyhenmeyer, 
2004). The long-term records by Arvola et al. (2010) also indicate that 
during the past few decades there has been a weak rising trend in winter 
water temperatures in lakes throughout Europe. Such climate warming 
is likely to be the most important factor responsible for recent shifts in 
lake ice phenology (Livingstone et al., 2010a). 

The northern sites are strongly infl uenced by changes in the freeze-thaw 
dates of the lakes (Weyhenmeyer et al., 1999; Blenckner et al., 2004), and 
there has been a recent extension in the length of the ice-free season 
(Petterson et al., 2010). Ice-on has been occurring progressively later and 
ice-off progressively earlier in various regions of the Northern Hemisphere 
(Magnuson et al., 2000). For L. Peipsi, the duration of the ice cover was 
highly variable in the studied years (IV, Fig. 2). According to earlier 
data, the ice cover on L. Peipsi lasted up to 6 months ( Jaani, 2001b), 
whereas in recent decades, short and mild winters became frequent, and 
ice-on lasted less than two months, as was the case in 2007. Moreover, a 
permanent ice cover was lacking altogether on the lake in the exclusive 
winter of 2008 (V, Table 1). 

Studies have demonstrated convincingly that in Europe, the North 
Atlantic Oscillation (NAO) index infl uences large-scale climate, especially 
air temperature, in winter and spring (Hurrell, 1995). The frequency of 
warm and short winters is largely affected by the increasing trend of 
the winter NAO (NAOw) index. On the basis of our data from 1970 to 
2009, the NAOw index (December, January, February) was correlated 
negatively with water level and positively with water temperatures in 
the following growing season (average for May–October) in L. Peipsi 
s.l. (r = –0.52, p = 0.001; r = 0.329, p = 0.041, respectively). A positive 
correlation between the NAOw index and phytoplankton biomass (data 
for 1970–2009) was observed for the summer months in the shallow 
L. Pihkva (r = 0.37, p = 0.029) but not in the deeper L. Peipsi s.s. Evidently, 
very shallow lakes are more responsive to the variability of the NAO.
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The two mild winters, 2007 and 2008, provided us with a ‘natural 
experiment’ and allowed drawing a parallel with the winter and spring 
conditions in the two earlier years (2005 and 2006) with the so-called 
normal winters when the ice duration was more than four months 
(V, Table 1). The comparison of cold (2005 and 2006) and mild (2007 
and 2008) winters revealed that the water chemistry of L. Peipsi was 
different between these two observation periods. The concentration 
of TP was significantly lower after the warm winters ( p = 0.007, 
Fig. 5.3.1). At the same time the concentration of TN was only slightly higher 
( p = 0.048) in that period. Our data since 1997 (IV) show that the 
concentration of TN was inversely related to ice duration (r2 = 0.39, 
p = 0.001) and the sum of water temperatures up to sampling in May 
(r2 = 0.36, p = 0.018). The higher concentration of TN in the water 
after shorter ice cover duration was obviously caused by greater diffuse 
pollution. As a consequence, the TN:TP ratio was signifi cantly higher for 
the spring months after the warm winters of 2007 and 2008 (V, Fig. 1). 
The higher TP concentration in the water after the cold winters was likely 
caused by oxygen depletion in the bottom layer and increased release of 
phosphorus from the sediments. 
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Figure 5.3.1. Total phosphorus (TP) concentration in water after severe (2005–2006) 
and mild (2007–2008) winters, data for April–June. Whiskers: minimum and maximum 
values.
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Biological responses of lakes to the changing climate are often extremely 
complex. Temperature affects all physiological processes and, therefore, has 
a major effect on the growth of organisms and their survival (Blenckner 
et al., 2010). Even relatively small climate changes can cause major shifts 
in plankton populations. This is because organisms are often adapted to 
certain narrow temperature ranges and because their life-cycle strategies 
can be highly sensitive to variations in ambient water temperature (Chen 
& Folt, 1996). Adrian et al. (1999) showed that the composition, timing 
and maximum abundance of the phyto- and zooplankton populations 
in the spring are strongly infl uenced by the duration of winter ice cover. 

We observed a signifi cant negative correlation between the duration of 
ice cover and water temperature in the month immediately following 
ice-break in L. Peipsi. Phytoplankters, especially cyanobacteria, are the fi rst 
to profi t from the higher water temperatures (Reeders et al., 1998; Mooij 
et al., 2007). Both the growth rates and peak abundances of cyanobacteria 
were found to be signifi cantly higher in the average and warm spring 
scenarios than in the cold spring scenario (De Senerpont Domis et al., 
2007). Moreover, winter temperatures are thought to be the crucial factor 
responsible for increasing dominance of cyanobacteria during summer 
(Mooij et al., 2007). Considering that some of the cyanobacterial species 
that dominate in lakes in summer can be toxic, the large-scale, coherent 
effect of warmer winters on phytoplankton is potentially far-reaching 
(Livingstone et al., 2010b). In the case of L. Peipsi, during the last 3–4 
years there has been an increasing trend of the amount of cyanobacteria 
from late autumn up to the formation of ice. However, contrary to the 
acknowledged opinion about the positive effect of a longer growing 
season on water blooms (Weyhenmeyer et al., 2002), the summer water 
bloom in L. Peipsi was more modest in the years after the mild winters 
(2007 and 2008) than in 2005 and 2006 when the winters were severe 
(V, Fig. 3). This can be explain by a signifi cant role played by the relatively 
low air and water temperatures in the summer months of 2007 and 
particularly of 2008.

In all studied winters, diatoms, mainly cryophilic A. islandica, prevailed 
in the under-ice phytoplankton biomass of L. Peipsi, making up 21–98% 
(median 70%). Besides diatoms also cryptophytes and small Volvocales 
were numerous (IV, Fig. 3). Unicellular centric diatoms (Cyclotella, 
Stephanodiscus) and cryptophytes, fast-growing species, are adapted to the 
prevailing steep temporal gradients of temperature and light, resulting 
in immediate and likely synchronous phenology shifts towards climate 
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warming. Since 1999, the under-ice phytoplankton biomass has been rather 
stable, but in 2008 (extremely mild winter) its values were several times 
higher, reaching 2–4 mg L-1 in the central and southern parts of L. Peipsi 
s.s. (V, Fig. 3a). In March 2008, most sampling points were ice-free and 
dominated by the unicellular centric diatom Stephanodiscus neoastraea Håk. 
et Hickel with a median biomass of 2.6 mg L-1. Earlier and more intensive 
spring blooms of phytoplankton in L. Peipsi were associated with mild 
winters and an earlier break-up of lake ice, which has been observed also in 
lakes Müggelsee (Adrian et al., 1999) and Erken (Weyhenmeyer et al., 1999). 
The growth of all algal groups (primarily diatoms but also cyanobacteria, 
chlorophytes and cryptophytes) occurred earlier in 2007 and 2008 after 
mild winters compared to the spring months of 2005 and 2006 after 
severe winters (V, Fig. 2). However, we must keep in mind that individual 
species within major phytoplankton groups may respond very differently 
to changes in temperature (De Senerpont Domis et al., 2007). Additionally, 
an earlier ice break brings about an increase in species abundance: in 
L. Peipsi it was clearly higher in May (p = 0.031) as well as in the following 
growing season of 2007 and 2008 (p < 0.0001) than after severe winters. 
The species number of cyanobacteria and chlorophytes, but not that of 
diatoms, was infl uenced by earlier ice break.

It is well known that zooplankton growth in spring follows the 
phytoplankton spring bloom. As water temperature is thought to be 
one of the most important factors infl uencing zooplankton abundances 
in spring in temperate lakes (Chen & Folt, 2002; Shatwell et al., 2008), 
climatic factors such as the timing of ice break or winter/spring air 
temperature affect the timing of zooplankton spring development 
(Wagner & Benndorf, 2007; Richardson, 2008). In L. Peipsi, zooplankton 
groups depended on temperature to a greater extent compared with 
phytoplankton: a longer duration of the ice cover had a negative impact 
on the biomass of all zooplankton groups. The sum of water temperatures 
in April, May and June affected positively the densities of cladocerans and 
copepods but negatively the biomass of cryophilic rotifers (IV, Fig. 7a–c). 

In winter zooplankton, the density of rotifers was high while young 
stages copepods prevailed in the biomass (IV, Fig. 5). The thermophobic 
rotifer species Polyarthra dolichoptera Idelson and Synchaeta verrucosa Nipkow 
were dominant; their share recently decreased, while that of the more 
eurythermic rotifers Keratella cochlearis (Gosse) and Keratella quadrata (Müller) 
increased. In winter 2008, with a partial ice cover, the densities of both 
P. dolichoptera and S. verrucosa were low. Copepods comprised mainly 
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juveniles of the genus Mesocyclops, Cyclops kolensis Lilljeborg and the calanoid 
copepod E. gracilis. Thermophilic cladocerans were usually absent from 
the winter plankton of L. Peipsi.

Like in winter, zooplankton was also dominated by rotifers and juvenile 
forms of copepods in May. The rather low average water temperature (~10 °C 
for L. Peipsi s.s. and 11 °C for L. Lämmijärv, 1997–2007) in May does 
not favour the development of thermophilic cladocerans. The share of 
cladocerans was about 2% in the abundance of zooplankton and 7% in 
their biomass. Cladoceran biomass was built up of species from the genus 
Bosmina; the occurrence of Daphnia spp. was very low. Most cyclopoid 
copepod species undergo diapause in the sediment in the late copepod 
stage in winter, which is also the case in L. Peipsi as adult copepods are 
absent from the pelagic zone in winter and early spring. Despite only a 
slight difference in the water temperatures on the sampling days in May 
of the two studied periods, the zooplankton biomass was almost two 
times higher in May after warm winters; the group infl uenced most by 
water temperature was copepods (V, Table 2). In May 2008 the biomass 
values of zooplankton, cladocerans and rotifers were two times and that 
of copepods three times as high as in May 2005 and 2006 after a long-
lasting ice cover. The early springs (2007 and 2008) differed from the 
late springs (2005 and 2006) in that the winter thermophobic rotifers 
P. dolichoptera and S. verrucosa, whose large numbers are frequent in cold 
May, never dominated in the zooplankton abundance in the early springs. 
Another evident difference was domination of some cladoceran species, 
mainly B. berolinensis, in the zooplankton biomass in the warm springs, 
which does not happen when temperatures are lower in May.

In L. Peipsi, intense development of cladocerans, especially the genus 
Daphnia, starts in June at water temperatures of 15.2 °C (Haberman 
et al., 2008). The share of cladocerans in the zooplankton abundance 
and biomass was 11% and 42% in the Junes after the cold winters and 
24% and 64% in the Junes after the warm winters, respectively. In June 
2007 the biomass of the genus Daphnia was about four times as high 
and in June 2008 up to ten times as high as in June 2005 and 2006. 
Obviously, higher water temperature supported specially the development 
of D. cucullata, which is one of the most thermophilous cladocerans in 
L. Peipsi. Berger et al. (2007) emphasized that mild winters favour an 
early build-up of Daphnia populations, both directly through increased 
surface temperatures and indirectly by enhancing algal production. In 
the Junes after the warm winters the biomasses of total zooplankton and 
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both crustacean groups (Cladocera, Copepoda) were about two times 
as high as the corresponding levels for the Junes after the cool winters. 
Inversely, the biomass of rotifers was two times smaller in the Junes 
after the warm winters because the numerous thermophobic species 
P. dolichoptera and S. verrucosa had completely disappeared from zooplankton 
owing to the unsuitable water temperature, while the summer complex 
of rotifers had not yet completely formed (V, Table 3).

Winter and its consequences are still one of the weakest points in our 
understanding of the functioning of lake ecosystems. Most studies of 
seasonal dynamics of plankton in the northern temperate zone are based 
on data collected during spring, summer and autumn, i.e. excluding the 
winter period. The main reason for the paucity of the data on winter 
plankton is the diffi cult conditions for fi eldwork (Virro et al., 2009). 
Because the impact of climate change on ecosystems has become 
increasingly evident, additional information about winter conditions is 
needed.
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6. CONCLUSIONS

1. Lake Peipsi s.l. is a large and shallow transboundary water body, 
whose ecological ‘health’ depends on successful or unsuccessful 
management in two countries – Estonia and Russia. The northern 
and southern parts of the lake have different morphometry with 
different nutrient concentrations. The analysed data from the last 
decade demonstrate that the difference in the total nitrogen (TN) 
concentrations between the two parts of the lake has remained 
relatively stable over time, while the difference in the total 
phosphorus (TP) concentration has increased. A considerable 
increase in TP concentration has been observed in Lake Pihkva 
(I) where most (about 65%) nutrients are carried into the lake 
via the R. Velikaya whose water contains insuffi ciently purifi ed 
wastewaters from the large Russian town of Pskov.

2. The continual anthropogenic TP input and decreasing TN:TP 
ratio have offered favourable conditions for the development 
of cyanobacteria. The whole lake, especially L. Pihkva, was 
characterized by massive cyanobacterial blooms (primarily 
the genera Microcystis and Aphanizomenon) in summer months 
and the quantity of microcystins (cyanotoxins) in the lake has 
been relatively large (literature data), which defi nitely affects 
negatively phyto- and zooplankton communities. It seems that 
the ecosystem of the southern lake part – L. Pihkva – has lost 
its resilience to eutrophication (I).

3. The long-term dataset revealed that the biomass of phytoplankton 
increased whereas that of all zooplankton groups – cladocerans, 
copepods and rotifers – decreased. The fi sh stock of the lake 
is currently out of balance. The abundance of planktivorous 
smelt and vendace have decreased dramatically and consequently 
their pressure on zooplankton has also essentially declined. We 
conclude that cyanobacterial blooms and presence of cyanotoxins 
are the main reasons for the signifi cant decrease in the amount 
of zooplankton (I). 

4. The monitoring of large and shallow water bodies is complicated, 
and various specifi c indicators and indexes are needed to facilitate 
the understanding of the state of such lakes. In the case of 
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L. Peipsi, the zooplankton to phytoplankton biomass ratio 
(BZp/BPhyt) was analysed (II, III, V). According to our results, 
this ratio showed a sharp decrease in parallel with the increasing 
trophy of the lake and indicated the eutrophic state of L. Peipsi s.s. 
and the hypertrophic state of L. Pihkva and L. Lämmijärv. Since 
1997, the mean ratio for the vegetation period has decreased two 
times, which indicates a deterioration of the state of L. Peipsi. 
Our results confi rmed that the mean values of the BZp/BPhyt 
ratio for the growing season can be used as a marker criterion in 
the evaluation of the trophy of a water body and its ecosystem, 
particularly that of a large lake. Our data support the proposal of 
European zooplankton researchers (III) to include zooplankton 
as a central BQE in the WFD assessments.

5. The ice cover period shortened in the last decade. The nutrients’ 
concentration in lake water depended signifi cantly on the severity 
of winter: mild winters affected TN and silica concentrations 
positively and TP concentration negatively (IV, V).

6. Since the growth of phytoplankton depends most on light 
conditions and nutrient concentrations, the duration of the ice 
cover period determines the phytoplankton succession pattern in 
spring: the growth of all algal groups occurred earlier in springs 
after warm winters. The development of centric diatoms was 
most considerable: their biomass was notably high during spring 
months with a preceding very mild winter (IV).

7. Zooplankton groups depend on water temperature to a greater 
extent compared with phytoplankton. The short ice duration had 
a positive impact on the biomass of zooplankton in spring: the 
biomass was twice as high as after the severe winters. After the 
warm winters, the densities of thermophobic rotifers were low, 
while those of more eurythermic rotifers increased. Concurrently, 
the larger species of copepods and cladocerans benefi ted from 
a shorter ice cover period, which raised the mean zooplankter 
weight and BZp/BPhyt ratio. The biomass of the genus Daphnia 
(the main fi ltrators and food objects for fi sh) in the Junes after 
the mild winters (short ice cover period) was four to ten times 
higher compared to the years with a long-lasting ice cover 
(IV, V).
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SUMMARY IN ESTONIAN

Füto- ja zooplanktoni dünaamika ja nende omavahelised 
suhted kui Peipsi järve seisundi indikaatorid

Doktoritöö käsitleb Peipsi järve planktoni ökoloogiat viimasel aastakümnel. 
Kuna Peipsi järv on Euroopa Liidu piiriveekogu, kuuludes Eesti Vabariigile 
ja Vene Föderatsioonile, sõltub järve ökoloogiline seisund ning selle 
tulevik nende kahe riigi edukast koostööst järve majandamisel. Paraku 
on Eesti Vabariigi ja Vene Föderatsiooni keskkonnakaitsealased seadused, 
normid ning standardid selgelt erinevad, mis avaldab mõju ka järve 
üldisele ökoloogilisele seisukorrale. Euroopa Liidu Vee Raamdirektiivi 
(WFD) järgi peavad aastaks 2015. kõik piirkonna veekogud saavutama 
hea seisundi. Kuigi paljude Lääne-Euroopa järvede vee kvaliteedi 
parandamisel on saavutatud märkimisväärseid edusamme, nõuab Peipsi 
järve seisund endiselt kiiret parandamist. Peipsi põhjapoolsem osa Suurjärv 
on eutroofne, peaaegu täielikult (98%) Venemaale kuuluv Pihkva järv 
ja tugevalt selle mõju all olev Lämmijärv aga hüpertroofsed, kus vee 
fosforisisaldus on jätkuvalt kõrge. Pihkva järve mõjutab Venemaalt 
sissevoolav Velikaja jõgi, mille veekvaliteet on madal. Füto- ja zooplankton 
on järve ökosüsteemi toiduvõrgustiku olulised koostisosad ning on 
mõjutatud ühtaegu nii veekogu troofsustasemest (toitelisusest) kui ka 
ilmastikutingimustest, mis võivad eutrofeerumist nii võimendada kui 
pidurdada. Kliima soojenemine on üks eutrofeerumist võimendavaid 
tegureid. Füto- ja zooplanktoni liigiline koostis, dünaamika ning 
omavahelised suhted on keskkonnamõjurite integraalne tulem. Planktoni 
toiduvõrgustik baseerub fotosünteesiva fütoplanktoni e. vetikahõljumi 
poolt produtseeritud orgaanilisel ainel, mida kasutab toiduks zooplankton 
ning ülejäägi lagundavad bakterid. Zooplanktonil on vee ökosüsteemis 
võtmepositsioon esmase orgaanilise aine kasutajana ja saadud energia 
ülekandjana toiduvõrgustiku kõrgematele lülidele planktontoidulistele 
kaladele ja kõikide kalade maimudele. Kuna zooplankton on võimeline 
sööma vaid väiksemaid vetikaid, jäävad suuremad kolooniaid moodustavad 
sinivetikad (tsüanobakterid) tarvitamata, moodustades bakterite poolt 
lagundatava detriidi. Kujuneb mikroobne ling, mille tulemusena energia 
ülekande efektiivsus toiduvõrgustikus väheneb. Seega oleneb fütoplanktoni 
koostisest ja zooplanktoni toitumisest ka ökosüsteemi kõrgemate lülide 
seisund. Veekogu eutrofeerumisega kasvab sinivetikate osatähtsus, mis 
mõjutab kõrgemaid toiduahela lülisid otseselt väärtusliku toidu osakaalu 
langusega ja kaudselt eritades veekeskkonda toksiine ning põhjustades 
hapnikupuudust. Veel 20 aastat tagasi oli Peipsi järve ökosüsteem 
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võrdlemisi heas tasakaalus: järves domineeris efektiivne toiduahel 
(vetikas – zooplankter – kala), seega oli zooplanktonil võimalus toituda 
valdavalt elusatest vetikatest. Zooplankton ise oli aga toiduks puhtate 
vete planktontoidulistele kaladele tindile ja rääbisele, kes praeguseks 
on järvest peaaegu kadunud. Alates 1990ndate teisest poolest toimusid 
järve troofsustasemes olulised muudatused: sagenesid suvised massilised 
veeõitsengud ning nendega kaasnevad kalade suremised. Sotsialistliku 
raiskava (üleväetamine) põllumajanduse kokkuvarisemine ning sellega 
kaasnev järve reostuskoormuse vähenemine põhjustas algul järve seisundi 
paranemise, kuid sajandivahetusel järgnes sellele taas järve troofsustaseme 
tõus, mis tõi kaasa tasakaalu kaotuse järve ökosüsteemis. Antud olukorras 
muutus vajalikuks ökosüsteemi kõikide lülide süvendatud uurimine. Kuna 
füto- ja zooplanktoni omavahelistest suhetest ehk kooseksisteerimisest 
oleneb suurel määral vee ökosüsteemi stabiilsus, oli antud töö eesmärgiks 
analüüsida kuidas reageerisid füto- ja zooplankton järve muutunud 
olukorrale.

Töö eesmärgid:
1. Välja selgitada, kuidas füto- ja zooplanktoni kooslused ning nende 

omavahelised suhted on vastanud muutustele suure ja madala 
Peipsi järve troofsustasemes. 

2. Peipsi järve baasil hinnata süvendatult (nii ajas kui ruumis) 
zoo- ja fütoplanktoni biomassi suhte (BZp/BPhyt) indikatiivset 
väärtust suure ning madala järve ökoloogil ise seisundi 
hindamisel. Oma töö tulemuste põhjal soovime toetada Euroopa 
zooplanktoniuurijate tungivat ettepanekut lisada zooplankton kui 
oluline ökosüsteemi komponent Euroopa Vee Raamdirektiivis 
(WFD) kasutatavate bioloogiliste näitajate (BQE) hulka.

3. Uurida erineva jääkatte pikkusega talvede mõju järve kevadisele 
füto- ja zooplanktonile ning vee biogeenide dünaamikale.

Tulemused:
1. Peipsi järve põhja- (Peipsi Suurjärv) ning lõunaosad (Lämmijärv 

ja Pihkva järv) on selgelt erinevate morfomeetriliste näitajatega, 
mis põhjustab erinevusi ka järveosade veekvaliteedis (toitelisuses) 
ning mõjutab vastupanuvõimet eutrofeerumisele. Viimase 
aastakümne analüüsitud andmed näitasid, et erinevus järveosade 
üldlämmastiku sisalduses püsis võrdlemisi stabiilsena, kuid 
erinevus üldfosfori kontsentratsioonis põhja- ning lõunaosade 
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vahel suurenes. Märkimisväärset fosfori sisalduse tõusu märgati 
kõrge troofsusega Pihkva järves (I), millesse suubuv Velikaja jõgi 
kannab järve enamiku (65%) sissevoolavast reostuskoormusest.

2. Järve jätkuv antropogeenne eutrofeerumine (fosfori sissevool 
ning N:P suhte langus) lõi soodsad tingimused sinivetikate 
arenguks. Kogu järve, eriti kõrgema troofsusega Pihkva järve 
iseloomustavad suvised massilised sinivetikate (peamiselt 
perekonnad Microcystis ja Aphanizomenon) õitsengud ning nendega 
kaasnevad vetikamürgid, mis avaldavad negatiivset mõju füto- 
ja zooplanktonile. Järve lõunaosa, Pihkva järv on kaotanud 
oma ökoloogilise tasakaalu ning vastupanuvõime jätkuvale 
eutrofeerumisele (I).

3. Analüüsitud perioodil täheldati selget fütoplanktoni biomassi 
tõusutrendi, samal ajal kui zooplanktoni hulk vähenes. Biomassi 
langus puudutas kõiki zooplanktoni rühmi – keriloomi, 
vesikirbulisi, aerjalgseid. Kuna kalade surve zooplanktonile 
on vähenenud (puhtaveelised planktontoidulised tint ja rääbis 
on järvest kadumas), siis peame peamiseks zooplanktoni hulga 
kahanemise põhjuseks suviseid massilisi vetikaõitsenguid ning 
sellega kaasnevaid vetikamürke (I).

4. Suurte järvede monitooring on keeruline, sest nad laiuvad suurel 
alal ning on allutatud tohutule hulgale erinevatele mõjutustele. 
Sel puhul on tarvitusel erinevad indeksid, millede rakendamine 
lihtsustab järvede ökoloogilise seisundi hindamist. Peipsi järve 
puhul analüüsiti zoo- ning fütoplanktoni biomasside suhte 
(BZp/BPhyt) indikatiivset väärtust, selle varieeruvust ajas ja 
erineva troofsusega järveosades. Selle indeksi väärtus langes 
selgelt järve troofsuse tõusuga ning näitas järve põhjaosa 
(Peipsi Suurjärve) eutroofset ning lõunaosade (Lämmijärve ja 
Pihkva järve) hüpertroofset seisundit. Alates 1997. aastast on 
vegetatsiooniperioodi keskmine BZp/BPhyt väärtus vähenenud 
umbes kaks korda, mis viitab järve seisundi halvenemisele (II, 
III, V).

5. Töö tulemused kinnitasid, et veekogude seisundi hindamisel 
on otstarbekas kasutada vegetatsiooniperioodi keskmisi 
BZp/BPhyt suhte väärtusi oluliste markeritena, seda eriti suurjärvede 
puhul. Me loodame, et meie töö tulemused toetavad Euroopa 
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zooplanktoni uurijate ettepanekut lisada zooplankton kui 
veeökosusteemi oluline ja suure indikatiivse väärtusega 
komponent Euroopa Vee Direktiivi (WFD) bioloogiliste 
kvaliteedinäitajate (BQE) nimistusse, kust ta arusaamatutel  
põhjustel on siiani välja jäetud (III). 

6. Kliima soojenemine avaldub veekogudes kõige ilmekamalt kevadel 
ja seda eeskätt jääkatte kestuse kaudu. Õhu soojenemise mõju 
veetemperatuurile ning seeläbi ökosüsteemile on järvespetsiifi line, 
sõltudes järve morfomeetriast ja valgalast. Aastail 2007 ja 
2008 kasutasime ära loodusliku „eksperimendi“ äärmiselt 
soojade talvede ja järve lühikese jääkatte perioodi näol. Kliima 
soojenemine on selget mõju avaldanud Peipsi järve ökosüsteemile: 
viimase aastakümne andmed näitavad, et jääkatte kestus on 
muutunud lühemaks. Vee biogeenide sisaldus sõltus tugevasti 
talve karmusest: soojad talved lühikese jääkattega mõjutasid 
positiivselt vee lämmastiku ja räni sisaldust ning negatiivselt 
fosfori sisaldust (IV, V).

7. Peipsi järve jääkatte kestus avaldas mõju füto- ja zooplanktoni 
koosseisule ning dünaamikale. Kuna fütoplanktoni areng sõltub 
enim vee valgustingimustest ning biogeenide sisaldusest, siis 
määrab jääminek kevadise fütoplanktoni arengu edukuse: kõik 
fütoplanktoni rühmad ilmusid vette varem kevadel, millele eelnes 
soe talv lühikese jääkatte perioodiga. Kõige silmatorkavam oli 
väikeste ränivetikate kasv, millede biomass oli selgelt suurem 
kevadkuudel pärast väga sooja talve (IV).

8. Kuna zooplanktoni areng sõltub tugevasti vee temperatuurist 
mõjutas järve jääst vabanemise aeg zooplanktonit otseselt. Lühike 
jääkatte kestus avaldas positiivset mõju kevadisele zooplanktoni 
biomassile, mis mais ja juunis oli kuni kaks korda suurem kui 
pikema jääkattega aastatel. Pärast sooja talve oli külmalembeste 
keriloomade hulk madal, samal ajal kui suuremaid veetemperatuuri 
kõikumisi taluvate eurütermsete keriloomade biomass tõusis. 
Kalatoiduks sobivate suurte aerjalgsete ja vesikirbuliste arengule 
mõjus soe talv soodsalt, tõstes zooplankteri keskmist kaalu ning 
BZp/BPhyt suhet. Perekond Daphnia liikide (kõige olulisemate 
vetikasööjate ja kalade toiduobjektide) biomass oli juunis pärast 
lühikese jääkatte perioodiga talvesid neli kuni kümme korda 
suurem kui pikema jääkatte kestusega aastatel (IV, V).
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ABSTRACT: The large and shallow low-
land lakes constitute a distinctive type of lake 
ecosystem, because of their polymixis, frequent 
resuspension of bottom sediments and internal 
nutrient loading, high turbidity and usually high 
productivity and eutrophication rate. Lake Peipsi 
is one of the largest lake in Europe, its area is 3555 
km2 and mean depth is 7.1 m. The study results for 
the vegetation seasons (May-October) obtained 
for the decade 1997–2008 allow to evaluate the 
long-term changes in the functioning of its eco-
system in terms of dynamics of phyto- and zoo-
plankton and nutrient content in a lake.

Lake Peipsi consists of three different parts: 
the northern, the largest and deepest one is eutro-
phic L. Peipsi s.s. (sensu stricto), the southernmost 
part is hypertrophic L. Pihkva, connected with L. 
Peipsi s.s. by the river-like L. Lämmijärv.

The decrease in nutrient loading to L. Peipsi 
observed in the early 1990s was brought about by 
social changes (collapse of Soviet type agriculture) 
rather than by the purification of point-pollution 
sources. In the northern part, Lake Peipsi s.s., the 
content of both nitrogen and phosphorus was sta-
bilized, while the increase in phosphorus in the 
water of L. Pihkva was evident. The resistance 
of the three lake parts to external nutrient load-
ing is different. It seems that the ecosystem of the 
southern lake part (L. Pihkva) is losing its resil-
ience. The disturbance of the ecosystem is most 
likely caused by the fact that the slight trend of 

re-oligotrophication beginning in the early 1990s 
was reversed in the mid-1990s due to increasing 
P loading. The share of cyanobacteria in phyto-
plankton biomass increased from 20% to 60% in 
L. Peipsi s.s., and from 30% to 90% in the south-
ern parts of the lake in the summer months. The 
lake was characterized by massive cyanobacte-
rial blooms. Potentially toxic genera (Microcystis, 
Aphanizomenon, Anabaena, Gloeotrichia) domi-
nated, and the quantity of microcystins in the lake 
was relatively large. The biomass of phytoplankton 
increased whereas that of all zooplankton groups 
– cladocerans, copepods and rotifers – decreased. 
The most essential decline affected rotifers: their 
abundance was about 60% lower in 2001–2008 
than in the 1990s. The biomass of copepods de-
creased almost 50% and that of cladocerans 34%. 
In parallel with changes in plankton, the fish com-
position of L. Peipsi was characterized by sharp 
decline of planktivorous smelt (Osmerus eperla-
nus eperlanus m. spirinchus Pallas) and vendace 
(Coregonus albula (L). The most likely causes of 
the changes seem to be mainly the anthropogenic 
P input, decreasing N:P ratio, cyanobacterial tox-
ins, and changes in ichthyocoenosis. Our data 
from last decade demonstrate a kind of distur-
bance in the ecosystem of the lake as compared to 
the second half of last century. The disturbance of 
the ecosystem is most likely caused by the fact that 
the slight trend of re-oligotrophication beginning 
in the early 1990s was reversed in the mid-1990s 

journal 24b.indb 645 2011-01-14 21:36:58



84

journal 24b.indb 647 2011-01-14 21:36:58

Juta Haberman et al.646

due to increasing P loading from southern part of 
lake watershed.

KEY WORDS: L. Peipsi, nutrients, plankton, 
changes of ecosystem, large lakes

1. INTRODUCTION

Large lakes have peculiar features as 
compared to small ones: the most expres-
sive characteristics are their large catchment 
area, great water volume and long residence 
time. The morphometry of the lake deter-
mines largely the character of its water and 
ecosystem (Liv ingstone 1993, Ger ten 
and Adrian 2001, George  et al. 2004). 
Large and deep lakes are more resistant to the 
changes in catchment, and therefore, more re-
sistant to eutrophication as compared to large 
and shallow ones; large and shallow lakes 
are subject to wind and wave action which 
cause polymixis, sediment resuspension, in-
ternal loading of nutrients and high turbid-
ity of water (Jeppesen et al. 2005). Because 
of their volume and absence of stratification, 
shallow waterbodies respond more directly to 
the prevailing weather than deeper and strati-
fied ones (Mooij  and Van Tongren 1990, 
Ger ten and Adrian 2000, 2001). The cli-
mate changes in last decades are expressed in 
shorter ice duration, increasing trends in the 
water temperature in April and May (Blank 
et al. 2009), prolonged and warm autumn 
(R äisänen et al. 2004) and stronger effect of 
spring and autumn storms on resuspension 
of nutrients from sediments. Large internal 
phosphorus loading may occur when wind-
induced resuspension reaches deeper, an-
oxic sediments with high P concentration in 
pore water (Nõges  and Kisand 1999). Lake 
Peipsi represents the case of large and shal-
low water bodies, however, it is unique due 
to its greater mean depth, and is not identical 
with large and very shallow ones in Europe 
(like lakes Balaton, Võrtsjärv, Neusiedlersee): 
its bottom sediments are not so easily acces-
sible by wind action, and in consequence, the 
optical characteristics of water (turbidity and 
colour) are primarily determined by phyto-
plankton, not by high concentration of sus-
pended sediment.

Fossil pigment analysis and hydro-
chemical analysis indicate that the marked 

eutrophication of L. Peipsi started in the 
1960s, accelerated in the 1970s and showed 
a continuing trend towards eutrophic state 
in the 1980s and 1990s (Starast  et al. 2001, 
Leeben et al. 2008). Despite the long-term 
external nutrient load into the lake, its eco-
system has been in a relatively stable state 
for a long period. In the 1980s and the early 
1990s, L. Peipsi s.s. was dominated by the ef-
fective and balanced algal food chain (algae 
– zooplankton – fish; Nõges et al. 2001). The 
fish population of L. Peipsi was dominated 
by large numbers of planktivorous smelt (Os-
merus eperlanus eperlanus m. spirinchus Pal-
las) and vendace (Coregonus albula (L) (Pihu 
and Kangur 2001).

Studies have shown that the loading of ni-
trogen into L. Peipsi from the Estonian part 
of lake catchment decreased substantially 
from 1980–1991 to 1992–2004 (39%), where-
as the loading of phosphorus decreased much 
less (13%; Nõges  et al. 2005, Leeben et al. 
2008). Furthermore, at the same time (in the 
mid-1990s), P loading from the Russian part 
of lake catchment was quite high, exceeding 
even the rates of the 1980s. P loading from the 
Estonian side, on the contrary, decreased and 
was followed by a stabilization of its concen-
tration in L. Peipsi s.s., while in the southern 
lake parts, especially in L. Pihkva, it showed 
an increase. This resulted in the decrease of 
the N:P ratio for loadings and for the whole 
lake, and in the disturbance of the ecosystem 
(Haberman et al. 2008, Kangur and Möls 
2008). Shifts in the ecosystem may be due to 
different mechanisms such as a drastic im-
pact on the system, or a stepwise change in 
some important external condition. Howev-
er, of particular interest are regime shifts that 
arise because the system reacts sensitively to 
changing conditions around some critical 
threshold. Although environmental change 
can be slow and gradual, it may lead to abrupt 
drastic change in the structure and function-
ing of ecosystems (S chef fer  et al. 2001). We 
must also keep in mind the role of warming 
climate: weather-driven changes can exceed 
or prevent eutrophication process in the lake, 
and water level can affect phytoplankton th-
rough increase in the internal nutrient loa-
ding in the low-water period (Padisak and 
Koncsos  2002); high temperatures favour 
growth of several zooplankters and promote 
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cyanobacterial bloom. Eutrophication occurs 
as a result of the complex interplay between 
nutrient availability, light conditions, tem-
perature, residence time and flow conditions 
(Jeppesen et al. 2005), and to find out the 
main reason will be complicate. Within the 
present investigation period, some years were 
quite exceptional with respect to duration of 
ice cover, water level and temperature which 
are ones of possible causes of disturbance of 
the lake’s ecosystem. The influence of weather 
conditions on plankton of the L. Peipsi was 
analysed earlier (L augaste  and Haberman 
2005, Haldna et al. 2008, Blank et al. 2009).

In the present paper we review the chang-
es in nutrient load on Lake Peipsi in last de-
cade, and address the question how these 
changes reflected the ecological status of the 
lake. Our hypothesis is that disturbance of the 
ecosystem is most likely caused by the fact 
that the slight trend of re-oligotrophication 
beginning in the early 1990s was reversed in 
the mid-1990s due to increasing P loading 
from southern part of lake watershed.

2. STUDY SITE

Lake Peipsi is a large (3555 km2, the larg-
est transboundary lake in Europe) and shal-
low (mean depth 7.1 m) lowland water body 
(57º51´ – 59º01´N; 26º57´ – 28º10´E), con-
sisting of three different parts (Fig. 1). The 

northern, the largest and deepest, is L. Peipsi 
s.s. (sensu stricto), the southernmost part is L. 
Pihkva, connected with L. Peipsi s.s. by the 
river-like L. Lämmijärv. Selected morpholog-
ical characteristics of the lake are presented 
in Table 1.

The catchment of the lake (including lake 
surface) has an area of 47,800 km2, of which 
34% belongs to Estonia, 58% to Russia, and 
8% to Latvia. There are about 240 inlets to the 
lake. The largest rivers are the River Velikaya 
in Russia and the River Emajõgi in Estonia. 
The outflow is the River Narva, which falls 
into the Gulf of Finland in the Baltic Sea. 
Annual mean runoff is more than 12.5 km3, 
i.e. about 50% of the lake`s volume, and resi-
dence time is 2 years. The state of L. Peipsi 
affects directly the state Gulf of Finland. Also, 
it should be noted that the town of Narva 
(about 66,000 inhabitants) draws drinking 
water from the River Narva. The catchment 
area is largely located in the agricultural area.

L. Peipsi is well mixed by the wind and 
well aerated by waves and currents; there is 
no permanent stratification of temperature, 
oxygen content or hydrochemical parameters 
in the ice-free period. Sometimes oxygen 
deficit occurs on the bottom of the lake. In 
the 1960s, the lake was covered by ice for up 
to 6 months, but recently the ice-cover period 
has become shorter (Blank et al. 2009). The 
water is the warmest (21–22°C in open water) 

Fig. 1. Map of L. Peipsi with sampling points.
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in July–August. Water level fluctuations in L. 
Peipsi are considerable with an average an-
nual range of 1.15 m (Jaani  et al. 2008). The 
water is alkaline (total alkalinity 2.24 meq 
L-1), mean pH is 8.45 (Mi l ius  and Haldna 
2008).

The largest point pollution sources for L. 
Peipsi are the town of Tartu (about 100,000 
inhabitants) situated on the banks of the Riv-
er Emajõgi and the town of Pskov (200,000 
inhabitants) on the banks of the River Velika-
ya. Since 1998 the wastewaters of Tartu have 
been purified chemically, and the efficiency 
of P removal was about 85–90%. Wastewaters 
from Pskov are purified only biologically, and 

phosphorus is not removed yet (Loigu et al. 
2008). Nutrient loads from Estonia and Rus-
sia have been different over time (Table 2). 
The total nitrogen (TN) load introduced into 
the lake from the catchment area was about 
19,000 t, while the load of total phosphorus 
(TP) was 580 t. More that 12,000 t of nitrogen 
and about 370 t of phosphorus were carried 
into L. Peipsi via rivers from the territory of 
Russia (Loigu et al. 1999).

As a result of the decline in agricultural 
production in the catchment of L. Peipsi, the 
nutrient load to the lake has decreased. How-
ever, the lake is under quite strong anthropo-
genic pressure; nutrient retention efficiency is 

Table 1. Selected data (open water period of 2001−2005, geometrical mean values for nutrients and 
chlorophyll a) on L. Peipsi and its three parts–see Fig.1 (Kangur and Möls  2008). Nutrients, chloro-
phyll and Secchi depth values for L. Pihkva only for August.

L. Peipsi s.s.
(sensu stricto) L. Lämmijärv L. Pihkva L. Peipsi s.l. 

(sensu lato)
Surface area, km2 2611 236 708 3555
Water area in Estonia/Russia, 
km2 1442/1224 118/118 25/683 1570/1991

Volume, km3 21.79 0.60 2.68 25.07
Mean depth, m 8.3 2.5 3.8 7.1
Maximum depth, m 12.9 15.3 5.3 15.3
TP, μg L-1 39 77 143 50
TN, μg L-1 658 856 1006 718
Chlorophyll a, mg m-3 17.5 28.5 53.5 20.9
Secchi depth, m 1.7 0.9 0.7 1.4

Table 2. Percent distribution of nitrogen and phosphorus load among different sources (Stå lnacke et 
al. 2002) for Estonian and Russian part of Lake Peipsi.

Agriculture Other diffuse sources Point sources Total
TN
Estonia 21 14 2 37
Russia 50 8 5 63
TP
Estonia 13 10 10 32
Russia 48 6 14 68

Table 3. The annual average loads of nutrients (tons), discharged by rivers in and out of L.
Peipsi, in different years (Loigu et al. 2008). 1998 is presented separately as the year of maximum load.

1995−1998 1998 2001−2005
Into L. Peipsi TN 20 500 21 223 16 857

TP 910 1 233 759
Out of L. Peipsi TN 9 972 13 067 5 209

TP 275 440 401
Difference TN 10 528 8 156 11 648

TP 635 793 359
Retention efficiency %* TN 50 38 69

TP 70 64 47
*The difference expressed as the percent of loading into the lake
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about 50% as regards phosphorus, and about 
70% of nitrogen (Table 3). On the basis of the 
OECD (1982) classification, the northern part 
of the lake, L. Peipsi s.s., is considered a eutro-
phic water body, while the southern part, L. 
Pihkva, is hypertrophic at present. It should 
be noted that L. Peipsi s.s. was almost meso-
trophic in the 1960s (Starast  et al. 2001).

3. SAMPLING AND DATA ANALYSIS

The material was collected monthly in 
the growing season of 1997–2008 (May-Oc-
tober). The integrated samples of phyto- and 
zooplankton were obtained by mixing the 
water in large vessel collected using a 2 litre 
Van Dorn sampler at 1 m intervals through 
the entire water column. Water for phyto-
plankton and chlorophyll was taken from 
this vessel directly, while for zooplankton, 
20 litres was filtered through the net, mesh 
size 48 μm. Both samples were preserved 
with Lugol’s (acidified iodine) solution. The 
number of sampling sites varied from 5 to 
6 in Estonian side of L. Peipsi s.s. and Läm-
mijärv, and 15 in the case involving Russian 
side of L. Peipsi s.s., and the Lake Pihkva. The 
data on hydrochemistry, phytoplankton and 
zooplankton for L. Pihkva (located almost 
entirely in Russia) were available only for Au-
gust 2003–2008. The methods of collecting 
and treating samples are described in detail 
in L augaste  et al. (2001) and in Haberman 

(2001). Hydrochemical samples were anal-
ysed in Tartu Environmental Researchers Ltd, 
Estonia.

To remove exceptional values, geomet-
ric means for nutrients and chlorophyll were 
used in Tables 1 and 4. Statistical conclusions 
and tests were made using multiparametric 
regression model. Model components where: 
year number, day number in the year as sea-
sonality and part of the lake. Using para-
metrical functions (ESTIMATE statement in 
SAS, 1999) we estimated differences between 
the two periods (1997–2000, 2001–2007).

4. RESULTS

Concentration of TP in summer for the 
studied years fluctuated between 20 and 100 
μg L-1 in the northern eutrophic part of the 
lake, Peipsi s.s., and from 50 to 220 μg L-1 in 
the southern hypertrophic part, L. Pihkva. 
However, in spite of the drop in the exter-
nal load from 1990s (Table 3), the content of 
phosphorus in the southern part of the lake 
continued to increase. Concentration of TN 
was quite stable with mean values of about 
700 μg L-1 in the northern part and 900 μg L-1 
in the southern part (Table 4). Such dynamics 
brought about a decline in the N:P ratio whose 
values were particularly low for the southern 
part of the lake in summers 2003–2006 (Fig. 
2). The situation changed in 2007–2008 with 
very warm winters and a short duration of 

Fig. 2. Dynamics of the N:P ratio (mean values for the ice-free periods) in two basins of Lake Peipsi.
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Fig. 3. Percentage of cyanobacteria (in the total phytoplankton biomass) and Secchi disk values (mean 
values for July-August periods, joint values for L. Peipsi s.s. and L. Lämmijärv).

Table 4. Nutrient, chlorophyll a and Secchi disc values for different lake parts (see Fig.1), geometrical 
mean values for August of 2003–2008 period.

L. Peipsi s.s. L. Lämmijärv L. Pihkva
Mean Min–Max Mean Min–Max Mean Min–Max

TN, μg L-1 637 410 – 1200 1114 640 – 1800 1189 930 – 1700
TP, μg L-1 49 21 – 100 102 52 – 180 130 54 – 220
N:P, molar 29 14 – 57 26 14 – 86 21 12 – 50
N:P, mass 13 6 – 27 11 7 – 29 9 6 – 24
Chl a, mg m-3 23 8 – 64 53 23 – 88 58 33 – 91
Secchi, m 1.5 0.8 – 2.2 0.8 0.5 – 2.0 0.6 0.4 – 0.7

Table 5. Significant changes in plankton components in two periods, data for ice-free period, joint data 
of L. Peipsi s.s. and L. Lämmijärv. Increasing parameters in bold.
 Parametres Unit 1997–2000 2001–2008 P-value
Cyanobacteria % 33 52 0.0000
Microcystis g m-3 0.66 1.52 0.0030
Diatoms g m-3 4.38 3.01 0.0003
A. islandica g m-3 1.30 0.45 0.0001
Cyclotella g m-3 0.20 0.44 0.0007
Chloropytes g m-3 0.23 0.33 0.0037
Cryptophytes g m-3 0.43 0.25 0.0000
Zooplankton g m-3 2.26 1.19 0.0000
Cladocera g m-3 1.07 0.57 0.0002
Daphnia g m-3 0.57 0.30 0.0022
D. galeata g m-3 0.22 0.11 0.0098
Bosmina g m-3 0.26 0.12 0.0021
B. berolinensis g m-3 0.08 0.03 0.0094
B. coregoni g m-3 0.10 0.02 0.0041
Rotifera g m-3 0.41 0.17 0.0001
Dreissena thous. ind. m-3 40 6 0.0264

journal 24b.indb 650 2011-01-14 21:36:59



Recent changes in large and shallow Lake Peipsi 651

the ice cover (less than two months instead of 
usual 4–5 months), followed by an increase in 
nitrogen content and, consenquently, in the 
N:P ratio (Fig. 2). There was a significant dif-
ference in summer hydrochemistry between 
the two parts with different trophic states, the 
eutrophic L. Peipsi s.s. and the hypertrophic 
L. Pihkva: P <0.00001 for TN, TP, P–PO4 and 
the N:P ratio, P <0.01 for DIN (mineral forms 
of N) and the DIN:P–PO4 ratio. From the 
early 1990s, a significant increase in silicon 
concentration occurred in both lake parts 
and an increase in iron content occurred in 
L. Pihkva up to 2006 (P <0.0001). According 
to the WFD criteria, the water of L. Peipsi s.s. 
is qualified as moderate and that of L. Pihkva 
as bad.

In the 1990s the percentage of blue-green 
algae (cyanobacteria) in phytoplankton in-
creased continuously, accounting for up to 
70% (geometrical mean) of total biomass in 

the southern lake parts (Table 6). Their most 
important genera were all potentially toxic. 
A significant increase in the genera Micro-
cystis and Aphanizomenon was noted in the 
second study period in L. Lämmijärv, while 
the other important genera, Anabaena and 
Gloeotrichia, did not undergo such an in-
crease. The growth of Microcystis began in 
summer 1999 in L. Lämmijärv (no avail-
able data for L. Pihkva), exceeding 20 g m-3 

in July-September 2005–2006 in the south-
ern lake parts. Prevailing was M. viridis (A. 
Braun) Lemm., one of the potentially most 
toxic species. As an average of the whole 
lake, the percentage of blue-greens showed 
an increasing trend and Secchi disc values 
decreased in July-August (P <0.0001, Fig. 3). 
A drop in diatoms occurred in L. Peipsi s.s. 
from 2000 (Table 5). The abundance of the 
former dominant of the cool period, Aula-
coseira islandica (O. Müller) Sim., decreased 

Fig. 4. Biomass of small algae (<40 μm d) and the genera Daphnia+Bosmina (mean values for May-
October, joint values for L. Peipsi s.s. and L. Lämmijärv).

Table 6. Differences in plankton community between the Lake Peipsi parts, see Fig.1 (mean values for 
August, 2003–2008).
Parameter Unit L. Peipsi s.s. L. Pihkva P-value
Cyanobacteria % 58 70 0.0045
Aphanizomenon g m-3 0.350 1.847 0.0001
Microcystis g m-3 1.199 12.667 0.0029
Zooplankton g m-3 1.786 1.301 0.0248
Rotifera g m-3 0.633 0.095 0.0110
Bosmina berolinensis g m-3 0.023 0.000 0.0000
Chydorus sphaericus g m-3 0.056 0.298 0.0004
Daphnia cucullata g m-3 0.088 0.360 0.0001
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by 65%; this species was absent altogether in 
some years, a phenomenon unknown for the 
lake since the beginning of systematic stud-
ies in the 1960s. Among small algae edible 
for zooplankton (<40 μm d) there prevailed 
chlorophytes followed by cryptophytes and 
unicellular centric diatoms, while the share 
of chrysophytes was insignificant. A marked 
increase in the biomass of small algae took 
place from 2005 (Fig. 4); the biomass of chlo-
rophytes and unicellular centric diatoms in-
creased while cryptophytes displayed a pro-
nounced decrease from 2000 (Table 5).

A significant decrease in the amount 
of zooplankton and its different groups oc-
curred from 2001 (Fig. 5). The most essential 
decline affected rotifers: their abundance was 
about 60% lower in 2001–2008 than in the 
1990s. In the second study period, the bio-
mass of copepods decreased almost 50% and 
that of cladocerans 34% (Table 5). The abun-
dance of Dreissena polymorpha Pallas veligers 
decreased significantly in the whole lake and 
the abundance of Eudiaptomus gracilis (Sars) 
decreased significantly in L. Lämmijärv and 
in L. Pihkva in the second study period, while 
the abundance of Chydorus sphaericus Müller 
increased in these lake parts in 2007–2008. 
The biomass of the genus Daphnia decrea-
sed from 2000 and reached a minimum in 
2005 which was seven times lower than the 
biomass in 1999. The genus Bosmina was cha-
racterized by low biomass from 2003. Among 

rotifers, a notable decline was observed in 
the genera Keratella, Conochilus, Kellicottia, 
Polyarthra and Synchaeta. Distinct difference 
in plankton composition between the south-
ern and northern lake parts was particularly 
evident in summer (Table 6).

Phytoplankton showed significant correla-
tion with nutrients (with total content rather 
than with mineral forms) and with the N:P 
ratio during the vegetation period (May–Oc-
tober) and somewhat weaker correlation when 
only the summer months (July-August), i.e. 
the time of the peak of cyanobacteria, are taken 
into account. Correlations of phytoplankton 
biomass, cyanobacterial biomass and biomass 
of the genus Microcystis with TP were signi-
ficant (r = 0.65–0.69, P <0.001); weak correla-
tions occurred between nutrients and the ot-
her dominant cyanophyte genera, Anabaena 
and Aphanizomenon; correlations were lacking 
in the case of Gloeotrichia. Among small algae, 
significant correlations with TP were displayed 
by chlorophytes (r = 0.39, P <0.001) but not by 
cryptophytes. Diatoms were correlated with 
phosphorus but not with silicon.

Zooplankton groups had the most sig-
nificant correlations with water temperature 
(r = 0.26–0.35, P <0.001). Correlations be-
tween zooplankton and phytoplankton were 
weak; the only remarkable correlations of fil-
ter feeding copepods and genus Daphnia oc-
curred with cryptophytes (r = 0.34 and 0.29, 
respectively, P <0.0001).

Fig. 5. Dynamics of zooplankton abundance, (mean values for May-October, L. Peipsi s.s. and 
L. Lämmijärv).
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5. DISCUSSION

The pollution load to L. Peipsi was the 
largest at the beginning of the 1980s due to 
intensive human activity in the catchment 
area. As a result of the collapse of Soviet type 
agriculture, the nutrient load from the catch-
ment area decreased. Land use and number 
of domestic animals diminished three times 
and use of fertilizers six times. Nevertheless, 
the lake received an average of 20,500 t of 
nitrogen and 910 t of phosphorus annually 
in the period 1995–1998 (Sults  and Jaani 
2000, Loigu et al. 2008). The three lake parts 
responded differently to changes in loading. 
In the northern part, L. Peipsi s.s., the con-
tent of both N and P stabilized (showing 
even a slightly decreasing trend), while the 
increase in phosphorus in the water of L. Pih-
kva was evident (Table 4). The southern part 
of the lake acts as a purification pond for L. 
Peipsi (Nõges  et al. 2005). Rumâncev et 
al. (2005) stated that 60% of the phosphorus 
discharged into L. Pihkva remains in the lake 
and does not take part in the eutrophication 
of L. Peipsi s.s. However, the influence of L. 
Pihkva on L. Lämmijärv is evident (Starast 
et al. 2001, Nõges  et al. 2007, Kangur  and 
Möls  2008). Different natural conditions of 
the three lake parts (topography, catchment 
area, relative depth) cause different resistance 
of the ecosystem and different response to 
changing human activities. The key issue in 
the research of ecosystems is the knowledge 

of their resistance. Several data from recent 
decades (Köhler  et al. 2005, S øndergaard 
et al. 2005) show that the effect of nutrient 
reduction in the catchment area can rarely 
be followed by the quick recovery of a lake. 
Recovery may be delayed or prevented by 
high internal P loading, unchanged external 
N loading, climate warming or irreversible 
changes in biotic structure such as an altered 
fish stock (Köhler  et al. 2005). It is generally 
accepted that shallow lakes are likely to be 
the most resistant to re-oligotrophication be-
cause of remobilization of phosphorus from 
their sediment (Jeppesen et al. 2005, Moss 
et al. 2005, Phi l l ips  et al. 2005, Romo et 
al. 2005, Nõges  et al. 2007). In L. Peipsi s.s., 
the average annual TP accumulation is ca 270 
mg m-2 y-1, and during phytoplankton blooms 
the release of P fractions from silt sediments 
may be 875 t of P (Punning and Kapanen 
2009). Even for the deep L. Ladoga, bottom 
sediment was an important source of phos-
phorus, and internal P loading accounted 
for 23% of external P. Only 9–17 years after 
the reduction in the anthropogenic load al-
most by half, there appeared some signs of 
the recovery of the lake (R asplet ina  and 
Susareva  2002). Nevertheless, pronounced 
ecological effects of reduced nutrient load-
ing (oligotrophication) have been found in 
many European lakes (Wilander  and Pers-
son 2001, Rumâncev and Drabkova 
2002, Jeppesen et al. 2005, Eckmann et 
al. 2007, Hajnal  and Padisák 2008). The 

Fig. 6. Relationship of Microcystis biomass to TN:TP ratio (all values for August, all lake parts).
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majority of lakes approached a new equilib-
rium of P and N concentrations 10–15 years 
(P) and 0–5 years (N) after a major reduction 
in loading, irrespective of hydraulic reten-
tion time (Anderson et al. 2005). It should 
be added that the structure of changes in the 
nutrient supply of lakes in the West European 
countries has been different from that in the 
countries of the former Soviet Union. In the 
Western countries, efforts have been made to 
reduce phosphorus concentration in the ef-
fluent (Jeppesen et al. 2005). In Estonia and 
Russia, a major nitrogen reduction occurred 
as a result of reduced agriculture (Bl inova 
2001). As this was not followed by sufficient 
purification of point sources, continuing eu-
trophication of the lake is expected.

Long-term investigations have demon-
strated that the water characteristics and bio-
logical communities of L. Peipsi change from 
north to south (Haberman et al. 2008, Kan-
gur  and Möls  2008). Also, our study showed 
clear differences in the data of TP, TN, Chl 
a content, N:P ratio, water transparency and 
plankton communities between different lake 
parts (Figs 2, 5; Tables 4, 6). The northern and 
deepest part, L. Peipsi s.s., is significantly less 
loaded with nutrients and is more transpar-
ent than the southern very shallow part, L. Pi-
hkva. The differences in TN content between 
two parts of lake has remained relatively sta-
ble over time, while the difference in P con-
tent between the northern and the southern 
lake parts has increased. An increasing con-
centration of P has been observed in L. Pihk-
va where most (about 65%) nutrients are car-
ried into the lake via the River Velikaya. The 
long-term patterns of the TN:TP mass ratio 
are different for the southern part and for the 
northern part of the lake. While for L. Peipsi 
s.s. this ratio has not changed so significantly, 
it has decreased steadily for L. Pihkva (Stå l-
nacke et al. 2002, Kangur and Möls  2008).

According to Carpenter  (2003), dy-
namics of lake P can be explained by a critical 
threshold value. Once P level in the lake ex-
ceeds this threshold, it may take many years 
to return to low levels; in some cases, the lake 
will never recover. It has been established for 
the oligo-mesotrophic L. Ladoga that if ex-
ternal phosphorus loading exceeds the criti-
cal value of 0.42 g P m-2 y-1, the lake could 
transform into a eutrophic water body with 

all ensuing consequences (Rumâncev and 
Drabkova 2002). In the case of L. Pihkva, 
this threshold level of P seems to have been 
exceeded and the lake is “full” of P (Kangur 
and Möls  2008). Evidently, L. Pihkva is los-
ing its resilience. The bulk of the nutrient 
load entering the lake originates from dif-
fuse pollution which is difficult to track and 
control. Sharpley  et al. (2000) pointed out 
that reduction in N loading may be difficult 
to achieve in practice because N in lakes typi-
cally derives from diffuse sources. In 2004, 
the antrophogenic diffuse load to the water 
bodies in the watershed of L. Peipsi made up 
66% of TN load and 54% of TP load (Loigu 
et al. 2008).

From 1997, in parallel with increasing 
cyanobacterial blooms, an essential decline 
occurred in zooplankton (Fig. 5). In 1985-
1996, mean summer (July-August) zooplank-
ton biomass was about 3 g m-3 (Haberman 
2001), while from the early 2000s it dimin-
ished to about 1 g m-3. According to earlier 
data, the amount of zooplankton in the lake 
increased from north to south as did the 
growth of trophic state (Mäemets  1966, 
Haberman 1971). However, some present 
data from August (data are equally available 
for all lake parts) show the opposite, which 
already indicates the suppressing effect of 
trophy on zooplankton. A particularly inten-
sive cyanobacterial bloom took place in L. 
Pihkva in 2006, which resulted in unusually 
low zooplankton biomass (0.56 g m-3). The 
decreasing trend characterizes all zooplank-
ton groups: rotifers, cladocerans, copepods, 
Dreissena polymorpha veligers (Table 5). 
Some authors have found that in connection 
with re-oligotrophication the abundance of 
zooplankton and the abundance of Daphnia 
in summer have both decreased (Jeppesen 
et al. 2005, Köhler  et al. 2005, Moss  et al. 
2005, Phi l l ips  et al. 2005). In the present 
study, the decrease in the amount of zoo-
plankton in the lake reflects deterioration but 
not improvement of water quality.

Zooplankton is affected by a great num-
ber of different factors, the most universal 
and influential of them being quantity and 
quality of food (Gulat i  and DeMott  1997, 
Alekseev and L ampert  2004, von El-
er t  2004) and predation by fishes (Wojta l 
et al. 2003, Gl iwicz  et al. 2004, Krause 
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and Palm 2008). It has been shown (Rein-
er tsen and L angeland 1982, Persson 
1997) that plankton feeding fishes serve as 
the key factor determining stability in fresh-
water systems and controlling transformation 
of matter from algae to higher trophic levels. 
The effect of fishes on the zooplankton in L. 
Peipsi was significant in the 1960s when the 
fish community was dominated by planktivo-
rous vendace and smelt. Zooplankton was 
eaten mainly by smelt, vendace, as well as by 
young perch (Perca fluviatilis (L.); Ibneeva 
1983).

Catches of commercial fish have demon-
strated a long-term trend of decline in fish 
stocks in L. Peipsi. In the late 1990s and the 
early 2000s the fish composition was char-
acterized by high numbers of pikeperch (Sti-
zostedion lucioperca (L.) and a concurrent 
sharp decline in vendace and smelt (Pihu 
and Kangur 2001, Kangur et al. 2008). 
Vendace was one of the main commercial 
fishes in L. Peipsi until 1990s. Its stock at-
tained the highest level in 1986–1989 while 
annual catches were 1,957–3,271 t (Pihu and 
Kangur 2001). It decreased sharply at the 
beginning of 1990s and does not recovered.

In the 1930s usually 1,500–1,300 tons of 
smelt per year have been caught in the lake, 
the largest catch (9,160 t) was recorded in 
1935 (Pihu and Kangur 2001). In 1980s the 
catch of smelt was 5,567 t, in 1998 – 2,966 t, 
between 2003 and 2006 – 117 t, and in 2006 
only 83 t (Pihu and Kangur  2001, Krause 
and Palm 2008). Kangur  et al (2008) 
stressed that the cumulative effect of eutro-
phication and warming of the aquatic envi-
ronment coupled with cyanobacterial blooms 
and siltation of spawning grounds are the 
main causes for the drastic decline of such 
clean and cold water fishes as vendace and 
smelt.

In parallel with decline in vendace and 
smelt, the abundance of pikeperch increased 
remarkably. Since the late 1950s to early 1980s, 
the pikeperch stock was, as an average, only 
15 tons per year (<0.5% of the annual catch). 
During the last one and half decade the annu-
al catch of pikeperch have been between 747 
and 3,151 tons per year, its role reached 30–
40% in the whole fish catch (Kangur  et al. 
2008). The pikeperch stocks increased in par-
allel with the eutrophication of the lake. It is 

generally known (Smith et al. 1998) that low 
water transparency is one of the main features 
of a good pikeperch lake. However, pikeperch 
fishery in L. Peipsi has caused overexploita-
tion of its population. As a consequence, only 
a few year classes are present and the popu-
lation is dominated by juveniles. The latest 
data (personal communications with fisher-
men) show the essential decline in both adult 
and juveniles of pikeperch. Jeppesen et al. 
(2005) have found that in 82% of the lakes un-
der study, fish biomass declined with TP. The 
percentage of piscivores increased 80% and 
often a shift occurred towards dominance of 
fish species characteristic of less eutrophic 
waters. According to the FWD criteria (many 
big predatory fishes, few plankton feeding 
fishes), the state of Lake Peipsi seems to be 
improved but this notion is misleading. The 
stocks and catch of clean-water planktopha-
gous fishes have decreased whereas those of 
pikeperch, a predatory fish of eutrophic wa-
ters, have increased. The fish stock of the lake 
is currently out of balance, the amount of the 
most important food object for pikeperch, i.e. 
smelt, is not sufficient. We confirm that the 
decrease in zooplankton in Lake Peipsi can-
not be explained by the increased pressure of 
fishes within the study period. The effect of 
pikeperch juveniles on zooplankton may be 
essential but it does not offset the possible 
effect of the almost vanished smelt and ven-
dace. Furthermore, the reduction in rotifers 
could not have been caused by fish pressure 
and the possible increased impact of fishes 
is not consistent with the more frequent ap-
pearance of large-bodied Leptodora kindtii 
(Focke) in zooplankton samples.

Cyanobacteria may affect zooplankton in 
several ways: 1) by direct physical blocking of 
the feeding apparatus when occurring abun-
dantly (Fulton and Paerl  1987, DeMott 
et al. 2001); 2) by serving as nutritionally de-
ficient food for zooplankton (Van Donk et 
al. 1997, von Eler t  and Wolf f rom 2001, 
Wilson et al. 2006); 3) through possible 
toxicity caused by production of neurotox-
ins and hepatotoxins (Carmichael  1994, 
Smith and Gi lber t  1995, Barreiro  et al. 
2007, Voloshko et al. 2008). According to 
Tanner  et al. (2005), 50 μg L-1 of micro-
cystins (5 types) were found in the open 
area of L. Peipsi s.s. at a depth of 30–50 cm. 
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Microcystis viridis and Anabaena species pre-
vailed. In different summers, the concentra-
tion of microcystins fluctuated from 0 to 300 
μg L-1 in the open water area (anatoxins were 
determined but not found). In comparison 
with literature data (Christof fersen 1996, 
Cronberg et al. 1999, Watanabe et al. 
2000, L indholm et al. 2003), the amount of 
toxins in L. Peipsi appears to be very high at 
times, which definitely affects the biota. Sev-
eral data indicate the harmful effect of toxins 
as well as of bloom extracts on zooplankton 
(Christof fersen and Burns  2000, Nan-
dini  2000, Agrawal  et al. 2001, Ghadoua-
ni  et al. 2003). Thorstrup and Christof-
fersen (1999) emphasized the occurrence of 
negative correlation of toxin concentration of 
Microcystis with body length and fecundity of 
Daphnia magna. According to a summariz-
ing article of Chr istof fersen (1996), there 
are large species-specific differences between 
zooplankton species (as well as between dif-
ferent stages of life) in response to toxins. 
Toxins may affect all organisms whether or 
not they are consuming algae. Slow-growing 
species appear to be less sensitive to the toxic 
Microcystis than fast-growing species (Fer-
rão-Fi lho and Azevedo 2000). Gi lber t 
(1994) stresses that as sensitivity depends on 
the body weight of an organism, rotifers are 
the most sensitive zooplankton group. On 
the contrary, some authors claim that cla-
docerans are the most sensitive organisms 
to cyanotoxins (Kirk  and Gi lber t  1992, 
Ghadouani  et al. 2003). Thus, taking into 
consideration the data of microcystin con-
centrations in L. Peipsi, toxic cyanobacterial 
blooms are among the probable causes of the 
significant decline in rotifers and, to a less 
extent, in cladocerans and copepods in the 
lake.

It is clear that a longer growing season 
would give a competing advantage for cya-
nobacteria (Dokul i l  and Treubner  2000). 
Blooms of cyanophytes in late autumn in 
L. Peipsi seem to be responsible for forma-
tion of phytoplankton biomass and for the 
composition of dominants in the following 
year. Ample literature data on the relation-
ship between cyanophytes and the N:P ratio 
are controversial. A trend of dominance of 
cyanobacteria in the case of a low N:P is evi-
dent, however, it is not possible to establish 

any threshold values for it. Downing et al. 
(2001) analysed 269 observations collected 
from 99 lakes around the world. They found 
that the N:P ratio was the poorest predic-
tor of cyanobacterial dominance, and the 
probability for total P concentration to pre-
dict such dominance was 30% higher. They 
noted that average summer P concentrations 
above 70 μg L-1 provide 80% guarantee for 
cyanobacterial dominance. This threshold 
is appropriate for L. Pihkva but is too high 
for L. Peipsi s.s. Although such values are 
rare for the latter lake, cyanophytes prevail 
in the summer months in all years. Accord-
ing to Nõges  et al. (2008), the biomasses 
of all cyanobacteria and N-fixing species, 
as well as the share of cyanobacteria and 
N-fixing species achieved maximum values 
at the N:P mass ratio at or below 30 (for 
both TN:TP and DIN: P-PO4) in L. Peipsi. 
In our opinion, this threshold is not very 
strict, particularly for L. Peipsi s.s. Some au-
thors suggested the importance of P and not 
the N:P ratio in cyanobacterial dominance 
(S chef fer  et al. 1997, Wang et al. 2008, 
Vrede et al. 2009). However, as individual 
differences in algal species are evident, this 
ratio influences the structure of phytoplank-
ton communities (Downing et al. 2001). The 
increase in TP content and the decrease in 
the TN:TP mass ratio in L. Peipsi (from 14 
in 1992-1999 to 10 in 2000-2006 as an av-
erage of the growing season) occurred in 
the same period. Thus we can explain the 
increasing dominance of cyanobacteria but 
not the growing importance of Microcystis 
in recent years. The expansion of the genus 
Microcystis is intriguing, because both the 
trigger of this phenomenon and the reason 
for it remain unclear. The simultaneous oc-
currence of microcystins in the lake offers 
special interest. An abrupt increase in Mi-
crocystis took place in the southern parts 
of the lake, L. Lämmijärv and L. Pihkva, in 
summer 2002, at a very low N:P ratio (mass 
ratio below 10; Figs 2, 6). In such a case, 
presumably N-fixing species as Anabaena 
and Aphanizomenon, common dominants 
in these lake parts, ought to be prevalent. 
On the contrary, the biomass of Microcystis 
was high in the years 2002–2006 and de-
creased in the two last years, 2007–2008, to-
gether with the increasing N:P ra tio. Such 
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a phenomenon was described also by Lev-
ich and Bulgakov (1993) in experiments 
with natural phytoplankton, where Micro-
cystis achieved a peak at the N:P mass ratio 
2–5 and decreased at higher ratios. Accord-
ing to other data, a limited nitrogen supply 
in a lake is advantageous not only for ni-
trogen fixing cyanobacteria but also for the 
genus Microcystis (Var is  1992). We agree 
with the author that, consequently, cyano-
bacteria, like other algal taxons, respond to 
relative rather than to absolute amounts of 
nutrients. Dokul i l  and Treubner  (2000) 
stated that low N:P ratio is favoured by both 
N-fix and non-N-fix species. In our opinion, 
the triggering factor for Microcystis growth 
in L. Peipsi was increasing phosphorus con-
tent in the southern lake parts at that time, 
amounting to 120–220 μg L-1, with a very 
weak increase in nitrogen content.

It is known that several factors (defi-
cit of suitable food, nutrient recycling and 
weather conditions) may weaken the links 
between phyto- and zooplankton. Zooplank-
ton-phytoplankton correlations, according 
to our data, were influenced more by dif-
ferent (or similar) dynamics of different 
groups than by their direct relationships. 
Only correlations of copepods and Daphnia 
with cryptophytes can indicate possible di-
rect food-based relationships. Lack of cor-
relation may indicate a sufficient supply of 
food for filtrative zooplankton, particularly 
in the last 4–5 years (Fig. 4). Riv ier  (1993) 
regarded the threshold of food saturation to 
be 1.5 mg L-1 dry weight of phytoplankton 
in the mesotrophic Rybinsk Reservoir. In L. 
Peipsi the mean wet weight of small algae 
in the growing season was 0.93 mg L-1 in 
1997–2000 and 1.12 in 2001–2008. It means 
that at least in some periods zooplankton 
can suffer for food shortage. The biomass 
of small algae, including mostly green algae, 
increased abruptly in 2002. The probable 
reason for this was a drop in zooplankton 
pressure. Cryptophytes, the best food for 
zooplankton, underwent a decline that time; 
their relationship with natural conditions, 
particularly water level, appeared to be the 
most pronounced (Mi l ius  et al. 2005). The 
abundance of bacteria (main food objects for 
rotifers) did not show a definite trend from 
1997 (data available up to 2004).

6. CONCLUSIONS

As a result of the collapse of Soviet type 
agriculture, the nutrient load from the catch-
ment area of L. Peipsi decreased in the early 
1990s. However, in spite of the drop in the ex-
ternal load, the content of phosphorus in the 
southern part of the lake continued to increa-
se. Such dynamics brought about a decline in 
the N:P ratio whose values were particularly 
low for L. Pihkva in summers 2003–2006. 
The water quality of lake was not improved 
but, contrary to what could be expected, dete-
rioration continued. In the 1990s the percen-
tage of blue-green algae (cyanobacteria) in 
phytoplankton increased continuously , and 
their most important genera were all poten-
tially toxic. An appreciable concentration of 
cyanotoxins was detected in the lake. A sig-
nificant increase in the genera Microcystis 
and Aphanizomenon was noted in the sout-
hern lake parts. From 1997, in parallel with 
increasing cyanobacterial blooms, an essen-
tial decline occurred in zooplankton. A par-
ticularly intensive cyanobacterial bloom took 
place in Lake Pihkva in 2006, which resulted 
in unusually low zooplankton biomass (0.56 
g m-3). The decreasing trend characterizes all 
zooplankton groups: rotifers, cladocerans, 
copepods, Dreissena polymorpha veligers. At 
the time of the study the pressure of plank-
tivorous fishes on zooplankton diminished. 
We suppose that cyanobacterial blooms and 
presence of cyanotoxins are the main reasons 
for the significant decrease in the amount of 
zooplankton, particularly rotifers. The bio-
mass of small algae, including mostly green 
algae, increased abruptly in 2002. The prob-
able reason for this was a drop in zooplank-
ton pressure.

The resistance of the three lake parts to 
external nutrient loading is different. It seems 
that the ecosystem of the southern lake part 
(L. Pihkva) is losing its resilience. The distur-
bance of the ecosystem is most likely caused 
by the fact that the slight trend of re-oligo-
trophication beginning in the early 1990s was 
reversed in the mid-1990s due to increasing 
P loading.
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�� �� �	4��0	�	F��	<���	��)/ �	��	�	)	� /�0	��� �,��	���	)�? �	��	�0 	��)/ �	
���$�	2��	9��/��$���	��)/ ��	��	&	��	�0��	)�? �	4�� �	4��	������ �	�0����0	
�	� �	 ��	 �	B8	O)	) �0�	#��0	/0���C	 ���	 9��/��$���	 ��)/ �	4 � 	/� � �, �	 ��	
&���P�	6������� �	����� 7	��������	.0 	(��,��) 	��	/0���/��$���	4��	) ���� �	
�����	�0 	+� �)Q0	6���87	� �0��@� �	.0 	9��/��$���	��)/ �	4 � 	����� �	(�	
���, ������	@���������, 	) �0���	6!��  ,�	����7�	.0 	) �0���	��	�� �����	���	
�� �����	��)/ �	�� 	� ����( �	��	� ���	��	&������ 	 �	��	6����7	���	��	'�( �)��	
6����7�	-�)/ �	���	����� ���	���	/0���C	���	9��/��$���	4 � 	��$ �	���	4�� �	
/���) � ��	4 � 	) ���� �	��)���� �����	*0 )���	� � �)��������	6����	������ �	
6.I7�	�����, �	���������	������ �	6<AI7�	����	/0��/0����	6.57�	���	/0��/0�� 	
/0��/0����	65>B577	4 � 	)�� 	(�	.����	��,����) ���	% � ���0	&���	��������		
.0 	 ��������	 3��� ��������	 * ��� 	 0 � (�	 � ����� �	 �0��	 .����	 ��,����) ���	
% � ���0	 &�(�������	 0��	 ��)/ � �� 	 ���������	 ��	 �I	A->�A�*	 ����������		
��	�0 	�� �	��	4�� ��	� ��) ���	���	���	�0 )���	��������	2�4	�������	*23	
���	 �/ ����) ����	 � � �����	4 � 	 �� ��	 -���������	 ����������	 ���	 � ���	4 � 	
)�� 	 �����	 �0 	 ����������	 �������	 /��$�� 	 -3-�-.3.	 /��� ��� 	 =AR�<	
6-3-	A������� �	 ����7�	>��	 ����������	)�� 	 ���$	 ����	 ������ ������	 �0 	� ��C��C
� ��	���	� �����	 �� ���	���	�0 ��	��� �������	��	4 	��	�0 	����	�0��	����	���)	
���� � ��	/����	��	�0 	�$ 	)��	0�, 	���� � ��	���/ �������	+����	�0 	*>I.%3-.	
���� ) ���	4 	  ���)�� �	 ���� � �� �	 ��	#:/�#50��	 ( �4  �	 �4�	 �$ 	 /�����	 .0 	
 ���)�� �	 ��������	 � ,������	 6-<7	 ��	 �0 	 �����	 4��	 ��������) �	 (��$	 ��	 �0 	
�������	��� �	40��0	�0�4 �	0�4	)���	��) �	�0 	�����	,��� �	��	� �����	��	���	
) ��	,�� �	



F��������	��	�0 	9��/��$���	�	/0���/��$���	������
	

	 ���

!*($+�(�
	
3�0���0	 (��0	 9��/��$���	 ���	 /0���/��$���	 �� 	 � )/ ����� 	 � / �� ���	 �0 	
����	 (��)���	 ��	  ��0 �	 ����/	 0��	 �	 ���� � ��	 � �����	 ����� 	 ��	 &�	5 �/��	����	
:��/��$���	���4�	)�� 	��	 ��	�0 	����� 	��	4�� �	� )/ ����� 	4��0	�	/ �$		
��	�0 	��)) �	)���0��	40� 	�0 	����)���	��	/0���/��$���	��	)�� 	����������	
4��0	 �4�	 ��	 �0�  	 / �$�	 ��	 �0 	 ���4���	 � ����	 ���	4��0	 �0 	 0��0 ��	 (��)���	
�� @� ���	 ��	 ����)�	 62���	�7�	.0 	 �/����	 ���	 ����)�	/ �$�	��	 /0���/��$���	
��))���	�������	��	�����)��	)����	��������
�����������	6>�	=N �7	-�)��	�0 	
��)) �	/ �$	��	��)/��� �	��	�����(��� ���	6�� ���� �	�0 	� � ��	���	
������	
���������	 ������������	 ���	���
���	��7�	 A�	 ��) 	 � ����	 �����(��� ���	
6)����	�����������7	/��	@��� 	��	�)/������	�� 	��	�0 	����)�	(��)����	��	
��	�����)�	6��������
���������	 6>�	=N �7	-�)��	�	�����������	�//�	 ���7	 ��	
��)) �	 (��)����	 A�	=���0	 ���	 3/���	 9��/��$���	 �(������ 	 4��	 ��)���� �	
6��G	 ��	)�� 	 ��	 (��0	 �(������ 	 ���	 (��)���7	 (�	 �0 	 �0 �)�/0�(��	 ����� ��	
����
	�
�� ������	�
�	 A� ���	 ���	�������	�� ��

����	 I�/$�4�	 ���	 �0 ��	
(��)���	4��	��)���� �	(�	;�, �� 	���)�	��	�0 	� ���	���������	���	�������
�������	&�; (����	 A�	�/����	6=��7	����� ��	���	��/ /��	 ;�, �� �	������� �	 ��	
��)���� �	(��	�0 	�0�� 	��	��� �C�  ����	��/ /���� �	��	�0 	9��/��$���	(��)���	
���� �� �	�������������	A�	��)) �	���	����)��	�0 	��) 	�/ �� �	��	�0 	� � ��	
 �������	!������	���	"�����	�����
������	6-���7	4 � 	��))���	��)��������	
(��	 �0 ��	 (��)���	 4��	 ���� � ���	 A�	  ���	 ��)) �	 6
�� 7	 ���	 ��	 �� 	 ��)) �	
6- /� )( �7	 �0 	 �� 	 ��	 �0 	 � ���	 !�����	 ���	 ��/ /���	 ��	 �0 	 9��/��$���	
(��)���	4��	�� �� �	�0��	��	
��	40 �	����� �����	/���������	 ��������������	�	
-����	4 � 	/� ,� ���	

	
	

	
	

&����,�	- �����	����)���	��	/0���C	���	9��/��$���	(��)��� �	��	&�	5 �/��	�����	=���0�I�, )( �	
��������8�	



108

!�	#��$	 �	��		
	

	��B

.0 	#:/�#50��	�����	� , � �	� ��	���� � �� �	( �4  �	�0 	)�� ��� �	 ����/0��	
����0 ��	 /����	 &�	5 �/��	�����	 ���	 �0 	 0�/ ����/0��	 ����0 ��	 /�����	 &�	&"))�;"�,	
���	&�	5�0$,�	62���	�7�	2��	��)/������	��	�0�  	�$ 	/�����	���	����	���	=���0�	
3������	���	>���( �	6���	�� 	� ��7	4 � 	�,���( �	3	� ��	���� � �� 	���������	
��	 �0 	 ���/0��	���� 	4��	�//�� ���	.0 	 �����	4��	0��0 ��	 ���	 �0 	����0 ��	/���	��	
�0 	�$ 	6) ��	,�� �	���	3�����	� ��� �	���)	����0	��	����0�	���8�	�����	���	
�����	2���	B7�	3	������)���	��	#:/�#50��	4��0	 �0 	 ���/0��	 ���� 	 ��	/��, �	(�	 ���	
� ������0�/	4��0	- ��0�	����	,�� �	62���	�7�	

.0 	#:/�#50��	,�� �	������� �	������	�0 	, � ������	/ ����	62���	�7�	���� �����	
�� ���	 ��	=���	/ �$���	 ��	
�� 	 6� ��C4�� �	/ ����7�	���	� �� �����	�0��/�	 ��	
�0 	��)) �	)���0��	4��0	��	�����	)���)�)	��	�� 	����)�	6.�( 	�7�	<�����	
��������8	 �0 	 �, ��� 	 ,�� �	 ��	 #:/�#50��	 ���	 �0 	 ���4���	 � ����	 4 � 	 �4 �	
�0��	 ����	 ( ���	 ����	 ���	 &�	5 �/��	����	 ���	 ����	 ���	 &�	&"))�;"�,�	 .0 	)���0�	
,�� �	��	#:/�#50��	������� �	��	�	4�� 	���� �	���)	����	��	����	���	&�	5 �/��	����	
���	 &�	&"))�;"�,�	 2��	 &�	5�0$,��	 �0��	 ,�� 	 4��	 �,���( 	 ���	 ���	 =���0	
6����B7�	3�����	6����7�	���	>���( �	6���87�	=�?�)�)	,�� �	6�/	��	�7	������ �	
���	&�	5 �/��	����	��	
�� 	���	@��� 	��	 �� ����	���� �� 	��	�0��	,�� 	6�/	��	�7	4��	
���	�����	��	=���	A�	/��� 	4��0	�0 	���� �����	���/0��	���� 	��	�0 	�$ �	�0 	
) ��	 ,�� �	 ��	 #:/�#50��	 ���	 �0 	 ���4���	 � ����	 � �� �� �	 ���)	 ����	 ��	 �0 	
( �������	��	�0 	�����	6'�( �)��	M	&������ �	����7	��	���8	��	���8�	

	

		
&����0��- �����	����)���	��	�0 	9��/��$���	�	/0���/��$���	(��)���	�����	6#:/�#50��7	���	���� � ��	
/����	��	&�	5 �/���	��������8�	



109

F��������	��	�0 	9��/��$���	�	/0���/��$���	������
	

	 ���

	
	
&����/��<��� � �� �	��	#:/�#50��	���	.5	��	�$ 	/����	��	3������	) ��	,�� �	���	��������8�	�C,�� 	
������� �	����������� 	��	���� � �� �	( �4  �	&�	5 �/��	����	���	&�	&"))�;"�,�	

	
	

	
	
&�������% ������0�/�	 ( �4  �	 #:/�#50��	 ���	 - ��0�	 ����	 � /�0�	 ��	 ��)) ��	 �	 �$ 	 /����	 ��	
��������8�	



110

!�	#��$	 �	��		
	

	���

�
����,��:��/��$����/0���/��$���	(��)���	�����	���	&�	5 �/��	����	���	&�	&"))�;"�,�	� ����/��, 	
����������	��	���� � ��	)���0��	) ���	���	��������8�	S�����	����	4��	 ���)�� �	��	�0 	(����	��	
IH� �	M	IH� �	6����7	
	
=���0	 &�$ 	/���	 F���	#	 = ��	�	-�	 F���	�� ��� ��G� 	 ��G� S�����	����	

AAA	 5 �/��	����	 ��	 ����	�	�����	 ��B�	 ����B	 ����8	 T	
	 &"))�;"�,	 �B	 ����	�	�����	 ����	 �����	 �����	 	

AF	 5 �/��	����	 ��	 ����	�	�����	 ���B	 ����8	 ���8�	 =�� ��� 	
	 &"))�;"�,	 ��	 ����	�	�����	 ��8B	 �����	 �����	 5���	

F	 5 �/��	����	 �8	 ����	�	���8�	 ����	 ����8	 �����	 =�� ��� 	
	 &"))�;"�,	 ��	 ����	�	�����	 ��B�	 �����	 �����	 =�� ��� 	

FA	 5 �/��	����	 �8	 ����	�	���88	 ����	 �����	 �����	 J���	
	 &"))�;"�,	 ��	 ����	�	�����	 ���8	 �����	 ���88	 =�� ��� 	

FAA	 5 �/��	����	 �8	 ����	�	�����	 ����	 �����	 ���8�	 =�� ��� 	
	 &"))�;"�,	 ��	 ����	�	�����	 ���8	 �����	 �����	 =�� ��� 	

FAAA	 5 �/��	����	 ��	 ����	�	�����	 ����	 �����	 ���B8	 =�� ��� 	
	 &"))�;"�,	 ��	 ����	�	�����	 ����	 �����	 ���8B	 =�� ��� �/���	

AR	 5 �/��	����	 ��	 ���B	�	�����	 ��8�	 ���8B	 ���B�	 =�� ��� 	
	 &"))�;"�,	 ��	 ���8	�	�����	 ����	 ����B	 �����	 =�� ��� 	

R	 5 �/��	����	 ��	 ����	�	�����	 ���8	 �����	 �����	 =�� ��� 	
	 &"))�;"�,	 �B	 ���8	�	����8	 ����	 ���B�	 ���8�	 =�� ��� �/���	

RAU	 5 �/��	����	 ��	 ����	�	�����	 ����	 �����	 ����8	 =�� ��� 	
	 &"))�;"�,	 8	 ����	�	�����	 ����	 ����8	 ����B	 =�� ��� 	

F�R	 5 �/��	����	 ���	 ����	�	�����	 ����	 ���88	 �����	 =�� ��� 	
	 &"))�;"�,	 ��8	 ����	�	�����	 ����	 ���B�	 ����B	 =�� ��� 	
VVVVVVVV	
U	<���	�,���( 	�/	��	�����	

	
	
3��������	��	�0 	��������	� ,������	��	�0 	��C��������) �	,�� ��	,��������	��	

�0 	#:/�#50��	�����	��	� �����	��	���	) ��	,�� 	���	�0 	���4���	� ����	4��	�����	.0 	
�����	,��� �	)���	��	=��	62���	�7K	�0��	��	 ?/���( 	4��0	���� � �� �	��	�0 	) ����	
��) 	��	�0 	�� 	��, �	���	�0 � ��� �	��	�0 	��)���	��	�0 	�/����	/ �$	��	/0���C
/��$����	.0 	�� ����� ��	��	,��������	�0�4�	@��� 	�	4�� 	���� 	��	,��������	���	
��	3�����	6.�( 	�7�	.0��	) ���	�0��	��	�0 � 	)���0�	�0 	�(���� 	,�� �	��	/0���C
/��$���	64�� �	(��)	���� �	(�	�����(��� ���7	���� � �	(�	� ���	���	� / �� �	
)���	��	4 ��0 �	�����������	.0 	�����	�0�4 �	�4 ��	,��������	��	����)�	)���0��	

3������	��	�0 	����)���	��	#:/�#50��	�, �	�0 	���	��	� ���	� , � �	�	�0��/	
� �� �� 	��	���	,�� �	���� 	����	62���	�7�	 A�	/��� 	4��0	�0 	���� �����	���/0��	
���� 	��	 �0 	 �$ �	 �0 	) ��	,�� �	��	#:/�#50��	 ���	 �0 	���4���	� ����	� �� �� �	
���)	 ���B	 ��	 ����	 ��	 ���8	 ��	 ���8	 ��	 &�	5 �/��	����	 ���	 ���)	 ���B	 ��	 ����	 ��	
&�	&"))�;"�,�	# �������	���)	�����	�0 	) ��	,�� �	��	�0 	�����	� �� �� �	���)	
���B	��	����	��	&�	5 �/��	�����	���	���)	���8	��	����	��	�0 	����0 ��	�$ 	/����	��	
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62���	�7�	* ��	���� � �� �	��	�0 	#:/�#50��	�����	���	��	�0 	/0��/0����	���� �C	



112

!�	#��$	 �	��		
	

	��8

		
&����3�	<���)���	��	�0 	#:/�#50��	�����	��	�0 	�$ 	/�����	) ��	,�� �	���	3�����	��	��������8�	

	
	

		
&������	% ������0�/�	( �4  �	#:/�#50��	���	.5	��	&�	5 �/��	�����	) ��	,�� �	���	��������8�	



113

F��������	��	�0 	9��/��$���	�	/0���/��$���	������
	

	 ���

�������	 4 � 	  ���(��0 �	 ( �4  �	 �0 	 ����0 ��	 ���	 ����0 ��	 �$ 	 /����	 62���	B7�	
.0 	 ������������	 ��	 #:/�#50��	 4��0	 ����� ���	 4 � 	 ����� �	 � /���� �	 ���	  ��0	
)���0�	 *��� ������	 4��0	 .5	 4 � 	 � , � �	 ���	 
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&���C� �)	 ��, ����������	 0�, 	 � )������� �	 �0��	 �0 	 4�� �	 �0����� �������	 ���	
(�������	��))����� �	��	&�	5 �/��	���� �	( �4  �	�0 	����0 ��	��	����0 ��	/����	
��	 �0 	 �$ 	 6'�( �)��	  �	 ���	 ���8K	 !�����	M	=Q��	 ���87�	 .0 	 ����0 ��	 ���	
�  / ��	/���	 6) ��	� /�0	8��	)7�	&�	5 �/��	�����	 ��	 ������������	  ��	 ��� �	4��0	
����� ���	 ���	 ��	 )�� 	 �����/�� ��	 6���	 ��) �7	 �0��	 �0 	 ����0 ��	 , ��	 �0��4	
6) ��	 � /�0	 ��8	)7	 &�	5�0$,��	 .0 	 ����� /����	 ��	 �0 	 /0��/0����	 ���� ��	 ���	
I	�	5	 �����	 ( �4  �	 �0 	 ����0 ��	 ���	 ����0 ��	 �$ 	 /����	 0��	 ���� �� ��	 ��	 �0 	
����0 ��	 �$ 	 /����	 �0 	 .5	 ���� ��	 0��	 ���� �� �	 40� 	 �0 	 I	�	5	 �����	 0��	
� �� �� �	6!�����	M	=Q��	���87�	3���	�	� �� �� 	��	�0 	#:/�#50��	�����	��4����	
0��0 �	���/0�	��	 ,�� ��	62���	B	���	�7�	A�	3�����	6) ��	���	��������87	�0��	�����	
4��	����	��	&�	5 �/��	����	6.5	B�	��	&��7�	����	��	&�	&"))�;"�,	6.5	���	��	&��7�	
���	 ����	 ��	 &�	5�0$,�	 6.5	 ���	��	&��7�	 A�	 �0 	 ������	 �0 	 .5	 ���� ��	 � ��0 �	
���	��	&��	 ��	 &�	5�0$,��	 A�	 ����C) �����/0��	 <���0	 �$ ��	 #:/�#50��	 ������� �	
( �4  �	 ��B�	 ���	 ���8�	40� 	 ��	  ����/0��	 �$ �	 ��	 ���� �	 ���)	 ����	 ��	 ����	
6
 // � �	 �	���	����7�	3	�����	��	<����0	�$ �	��	���� � ��	���/0�	�0�4 �	�0��	�	
��� 	 ��	 �0 	 ���/0��	 ���� 	 6.5	 ���� ��	 D	����	 ��	 ��B	)�	&��7	 ��	 ����)/��� �	 (�	 �	
� �� �� 	��	�0 	#:/�#50��	 �����	���)	��B�	��	���8	6
 // � �	 �	���	����7�	&�� ��	

 // � �	 �	��	6����7	�����	�0��	�0��	�����	��	� � ���	�4	���	.5	���� ���������	
X	���	O�	&��	(��	 ���� �� �	 ��	)���	�$ �	( �4	�0��	 �0� �0���	 A�	 �0 	�������	
 ����/0��	&�	FH���;"�,	6�������7	�0��	�����	���� �	���)	����	��	����	������	�0 	
, � ������	/ �����	4��0	��	�, ��� 	��	����	6'�( �)���	���87�	.0 	#:/�#50��	������	
��	��0 �	����/ ��	�$ �	4��0	�4 �	���/0�	�� 	�0 	���4����	��	�0 	����C) ��C
���/0��	 &�	>� ��	 �������	 6������ �	 (�	 !���)���	 ����7K	 ��	 �0 	 ) ��C����C
���/0��	&�	&�����	�������	6������ �	(�	%�)����� ,	M	<��($�,��	����7K	��	�0 	
����C) �����/0��	&�	-��)��	���	6'���� �	 �	���	����7K	��	�0 	����C) �����/0��	
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� � ���	�	���/	��	/0���/��$���	(��)����	40��0	��	� �� �	��	�0 	 ��	��	�0 	 ���	
�/����	/ �$	4��0	�� �������	��)������	���	�0 	���� �����	���9���	��	9��/��$����	
.0 	) ��	�����	����	��	
�� 	��4�	��	��	��//�� 	�0��	��	
�� 	�0 	 ����� ��	���	
����	�0���	)��	�����	40� 	��	�0 	��0 �	)���0�	�0 	�� ����� ��	)����(��	����	
�0���	)��	( 	/� ,� ��	 6.�( 	�7�	 A�	 ��	4���0	������	 �0��	 �)�C�  �	��� 	���	
��� C(��� �	9��/��$� ��	 6� ��	!�����	 ���	 ������7	 �� 	/� ,�����	 ��	 
�� �	
J � ����	 �	 � �� �� 	 ��	 �0 	 #:/�#50��	 �����	 ��	 ��)) �	)��	 ������� 	 ���� �����	
���0	/� ������	���	� �� �����	���9���	(�	��� �C�  ����	9��/��$����	A�	 ��	$��4�	
�0��	 �0 	 �� 	 ��	 ���0	 ��	 �0 	 ���)�����	 ��	 �0 	 ) ��	 #:/�#50��	 ��	 �����������	
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 // � �	  �	 ���	 �����	 ����K	 A� ����	  �	 ���	 ���8K	 3)���� �	  �	 ���	 ����7�	 A�	
&�	5 �/���	�0 	�)/���	��	���0	��	�0 	9��/��$���	��))�����	4��	�)/������	��	�0 	
�����	40 �	 �0 	 ���0	 ��))�����	4��	 ��)���� �	 (�	 /��$��,�����	 , ���� 	 ���	
�) �	6A(�  ,�	M	<���90$����	��8�7�	3�	�0 	/� � ��	��) �	, ���� 	���	�) �	0�, 	
�)���	����//�� �	���)	�0 	���0	��))�����	��	&�	5 �/��	6!�����	 �	���	���87�	
.0 	 �� ��	��	/�$ / ��0	���	/ ��0	6��
���$�����	����	&�7	;�, �� �	��	9��/��$���	
)��	( 	 �� ����	(��	��	�� �	���	���� �	�0 	/����( 	 �� ��	��	�)���	,����0 �	�) �	
���	 , ���� �	I��	 ��������	 �0 	 ���� �� 	 ��	 /��$��,�����	 ���0 ��	4 	 �� 	 ��	 �0 	
�/�����	 �0��	 �0 	 ��/� ) 	 ������	�������	 �0 	���/	 ��	 �0 	 ��)) �	#:/�#50��	 ��	 �0 	
0��0	(��)���	��	/0���/��$���	4��0	��)�������	 ��?��	�����(��� ���	 ���0 �	 �0��	
���0	/� �������	A�	�0 	��8��	���	������	�0 	/ �� ���� 	��	��� �C�  ����	9��/��$���	
/���������	��	/��)���	/���������	4��	@��� 	0��0	6������G7�	A�	4��	����) �	�0��	
�0 	��� ��	� ������0�/	( �4  �	9��C	���	/0���/��$���	��	�0 	����C��$	����	�0���	
6/0���/��$���	�	0 �(�,�����	9��/��$���	�	/��$��,�����	���0 �	�	/����,�����	
���0 �7	 4��	 /� ,� ��	 ���	 �0 	 �� 	 ��	 �0 	 )����(��	 ����	 �0���	 4��	 )�� ��	 ��	
&�	5 �/��	����	*��� @� ����	/0���/��$���	4��	������ �	(�	��/C��4�	69��/��$���7	
���� ��	 ���	 �/	 ��	 ��G	 ��	 /0���/��$���	 /���������	 4��	 �����) �	 (�	 9��C
/��$���	6IH� �	 �	���	�����	����K	'�( �)���	����7�	+�� �	�0 	0 �,�	������ �	
������	 ��	 �0 	��8���	 ��	 ?� ���, 	 �����(��� ���	(��)�	4 � 	�(� �, ��	(��	
�0 � 	����� �	�����	��	�0 	�����	4��0	�0 	� �� �����	.I	�	.5	�����	���)	�8	��	��	��	
&�	5 �/��	����	.0��	 ��,��� �	� , �/) ��	��	�����(��� ����	 ��������	I�C��?���	
�/ �� �K	 ���	 �0 	 �������	 ,�� 	 ��	 �0 	 .I	�	.5	 )���	 �����	 ���	 �����(��� ���	 ��	
&�	5 �/��	��	��	6IH� �	 �	���	���87�	40��0	��	���	0��0 �	�0��	�0 	�����	���	��)) �	
��	 �0 	�����	6.�( 	�7�	.0��	 ��	 � � �� �	 ��	 �0 	#:/�#50��	 ������	 ���	) ��	,�� 	 ��	
�0 	��8��	4��	����	���	�0 	���4���	� ����	6=���>���( �7	��	&�	5 �/��	�����	40��0	
������� �	�0 	(�������	( �4  �	) ��C	���	 ����/0�	6'�( �)���	����7�	=����	M	
'����	6���87	��� �� �	�0��	�	� ��	��� 	��	�0 	���/0��	���� 	��	&�	5 �/��	������ �	
��	�0 	�� 	�����	���	��	�0 	�����	��)/�� �	4��0	�0 	��8���	A�	&�	5�0$,�	�0 	.5	
���� ��	���� �� �	��B	��) �	������	�0��	/ �����	3��������	��	<�4����	 �	��	6����7�	
�0 	 /��/������	 ��	 �����(��� ���	 ���)�	 ��	 �, ��� 	 ��	 ��G	 ��	 /0���/��$���	
(��)���	��	.5	�(�, 	8����	��	&���	A�	��	4 	$��4�	�0��	/0���/��$���	� �, �	��	
��	 ���	���$	���������	�4���	��	���	��/��	� �/��� 	��	�0��� �	��	�0 	 �,����) ���	
/��)���	�� 	��	�0 	����	4 (�	���	���� �� 	��	��0 �	�������)��	��	4 	��	�	����	
���������	��	�0��� �	��	4�� �	@�����	6E�Y��	����7�	-��� 	����	�0 	�0�� 	��	�����C
(��� ���	��	/0���/��$���	(��)���	0��	���� �� �	�/	��	��G	��	�0 	����0 ��	/����	
��	 �0 	 �$ 	 ��	 ��)) ��	 A�	 /��� 	 4��0	 ���� �����	 �����(��� ���	 (��)��	 �	
)��$ �	� ��� 	������ �	 ��	 9��/��$���	 6&������ 	  �	 ���	 ����7�	 A�	��8�������	
�0 	 ) ��	 9��/��$���	 (��)���	 ��	 ��)) �	 6
���3�����7	 4��	 �(���	 �	�	)��	
6'�( �)���	����7�	40� 	��������	���)	�0 	 ���	�����	��	��)����0 �	��	�(���	�	�	)���	
.0 	� �� �����	�� ��	�0����� ��9 �	�	9��/��$���	����/��	����� ���	����� �����	
��/ /����	���	, �� ��	��	 
������������
���	5����	3��������	��	.��� �	
 �	 ��	 6����7�	 �0 	 ���� ��������	 ��	)�����������	 6�	 ��/ �7	 ��	 �0 	 �/ �	 �� �	 ��	
&�	5 �/��	����	 ��	 �	 � /�0	��	 �����	�)	 ��	)�?�)��	��	O�	&���	*�)/�� �	4��0	
�� ����� 	����	6E�����( 	 �	���	����K	&���0�)	 �	���	����7�	 �0 	���� ��������	
��	 ��?���	 ��	&�	5 �/��	�// ���	 ��	( 	, ��	0��0	��	��) 	��� ��	40��0	� ����� �	
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 �	 ���	 ����7�	# �������	 ���)	�����	 �0 	) ��	 ,�� �	 ��	 �0 	#:/�#50��	 �����	 ��	
&�	5 �/��	� �� �� �	������������	��	��)) �	)���0�	62���	87�	40��0	� ���	� � ���	
�0 	4��� ����	��	�0 	���/0��	���� 	���	4�� �	@������	&�$ 4�� �	��	�0 	) �����/0��	
&�$ 	!������ 	��	%������	 �0 	#:/�#50��	 �����	�0��� �	��	/��� 	4��0	 ���� �����	
���/0�	���)	����	��	�0 	�����	��	����	��	�0 	�� 	�����	6.������,�	M	=�$���� ,��	
����7�	3	 �4	#:/�#50��	 �����	 ���� ���	 �0��	 �0 	 �)/���	 ��	 0 �(�,���	 6��/C��4�	
/� ���� 	 ��	 /0���/��$���7	 ��	 ���)/������	 ���	 �0 	 (�$	 ��	 /��)���	 /���������	
� )����	�� �� �	6J�����	��8�K	'�( �)���	���8K	-�0����	����7�	40��0	��	�$ �	
���	&�	5 �/��	����	���	�//�� ��	���	&�	5�0$,��	
 // � �	 �	��	6����7	���)	�0��	�0 	
���9���	/� ���� 	��	/0���/��$���	 ��	 ������	 ��	) �����/0��	 �$ �	���	4 �$	 ��	
 ����/0��	 4�� ���	 
 // � �	  �	 ��	 6����7	 �����	 �0��	 0 �(�,�����	 9��/��$���	
�����) �	��G	��	���	(��)���	/ �	���	��	�$ �	��	�4	���/0�	6D	����	)�	5	&��7	
(��	�����G	��	�0 	���/0��	���� 	������B	)�	5	&���	

.0 	9��/��$���	��	/0���/��$���	(��)���	�����	� � ���	���� � �� �	( �4  �	
�0 	�$ 	/����	@��� 	,�,���	62���	B7�	IH� �	M	IH� �	6����7	� �	�0 	(������� �	
��	 @�����	 ���� �	 ���	 �0 	#:/�#50��	 �����	 ���	&�	5 �/��	����	 .�	 �,���	 � ������	
����������	,�� �	��	 ���)������	�0 �	�/��	���C� �)	����	����	)���0�	��(� ��	
���	�//� �	�	/ �� ��� C(�� �	�//����0	��	� �	�0 	����	(������� ��	.0 	/�����/ 	
4��	�0��	��	 ���	0��	��	�0 	,�� �	���	 , ��	)���0	6���0	��	���0	/ �� ��� �7	)���	
���	��) 	@�����	�����	.0 	����	� �	���	��8������	����� �	(�	IH� �	M	IH� �	
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Abstract With the implementation of the EU Water

Framework Directive (WFD), the member states have

to classify the ecological status of surface waters

following standardised procedures. It was a matter of

some surprise to lake ecologists that zooplankton

were not included as a biological quality element

(BQE) despite their being considered to be an

important and integrated component of the pelagic

food web. To the best of our knowledge, the decision

of omitting zooplankton is not wise, and it has

resulted in the withdrawal of zooplankton from many

so-far-solid monitoring programmes. Using examples

from particularly Danish, Estonian, and the UK lakes,

we show that zooplankton (sampled from the water

and the sediment) have a strong indicator value,

which cannot be covered by sampling fish and

phytoplankton without a very comprehensive and

costly effort. When selecting the right metrics,

zooplankton are cost-efficient indicators of the

trophic state and ecological quality of lakes. More-

over, they are important indicators of the success/

failure of measures taken to bring the lakes to at least

good ecological status. Therefore, we strongly rec-

ommend the EU to include zooplankton as a central

BQE in the WFD assessments, and undertake similar

regional calibration exercises to obtain relevant

and robust metrics also for zooplankton as is being

done at present in the cases of fish, phytoplankton,

macrophytes and benthic invertebrates.Guest editors: H. Eggermont & K. Martens / Cladocera as

indicators of environmental change
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Introduction

With the implementation of the EUWater Framework

Directive (WFD), the member states have to classify

the ecological status of surface waters following

standardised procedures. Ecological status is defined

as an expression of the quality of the structure and

functioning of aquatic ecosystems based on the

assessment of a series of biological quality elements

(BQEs—macroinvertebrates, fish, phytoplankton,

macrophytes and phytobenthos) and supported by a

set of chemical and hydromorphological quality data

(Annex V, 2000/60/EC), and efforts are demanded to

restore (if needed) the natural waterbodies to at least

good ecological status within a limited time period.

As a matter of surprise, to many lake ecologists,

zooplankton were not included as a BQE, despite the

latter being considered a key component of the pelagic

food web. The reason for this omission remains

unclear (see discussion in Caroni & Irvine, 2010).

Zooplankton are mentioned in the WFD CIS Moni-

toring guidance (CIS, 2003) as a ‘supportive/interpre-

tative parameter’ of fish ‘often/typically measured or

sampled at the same time’. During the 1950–1970s

monitoring of West European lakes mainly focussed

on a number of chemical variables, chlorophyll a (as

an indictor of phytoplankton) and sometimes phyto-

plankton biomass, phytoplankton production and

benthic invertebrates (Premazzi & Chiaudiani,

1992). Such programmes were based on the view that

lake ecosystems are driven from the ‘bottom-up’, i.e.

the view that nutrients fuel phytoplankton that are

harvested by consumers up through the food web to

the top predators. Another issue of concern was

oxygen depletion in the bottom water (mainly deep

stratified lakes were monitored), and benthic inverte-

brate communities were deemed to be suitable indi-

cators. However, following the discovery that ‘top-

down’ regulation in lakes can be profound (Hrbacek

et al., 1961; Brooks & Dodson, 1965; Gliwicz, 2003),

i.e. that changes at the top of the food web can have

cascading effects through zooplankton to phytoplank-

ton (Carpenter et al., 2001), and even to nutrient

concentrations (Jeppesen et al., 1998) and carbon

emission (Cole et al., 2000), zooplankton and some-

times fish were added to several national monitoring

programmes in, for example, Austria, Denmark,

Finland, the Netherlands and Norway (EEA, 1996).

In Eastern Europe, zooplankton have been routinely

sampled since the 1950s, and in Estonia, for example,

zooplankton have been monitored regularly since the

1960s in large Lake Peipsi and Lake Võrtsjärv.

Zooplankton have traditionally also had a prominent

position in lake status assessment in Russia (Andro-

nikova, 1996), Hungary (Parpală et al., 2003), Poland

(Karabin, 1985; Radwan & Popiołek, 1989), and

several other East European countries.

The value of zooplankton as an indicator of

ecological conditions stems from their position in

the food web, sandwiched between the top-down

regulators (fish) and bottom-up factors (phytoplank-

ton), thus providing information about the relative

importance of top-down and bottom-up control and

their impact on water clarity. It could be argued that

since fish and phytoplankton are included, zooplank-

ton would be redundant. Clearly, phytoplankton and

fish monitoring cannot be replaced by zooplankton.

However, an extremely costly fish monitoring

programme is needed to gain the same insight into

trophic dynamics that zooplankton can provide in a

more cost-effective manner. Such a programme

would need to include detailed monitoring of

young-of-the year fish and invertebrate predators that

have, hitherto, been only rarely considered.

An unfortunate corollary of the WFD not including

zooplankton as an indicator of lake condition has been

a general decrease in their use as an indicator of lake

status. In Denmark, where scientists have repeatedly

shown the usefulness of zooplankton as an indicator of

changes in trophic dynamics and the ecological state of

lakes related to changes in nutrient loading and climate

(e.g. Jeppesen et al., 2000, 2005, 2009; Søndergaard

et al., 2005), national authorities have recently decided

to either reduce substantially or completely exclude

zooplankton sampling from future key national mon-

itoring programmes with reference to the WFD

assessment programmes: this despite recommenda-

tions of not excluding zooplankton from scientists

responsible for developing and running the pro-

grammes. In Estonia, zooplankton were omitted from

small lake programmes after the implementation of the

WFD. Zooplanktonmonitoring in the UK is ad hoc and

under pressure, even in the Norfolk Broads where

280 Hydrobiologia (2011) 676:279–297

123



125

many decades of research and monitoring have been

conducted (e.g. Gurney, 1929; Timms &Moss, 1984).

Not only are the contemporary lake water zoo-

plankton useful indicators of ecological status, but

also their sedimentary remains provide information

on ecosystem state and change through time. The top

centimetre of sediment may give an integrated picture

of not only the pelagic community, but also of the

role of benthic- and plant-associated species, as

sediment samples typically include more species

and exhibit higher species diversity than contempo-

rary samples (Davidson et al., 2007; Nevalainen,

2010) as they integrate spatially (sediment focusing)

and temporarily (all seasons and a few years)

gathered samples (Battarbee et al., 2005; Van-

dekerkhove et al., 2005). Benthic zooplankton taxa

are well represented among sedimentary remains and

when methods are adapted to include analysis of

ephippia remains the keystone species Daphnia will

be better represented (Jeppesen et al., 2001a, b;

Davidson et al., 2007). Thus, sedimentary remains are

useful as an indicator of ecological conditions as they

reflect not only the ‘sandwich’ between top-down and

bottom-up forces, but also represent both benthic and

pelagic taxa and can track changes in the relative

importance of the respective habitats.

In this article, we demonstrate mainly with exam-

ples from Denmark, Estonia and UK that zooplankton

are important indicators of ecological state and

discuss simple metrics that with further development

could be useful indicators of the structure and

function of lake ecosystems and their ecological

status. We finally appeal to the EU to include

zooplankton as a BQE as soon as possible.

Assessment: contemporary samples

Zooplankton community as indicator

of eutrophication

An analysis of data from Danish lakes has shown

clear changes in zooplankton community structure

and richness along a eutrophication gradient (Jeppe-

sen et al., 2000; Fig. 1), Zooplankton species richness

declined considerably with increasing total phospho-

rus (TP) concentrations (Fig. 1A). The decline was

particularly noticeable for the number of cladoceran

species, although a pronounced decline was also

observed in the species (taxon) number of copepods

and rotifers. The zooplankton biomass increased with

TP for all major groups (Fig. 1B). However, the
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Fig. 1 A Box-plot showing the species richness of total

zooplankton and cladocerans in five different TP classes. The

full line represents median values. Also shown are 10, 25, 75

and 90% percentiles of the variables. B Time-weighted

summer mean biomass and percentage contribution of zoo-

plankton to total biomass in five different TP classes (from

Jeppesen et al., 2000)
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contribution of Daphnia spp. to the total biomass of

cladocerans decreased and the contribution of cyclo-

poids to the total abundance and biomass of copepods

increased. Multiple regressions revealed that CPUE

of plankti-benthivorous fish by numbers contributed

positively and significantly to the variation in the

percentage of Daphnia spp. to mean specimen

biomass of cladocerans and to the biomass percentage

of calanoids to total copepods.

Results from Estonian lakes concur with these

findings. Long-term investigations of the moderately

eutrophic and large Lake Peipsi and the very

eutrophic Lake Võrtsjärv have shown that both

abundance and biomass of zooplankton increase with

eutrophication (Haberman, 1996, 1998). Moreover,

the number, biomass and proportion by number and

biomass of rotifers increased with tropic state, the

proportion of Daphnia of total crustacean biomass

decreased, while, in contrast to Danish lakes, cope-

pod biomass decreased (Haberman et al., 2007). In

the Estonian lakes, the proportion of rotifers by

number and biomass and the biomass of zooplankton

are most closely linked with trophic state, while

others—as in the Danish lakes—are better indicators

of top-down regulating factors.

As most zooplankton species are found in a wide

variety of lake types, the indicator value of individual

species is somewhat limited to extreme oligotrophic

or eutrophic conditions. In some instances, certain

zooplankton species, especially rotifers, have an

apparent indicator value for lakes (Gannon & Stem-

berger, 1978). However, indices based on species

may be valuable indicators. Mäemets (1980) demon-

strated a clear relationship between zooplankton

community composition, lake type and trophic state,

and developed the trophic state index E:

E ¼ Kðxþ 1Þ
ðAþ YÞðyþ 1Þ ;

where K, A and Y are the number of the species of

rotifers, copepods and cladocerans, respectively; and

x and y are the numbers as indicators of meso-

eutrophy and oligo-mesotrophy. Mäemets (1980)

further demonstrated that E is below 0.2 in the

pelagial of oligotrophic lakes, and that it ranges

between 0.2 and 1 in mesotrophic lakes, between 1

and 4 in eutrophic lakes, and is above 4 in hypertro-

phic lakes. This system has yet to be tested on other

comparable lake systems.

Zooplankton size as indicator of eutrophication

and predation

Zooplankton size also changes markedly with eutro-

phication and the related increase in fish predation. In

a study of Danish lakes (Jeppesen et al., 2000), the

mean individual body weight of cladocerans

decreased substantially with increasing TP (Fig. 2).

This reduction reflected not only the low relative
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abundance of large Daphnia spp., but also a reduction

in the body weight of the remaining Daphnia spp. and

of small cladocerans.

The body weight of zooplankton was also strongly

affected by trophic state in the two Estonian lakes

(Haberman & Künnap, 2002; Haberman & Laugaste,

2003). Thus, mean zooplankton body weight was

4.4 lg (average for 1997–2000) in moderately eutro-

phic Lake Peipsi, but only 2.7 lg in the more

eutrophic Lake Võrtsjärv. This difference could be

followed for all zooplankton groups; moreover,

concurrently with increasing eutrophication, there

was a marked decrease in zooplankton body weight

(during the 1960–1990s) in both lakes (Fig. 3).

Zooplankton:phytoplankton ratio as indicator

of zooplankton grazing

The changes in the zooplankton appear to cascade to

the phytoplankton. We used the zooplankton:phyto-

plankton biomass ratio (Zoo:Phyto ratio) as an

indicator of the cascading effects on phytoplankton.

In the Danish lakes, the mean Zoo:Phyto ratio during

summer decreased significantly with increasing TP,

from an average of 0.46 at low TP to 0.08–0.15 at

high TP groups 3–5 (Fig. 4A) (Jeppesen et al., 2000).

In a study of 466 lakes spanning an even larger TP

gradient, Jeppesen et al. (2003a) also found a

decreasing Zoo:Phyto ratio with increasing TP in

both shallow and deep lakes (Fig. 4B). Further

evidence has come from Estonian lakes. Blank

et al. (2010) recorded the Zoo:Phyto ratio during

1997–2008 in different parts of Lake Peipsi: the

northern eutrophic Peipsi, the southern hypertrophic

Lake Pihkva, and Lake Lämmijärv connecting the

two parts. The average ratio for the period differed

substantially among the lake parts, showing a marked

decline with increasing eutrophication (Fig. 5A), and

the change with time was also clear (Fig. 5A, B). The

ratio was inversely related to TP and positively to

lake transparency (expressed as the Secchi depth)

(Fig. 5C, D).

Zooplankton as indicator of change in climate

Based on data from 81 shallow European lakes

(North Sweden to Spain) sampled with standardised

methods, Gyllström et al. (2005) showed that zoo-

plankton biomass was related to TP in all climate

zones following the same relationship in all the

regions. Importantly, however, fish biomass and the

fish:zooplankton biomass ratio increased from cold to

warm lakes, while the zooplankton:Chl a ratio

decreased substantially (Fig. 6). These effects may

be interpreted as an increase in fish predation in

warmer relative to colder lakes, resulting in cascading

effects on the potential of zooplankton to control the

phytoplankton community. The data suggested that

bottom-up forces, such as nutrient concentration, are

the most important predictors of zooplankton bio-

mass. However, climate contributes significantly—

possibly by affecting top-down regulation by fish—

and may interact with productivity in determining the

zooplankton standing biomass and community com-

position (Gyllström et al., 2005). Hence, the study

suggested that food web dynamics are closely linked

with climatic features.

Similar results were obtained by Havens & Beaver

(2011) who compared the Zoo:Phyto ratio in sub-

tropical Florida lakes with a number of north

European lakes exhibiting a similar range of chloro-

phyll a and TP concentrations (Fig. 7). They found

very low ratios in the Florida lakes compared with

shallow mesotrophic to hyper-eutrophic lakes from

Denmark and Germany. The highest ratios in Florida

consistently occurred in the turbid pelagic region of

Lake Okeechobee, where perhaps the suspended

sediment particles reduce the reaction distance for

visual planktivorous fishes; yet, the ratio still was

four-fold lower than in the shallow temperate lakes
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(Havens & Beaver, 2011). These authors also argued

that higher fish predation in the Florida lakes was of

key importance.

Assessment: palaeoecological samples

Cladoceran remains as indicators of structure

and function

The response of cladocerans to anthropogenically

induced changes has enabled pseudofossils of cla-

docerans, in particular chydorids, to be used widely in

palaeolimnological studies to reconstruct trophic or

acid conditions (Harmsworth & Whiteside, 1968;

Whiteside, 1970; Brodersen et al., 1998; Jeppesen

et al., 2001a), infer changes in macrophyte and fish

communities (Jeppesen et al., 2001b; Davidson et al.,

2010a, b) and to trace temperature changes (Duigan

& Birks, 2000). The fact that cladocerans have been

used to track changes in such a variety of parameters

is an indication of their sensitivity to the many

anthropogenic stresses currently at play as discussed

above. This sensitivity stems from their central

position in the food web and the good representation

of both benthic and pelagic taxa, meaning that the

assemblage responds to variations in predation

pressure, resource provision and habitat availability.

This is a great benefit for the use of cladocerans as

indicators of ecological state, but also represents a

challenge to palaeoecological modelling and inter-

pretation of past changes in assemblage. Thus, it

bears reiteration (Smol, 1991; Battarbee et al., 2005;

Sayer et al., 2010a) that it is vital that an under-

standing of modern cladoceran ecology is well

integrated into palaeoecological investigations, par-

ticularly when the aim is the assessment of ecological

conditions.

The use of sub-fossils as indicators of change in

contemporary communities is well founded (Jeppesen

et al., 2001a, 2003b). Davidson et al. (2007) analysed

the contemporary zooplankton populations and their

sub-fossil remains in 39 shallow lakes in the UK and

Denmark. Contemporary zooplankton populations
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sampled from both the lake edge and the open water

in August were compared with surficial sediment

assemblages. The same two factors, zooplanktivorous

fish density and submerged macrophyte abundance,

were not only the main structuring forces for both

datasets, but also explained very similar amounts of

the variation in the different assemblages. Procrustes

analysis (Jackson, 1995), a technique which com-

pares ordination results and tests the significance of

these results, demonstrated that, despite inevitable

differences in the fossil assemblage and the live

community that formed them, living communities

and their sedimentary remains reflect the environ-

ment by which they are shaped in broadly similar

ways.

Daphnia proportion of resting eggs

A study of surface sediment from lakes around the

globe by Jeppesen et al. (2003b) showed that the

contribution of Daphnia to the total pool of Bosmina

spp. and Daphnia spp. ephippia in the surface

sediment was zero (with one exception) when the

abundance of fish CPUE (catch per gillnet per night)

exceeded 0.3 fish net-1 in low-TP Greenland lakes

and 3–10 fish net-1 in New Zealand lakes in which

TP was somewhat higher. In contrast, Daphnia

percentage contribution remained high in some

nutrient-rich Danish lakes until 70 fish net-1

(Fig. 8). This is in good agreement with data from

the UK (Davidson et al., 2007). Accordingly, a
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multiple regression revealed that the proportion

of Daphnia ephippia (Daphnia ephippia/(Daphnia

ephippia ? Bosmina ephippia) %, DAPsed (%)) was

strongly inversely related to CPUE and positively

related to TP (mg P l-1):

DAPsed %ð Þ ¼ 136� 17� 19� 2 log e CPUEþ 1ð Þ
þ 16� 4 log e TPð Þ;
r2 ¼ 0:45; P\0:0001:

The above findings demonstrate that the occur-

rence of Daphnia in sediments is a reflection of the

abundance of fish and also of the trophic state of the

lakes, illustrating the ‘sandwich’ indicator role of

zooplankton.

Shifts in cladoceran assemblages reflecting

ecosystem change

Under oligotrophic conditions the on/off nature of the

relationship between Daphnia and fish presence

makes it a powerful indicator of changes in the

predation pressure over time. The challenge in systems

with higher trophic status has been to develop methods

that are capable of separating the impact of changes in

the fish population from those of nutrient enrichment

and changes in macrophyte abundance. Previous

inference models have reconstructed a single variable

in isolation, such as fish density (Jeppesen et al., 1996)

or macrophyte PVI (Johansson et al., 2005). Recently,

regression tree-based models have highlighted the

potential of this technique to be used to separate

changes in fish community from the impacts of

changing macrophyte abundance (Davidson et al.,

2010b). The application of the model, in combination

with plant macrofossil, diatom and chironomid anal-

yses, to sediment cores from a shallow lake (Davidson

et al., 2010a; Sayer et al., 2010b) provided a detailed

picture of eutrophication driven change in the ecology

of the lake over time.

The comparison of assemblage change through

time, summarised by PCA axis scores, demonstrates

that cladocerans and chironomids were the most

sensitive to the effects of eutrophication (Fig. 9). The

initial change in macrophyte flora, dating to around

1850s between 45 and 50 cm, occurred in concert

with the first shifts in the cladoceran assemblage

community (see Davidson et al., this volume) and

preceded the response of the diatom assemblage the

change in which was only detectable in the 1930s

coinciding with the later stages of eutrophication

(Fig. 8). The chironomid assemblage also changed

relatively early in the record (Davidson et al., 2010a),

indicating that benthic fauna are the most sensitive

indicators of the ecological changes associated

with the early stages of nutrient enrichment. The
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cladoceran PCA axis 1 scores summarise the shift

from an evenly distributed assemblage dominated by

benthic taxa to a less even community where a few

pelagic taxa had the highest relative and absolute

abundance, reflecting change from the bottom up.

The change in Daphnia abundance in the 1970s

reflects the loss of the dominant zooplanktivore and a

sharp decline in total fish abundance (Davidson et al.,

2010a). This change in fish predation pressure was

reflected neither by the diatom nor the chironomid

record (Davidson et al., 2010a). The fact that

cladocerans can be both benthic and pelagic makes

them not only sensitive to environmental change, it

also means alteration of the composition of the taxa

may elucidate changes in ecosystem function (David-

son et al., 2010a, b). In this case, the eutrophication-

associated increase in pelagic over benthic taxa

(Fig. 8) is in good agreement with a broad spatial

scale response to eutrophication, namely, a shift from

benthic to pelagic primary production (Vadeboncoeur

et al., 2003).

Egg size versus fish abundance

The size of Daphnia resting eggs has been shown to

be a valuable indicator. Jeppesen et al. (2002) found a

significant linear relationship between the size of the

ephippia-bearing Daphnia females, as measured from

the centre of the eye to the base of the tail spine,

versus dorsal length of ephippia (Fig. 10): length

(mm) = 0.33 ± 0.02 ? 1.55 ± 0.03 ephippia size

(mm), r2 = 0.91, P\ 0.001, n = 230.

The combination of these different palaeoecolog-

ical approaches based on Daphnia size and the

application of assemblage-based models capable of

dealing with multiple structuring forces has opened up

the possibility, particularly in combination with anal-

ysis of other biological groups, such as plant macro-

fossils (Birks, 1980; Davidson et al., 2005), of tracking

change in the ecological status of lakes over timescales

outside the range of most monitoring studies. Cur-

rently, the missing step has been the integration of the

modern assessment of ecological conditions and
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metric development with palaeoecological methods to

develop a model capable of inferring past change in

some metrics of ecological conditions. This would

allow the current status of an individual lake to be

placed in the context of its past condition and also to

classify a lake’s deviation from the undisturbed

(reference) conditions as required in the WFD. There

are few other potential BQEs that have this potential

for providing a long-term perspective on both patterns

and processes of ecological change.

Changes in water level, salinity and climate

Major changes in the ecological state of lakes can be

expected in the future because of climate change

(Blenckner et al., 2007; Jeppesen et al., 2009) that in

arid areas is accompanied by changes in water level

and salinity (Beklioglu et al. 2007). Cladocerans may

also be useful proxies for direct and indirect effects of

climate change. Changes in temperature may also be

tracked by changes in the proportion of the resting

egg to carapace ratio of Bosmina, which decreases

several order of magnitudes from Greenland to Spain

(Jeppesen et al. 2003a, b), or by changes in this ratio

among chydorids (Sarmaja-Korjonen, 2003). The

cladoceran community composition is affected by

salinity (Bos et al., 1996, 1999; Amsinck et al.,

2005a, b; Brucet et al., 2009) because of variations in

physiological tolerance of the species, and by

changes in water level (Korhola et al., 2000; Amsinck

et al., 2006; Kattel et al., 2007; Nevalainen et al.,

2011; Nevalainen, 2011) as the proportion of benthic
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and pelagic forms is dependent on lake depth. There

are, however, other factors, in particular changes in

fish predation which also shape the cladoceran

assemblage and thus, quantitative models must be

applied with caution (Davidson et al., under review).

Cladocerans may prove to be useful indicators of past

climate change, as demonstrated for several tropical

lake studies by Verschuren et al. (1999a, b, 2000).

Do zooplankton respond to changes in the short

term?

If a BQE and the associated metrics are good indicators

of the ecological status of lakes, then they should

respond to changes in pressures. In this article, we

provide examples showing that zooplankton metrics

respond to nutrient loading reduction, sudden shifts in

ecological state related to fish kills or lake restoration

attempts. Furthermore, we give an example of gradual

change in ecological conditions and a changing cla-

doceran community in response to fish stocking, and an

example of long-term effects of eutrophication on the

ecological structure and function of a shallow lake.

Response to nutrient loading reduction

In a comprehensive study of lakes in recovery from

eutrophication, Jeppesen et al. (2005) analysed

changes in the seasonal dynamics of zooplankton in

eight shallow Danish lakes studied during 13 years

(Fig. 11). They found no changes in zooplankton

biomass, except for an increase in November and

December. However, the biomass of small cladocer-

ans declined during summer and autumn, and the

proportion of Daphnia to cladoceran biomass

increased. Average body weight of Daphnia and that

of all cladocerans increased. The proportion of

calanoids among copepods decreased in summer,

and the average body weight of cyclopoids and

calanoids decreased during summer and autumn/early

winter. Moreover, the Zoo:Phyto ratio during summer

increased, indicating reduced top-down control on

zooplankton and enhanced grazing on phytoplankton.

Except for the lack in response of the zooplankton

biomass, all these changes follow the pattern

expected when the nutrient level is reduced from

the multi-lake analysis described above, an indication

that zooplankton are a sensitive BQE (Fig. 11).

Response to changes in fish abundance

Natural fish kills may substantially influence the

phytoplankton abundance, composition and biomass

and, with it, the water clarity too. For example,

changes in duration of ice cover may influence

summer plankton because of changes in the propor-

tion of fish that survives the winter. In shallow

eutrophic lakes covered by ice for up to 5 months a

year, fish abundance is typically low due to frequent

intense fish kills. Comparative studies of Danish

coastal lakes and continental Canadian lakes with

similar summer temperatures, but major temperature

differences during winter, have shown fourfold

lower chl a:TP ratios and higher Zoo:Phyto ratios

in the winter-cold Canadian lakes, perhaps because

of a lower winter survival of zooplanktivorous fish

under ice in the latter (Jackson et al., 2007).

Monitoring data from Danish lakes show indications

of reduced fish predation in 1996 after the only cold

winter with prolonged ice cover (ca. 60–90 days)

during the monitoring period, 1989–2006. The size

structure of the main cladoceran species in the

Danish lakes was displaced towards larger size

classes in the summer following the cold winter,

resulting in a greater grazing capacity on phyto-

plankton. At the community level, zooplankton

constituted a larger proportion of larger-bodied taxa

during the following summer. Accordingly, phyto-

plankton biomass (as chl a) was lower, and grazing

(identified as a chl a:TP ratio) was higher (Balayla

et al., 2010).

Likewise, Ruuhijärvi et al. (2010) showed marked

increases in the size of Daphnia after recorded fish

kills under ice in the winter 2002–2003 (Fig. 12).

They also showed major concurrent changes in

phytoplankton abundance and water clarity, and even

more noteworthy also in the composition of phyto-

plankton, with much less harmful cyanobacteria in

the 2 years following the fish kills. Although not

included, the Zoo:Phyto ratio was also higher in the

years after fish kills, demonstrating the value, as for

the Danish lakes, of using cladoceran size and

Zoo:Phyto ratios as indicators of changes in trophic

dynamics related to changes in fish stocks. Only very

comprehensive fish programmes, unrealistic in a

WFD context, would have illustrated correctly the

important changes in cyanobacteria abundance in, for

instance, the Finnish lake.
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Response to restoration by biomanipulation

When nutrient loading is reduced, lakes often exhibit a

slow response (Jeppesen et al., 2005). In order to

reinforce recovery, various methods, among which

removal of planktivorous fish (termed biomanipula-

tion, Shapiro et al., 1975; Benndorf, 1995) has been

particularly popular, have been used. Biomanipulation
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of seasonal variation in the biomass of various zooplankton

taxa, the zooplankton-to-phytoplankton biomass ratio, and the

mean body weight of various zooplankton taxa in eight shallow

lakes during three periods. Maximum values are occasionally

outside the range of the panels (from Jeppesen et al., 2005)
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studies of Danish lakes (Søndergaard et al., 2007,

2008) show the profound effect that fish have on

trophic state and WFD selected ecological state

indicators, and the importance of including zooplank-

ton as ecological indicator. Initially, removal of

plankti-benthivorous fish resulted in substantial reduc-

tions in chlorophyll and suspended matter and

increases in water clarity. As in the examples of fish

kills, major changes also occurred in the phytoplank-

ton composition, and especially the biomass of the

harmful cyanobacteria was markedly reduced. While

the zooplankton biomass was not affected, both size of

Daphnia (?) and other (small) cladocerans (-), and

not the least the zooplankton:chlorophyll a ratio (?),

were affected in many of the lakes (Fig. 13). After the

return of fish after some years to most of the lakes, this

tendency was reversed and cyanobacteria returned.

Again, size of cladocerans and the Zoo:Phyto ratio

appeared to be good indicators of the changes.

Response to fish stocking

The opposite scenario to biomanipulation is fish

introduction. A palaeoecological study at Kenfig Pool,

a shallow (max depth = 2.6 m) moderately large

(24 ha) lake in an extensive sand dune system in

South Wales provides evidence of the utility of

cladocerans in tracking change in ecosystem structure

and function associated with fish stocking. The

investigation was conducted to support the fish

management strategy at the site (Davidson&Appleby,

2003). The cladoceran record and the application of

the MRT model (Davidson et al., 2010b) highlighted

two main periods of change: the first around 1850s

(45-cm depth) was abrupt; and the second, initiated in

the 1950s (around 25 cm), was a more gradual change

from that point continuing to the present (Fig. 13A,

B). Plant macrofossils’ remains, which have been

shown to accurately reflect changes in the dominant

components of submerged vegetation (Davidson et al.,

2005), were also analysed.

The change around the 1850s consisted of a sharp

increase in the abundance of charophyte oospores and

a pronounced increase in the relative abundance of

pelagic cladoceran taxa (in particular Daphnia spp.)

(Fig. 14). The reason for these changes is unclear, but

a likely candidate is a step change in water depth,

caused by humanmanagement around the 1850s, and a

large increase in the area of the pelagic habitat. The

second point of change starting around the 1950s was a

shift in from the dominance of Daphnia to Bosmina,

concurrent with the gradual decline the relative

abundance of Chydorus sphaericus. The MRT model

infers this post 1950s change as an increase in the

abundance of zooplanktivorous fish, which agrees

well with documentary evidence of fish stocking

events (Davidson & Appleby, 2003). Before the

1950s, the lake had a fish community consisting of

eel and sticklebacks. In 1957, 3,000 mixed coarse fish

were stocked into the lake, and stocking with a variety

of species (Salmo trutta L., Perca fluviatilis L.,

Scardinus erythropthalmus L. and even Cyprinus

carpio L.) has continued at regular intervals since

that year. TheMRTmodel suggests that there has been

a gradual increase in predation pressure, as reflected

by the cladoceran community over the last 50 years.

The final two changes in MRT group membership

from group C at 10 cm to group D at 5 cm and then B

at the surface suggest that chlorophyll a has increased

during the last 10 years, as the average value for group

C was 10 lg l-1, and the mean value for both group D

and B is 20 lg l-1. These recent changes from MRT

group B to C suggest a shift, in agreement with the

plant macrofossils, from dominance of several charo-

phyte species to the site where finely leaved
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Potamogeton taxa are the most abundant group, which

accurately reflects the modern submerged flora of the

site (Goldsmith et al., unpublished data).

Thus, in summary, and similar to the example of

Felbrigg Lake (Davidson et al., 2010a), the changes

in sub-fossil cladoceran assemblage through time at

Kenfig Pool, reflect variation in the physical and

biological elements, such as water depth and the

species composition/abundance of macrophytes

(Davidson et al., this issue), and also change in the

top down factor predation. Establishing relationships

between cladoceran assemblages and their environ-

mental controls from contemporary data has opened

up the possibility of disentangling these two drivers

of change. Several other studies have also sought to

elucidate the effect of fish stocking on lake ecosys-

tems using cladoceran remains in the sediment as

proxies (e.g. Verschuren & Marnell, 1997; Buchaca

et al., 2011).

Most sensitive metrics

Further exercises are needed to develop metrics at the

regional level through Europe as in the cases of the

other BQEs. Size structures (zooplankton, resting

eggs) proportion of large zooplankton, zooplankton

size, cladoceran size and the Zoo:Phyto ratio can

indicate ‘top-down’ processes. Important indicators

of ‘bottom-up’ processes could be zooplankton

biomass, the proportion of rotifers by numbers and

the proportion of calanoid copepods. Perhaps also

zooplankton fecundity would be worth exploring as a

‘bottom-up’ metric as suggested by Caroni & Irvine
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(2010). With better feeding, zooplankton produce

more eggs. This indicator of food availability

provides a more reliable estimate of trophic dynamics

than chlorophyll a concentrations, because the former

is dependent on food ingested rather than potential

food present, which can be reduced through dietary

unsuitability or unavailability of some phytoplankton

(Caroni & Irvine, 2010). Combination of ‘top-down’

and ‘bottom-up’ indicator metrics might yield a solid

assessment of trophic conditions in the pelagic of

lakes.

In palaeoecological terms, the absence of zoo-

plankton from the WFD means that there has been

little support for the development of appropriate

metrics. However, the palaeoecological data pre-

sented here suggest that sedimentary cladoceran

assemblages are sensitive to ecological change and

a relatively simple metric summarising a combination

of the benthic/pelagic balance of taxa, and the size of

the remains as a measure of fish predation pressure

could be a useful predictor of ecological quality.

Conclusions and epilogue

The above described examples in this study illustrate

that zooplankton are important indicators of the

structure and function of freshwater lake ecosystems

and their ecological status. Further exercises are

certainly needed to develop metrics at the regional

level throughout Europe as in the cases of other

BQEs. So far, the most promising metrics based on

contemporary samples are zooplankton biomass, the

proportion of rotifers by numbers, the proportion of

large zooplankton, zooplankton size, cladoceran size,

the proportion of calanoid copepods, and zooplank-

ton:phytoplankton biomass ratio; for surface sedi-

ment: size and the proportion of large forms of resting

eggs and the proportion of pelagic cladoceran

remains.

We strongly support the epilogue of the article by

Caroni & Irvine (2010) stating that: ‘The freshwater

zooplankters occupy an important and strategic

position within the trophic web of a lake ecosystem

and are sensitive to anthropogenic impacts. Sampling

zooplankton is generally straightforward, and no

more complex or expensive than many other forms

of sampling. While their absence from monitoring

recommended under the European Water Framework

Directive (2000/60/EC) seems a curious omission,

there is no well argued scientific explanation why

zooplankton should not be part of national monitoring

designed to support the protection of (Irish) lakes.

Meeting the minimum requirement of international

policy is not necessarily synonymous with environ-

mental protection’.

It is important to emphasise, though, that zoo-

plankton monitoring can be included in schemes of

operational monitoring (for waterbodies identified as

being at risk of failing to meet their environmental

objectives, and for those into which priority list

substances are discharged), and investigative moni-

toring (if the reason for deviations is unknown, to

ascertain the causes of a waterbody or waterbodies

failing to achieve the environmental objectives, or to

ascertain the magnitude and impacts of accidental

pollution). Zooplankton can be included into these

monitoring schemes if it can be proven to be the

quality element most sensitive to the pressures to

which the waterbodies are subjected. However, based

on the experience from Denmark, it is clear that the

risk is very high (maybe close to 100%) that the

policy makers and managers follow the minimum

requirement policy. We, therefore, strongly appeal to

the relevant EU authorities to consider (and include)

zooplankton as a BQE during the first revision of the

programme. We also see the omission of zooplankton

as a loss of opportunity for transitional waters and

large rivers. As highlighted by Moss et al. (2003),

Moss (2008) and Caroni & Irvine (2010), the focus

mainly on ecosystem structure and less on function in

the WFD must be reconsidered, and we have shown

that zooplankton are a key element here for under-

standing lake ecosystem function—and perhaps also

for large rivers and transitional waters.
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Abstract During the study period 1997–2007, the

duration of the ice cover of Lake Peipsi, the largest

freshwater lake in Estonia, was variable. The ice-break

took place in mid-April instead of generally in May.

Compared with data from 1960s onwards, a trend of

shortening of the duration of ice-cover period is

evident. In under-ice phytoplankton, diatoms, crypto-

phytes and flagellated chlorophytes predominated

from March to June. In zooplankton, while thermo-

phobic rotifers dominated in densities, copepods were

dominant in biomass. The monthly sum of positive

water temperatures correlated with the zooplankton in

the following month and duration of the ice cover

correlated with the biomass of all different zooplank-

ton groups in May and June. The sum of water

temperatures in April, May and June was positively

correlated with the biomass of cladocerans and cope-

pods, and negatively with the biomass of winter

rotifers. Mild winters affected nitrogen and silica

concentration positively and phosphorus concentra-

tion negatively.

Keywords Ice duration � Lake Peipsi �
Plankton � Winter � Spring

Introduction

Climate warming is known to affect ice formation in

temperate lakes, more in winter and spring (Sorvari

et al. 2002; Weyhenmeyer et al. 2005) than in the

other seasons. This is reflected by the later formation

of ice and its earlier break-up, i.e. in a shorter duration

of ice cover. This shortening of duration of ice period

affects water chemistry, oxygen and light conditions

and, consequently, the composition and abundance of

plankton. It is possible that conditions prevailing in

winter determine the bulk of ‘inoculum’ of phyto-

plankton species in spring, and thus also the phyto-

plankton succession pattern in spring and possibly

over the entire year (Adrian et al. 1999). According to

Köhler and Hoeg (2000), shallow lakes are more

strongly influenced by stochastic meteorological

events than deep lakes. On the other hand, because

of their low heat storage capacity in shallow lakes, the

effects of winter on spring plankton communities are

short-lived (Adrian et al. 1999). The light deficit can

play an important role in the life of winter plankton

(e.g. Nebaeus 1984; Arvola and Rask 1984; Pettersson

et al. 2003). In case of ice-covered lakes, snow

attenuates PAR (photosynthetically active radiation),

i.e. and even a thin (2–8 cm) snow cover reduces the

PAR to 10% or less (Bolsenga and Vanderploeg

1992). However, the vertical stability of the water

column is considered to be even more important for

the plankton community than temperature or light

effect (Watson et al. 1996; Mitrofanova et al. 2007).
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As a rule, in water without circulation, large and

heavy diatoms settle, and small centric diatoms and

flagellated taxa dominate (Wawrick 1980; Pettersson

et al. 2003). At ice melting, the biomass of centric

diatoms increases sharply, attaining a peak during

May–June. Some flagellate forms have certain advan-

tages in winter conditions: for example Volvocales

algae have lower temperature and light requirements

compared with the Chlorococcales (Dokulil 1991).

Rotifers as well as adult and juvenile copepods

prevail in winter zooplankton (Ventelä et al. 1998;

Virro et al. 2009) but, as for phytoplankton, such

effects can markedly differ between years (Sarvala

et al. 1998). In May, temperature affects the devel-

opment of nauplii, which among the life cycle stages

of copepods are the most sensitive to starvation. In

spring, phytoplankton depends on light, also in deep

waters under both mixing/stratification conditions,

while zooplankton depends on availability of food and

on water temperature (Sommer et al. 2007). Adrian

et al. (1999) found that in a shallow lake the plankton

groups that appeared first in seasonal succession

reached their density maximum earlier after mild and

average winters than after long and cold winters. In

some cases, reduced photosynthesis in combination

with decomposition processes of shallow lakes may

lead to anoxia and fish kill (Pennak 1968; Winfield

2004; Kangur et al. 2005, 2008) and, consequently, to

stronger zooplankton control of phytoplankton (Jack-

son et al. 2007).

Global warming has affected Lake Peipsi: the

period of the ice cover became shorter in the last

decade i.e. it was only 2 months in 2007–2008

compared with 6 months (November–April; Jaani

2001) in the 1960s. In the present study, we focused

on the role of mild winters on plankton community

and nutrients. We hypothesize that mild winters affect

the dynamics of water, nutrient and plankton: nitrogen

and silica positively and phosphorus negatively,

increasing the peak of centric diatoms in the month

immediately following to ice-break and the amount of

eurythermic zooplankton species.

Materials and methods

Lake Peipsi (sensu lato) (area 3,555 km2; mean depth

7.1 m; and Ptot 0.05 mg l-1; and Ntot 0.70 mg l-1 as

an average for the vegetation period of 1997–2006).

It is located in Eastern Estonia, forms border between

Estonia and Russia in the area and consists of three

parts with different trophic states. These are the

moderately eutrophic L. Peipsi s.s. (sensu stricto), the

highly eutrophic L. Pihkva (Pskov) and the narrow

L. Lämmijärv connecting the mentioned two parts

(Fig. 1). Hydrobiological and chemical samples were

collected monthly during the 10 year period, 1997–

2007, from March to June and complemented with

some data of March 2008. During the entire study

period, we sampled eight times in March and seven

times in April; data for April are available only for

the ice-free years. Integrated samples of phytoplank-

ton and zooplankton were obtained with Van Dorn

sampler by mixing the samples from whole water

column. Depending on the month, the number of

sampling sites varied from 6 (inland monitoring,

sample points from Estonian side) to 13 (joint

expedition of Estonia and Russia). The detailed

methods of sampling and treatment are described by

Laugaste et al. (2001) and by Haberman (2001).

Chemical determinations (Ntot, NO3–N; DIN; Ptot; Si;

Fig. 1 Map of the lake with sampling points
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Fe; and CODCr) were made by Tartu Environmental

Researchers Ltd, Estonia. The Estonian Accreditation

Centre hereby certifies that Tartu Environmental

Research Laboratory has competence according to

EN ISO/IEC 17025:2005 in the field of water,

sediment and soil chemical analysis. Flow analysis

CFA and spectrometric detection were used. Daily

data of air and water temperatures were obtained

from the Institute of Meteorology and Hydrology of

Estonia.

For Pearson and Spearman correlations of data

(climate, hydrology, hydrochemistry, plankton) and

multiparametric regression models, chemical and

physical variables were log-transformed and for

plankton biomasses, we used root-mean-squared val-

ues. The regression models were fitted to the data

using the GLM procedure of the SAS System, Release

8.2 (SAS Insititute Inc. 1999). Using parametrical

functions (ESTIMATE statement in SAS), we esti-

mated differences between the winters with short and

long ice cover duration.

Results

The relationship between the sum of negative air

temperatures during the ice-cover period and the

duration of the ice cover (1997–2007) was not

significant (r2 0.19) between these parameters

(Fig. 2). The length of the ice-covered period on

Lake Peipsi is highly variable, and in the last decade

ice-break happened sometimes already in mid-April

instead of the beginning of May as usual. We

observed a significant negative correlationship

between duration of the ice cover and water temper-

ature in the month immediately following ice-break in

Lake Peipsi. One month later, however, water

temperatures depend on air temperatures, which are

not related to winter conditions.

Phosphorus concentration of water depended sig-

nificantly on severity of winter: 100 days longer ice

cover was related to an increase in P concentration by

ca. 50% and 200�C higher sum of water temperatures

up to sampling in May there was a 10% increase in P

concentration of water (P\ 0.001). The duration of

the ice cover influenced negatively the nitrogen

concentration of water: this was true for Ntot, NO3–

N, DIN (r = 0.31, 0.42, 0.30, respectively;

P\ 0.0001) and also for CODCr concentrations in

both parts of the lake (r = 0.35; P = 0.001), on Si in

the northern part (r = 0.37; P = 0.022), and the

Ntot:Ptot mass ratio (r = 0.44; P\ 0.0001), and Fe in

the shallow southern part of the lake (r = 0.36;

P = 0.027). If the ice cover lastedmore than 100 days,

statistical analysis (P\ 0.001) suggested a drop in the

concentration in water of Si (-50%), Ntot (-23%),

DIN (-62%), Fe (-64%) and of CODCr (-33%).

In all winters, diatoms, mainly cryophilic Aula-

coseira islandica (O. Müller) Simonsen, prevailed in

under-ice phytoplankton biomass at most sampling

points (Fig. 3a). Cryptophytes and small Volvocales

prevailed in phytoplankton, and zooflagellates were

also common. Sometimes Aulacoseira ambigua

(O. Müller) Simonsen dominated in L. Pihkva, in

L. Lämmijärv and in the southern part of L. Peipsi. This

was true also for Microcystis viridis (A. Braun)

Rabenh. in March 2006 after its heavy bloom in the

previous year in summer and autumn. Since 1999,

phytoplankton biomass has been rather stable, but

in 2008 it reached several times higher values of

2–4 mg l-1 in the central and southern parts of L.

Peipsi s.s. Thenmost sampling points were ice-free and

dominated by the large Stephanodiscus neoastraea

Håk. et Hickel with a median of 2.6 mg l-1 (Fig. 3a).

The proportion of diatoms in phytoplankton biomass

was always high (21–98%, median 70). In the severe

winters of 2003 and 2006, the biomass of chlorophytes

and cryptophytes was lower than in other years

(Fig. 3b).

During the ice-free period (1997–2007) in April,

diatoms and cryptophytes dominated in phytoplank-

ton (A. islandica in L. Peipsi s.s., Cyclotella spp. and

A. ambigua in L. Lämmijärv). The spring maxima of

Fig. 2 Duration of ice cover (squares, with a linear trendline)

and sum of negative air temperatures during ice cover (thick

line) in 1997–2008
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A. islandica in 1999, 2002, 2005 and 2007 were not

related to water temperature. Cryptophytes domi-

nated the phytoplankton densities, and sometimes

even in biomass. The biomass of cryptophytes,

chlorophytes and cyanobacteria, and of total phyto-

plankton in June depended on cumulative effect of

water temperatures (accumulated heat) in the preced-

ing month (Fig. 4). The biomass of both chlorophytes

in the southern part of the lake (r2 0.55; P\ 0.001)

and cryptophytes in the northern part (r2 0.51;

P\ 0.001) in May correlated positively with the

sum of water temperatures in April. The dominance

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

L. Peipsi s.s. in early June instead of July followed

the extremely warm May 2002. In 2002 also,

Microcystis prevailed in L. Lämmijärv in June, and

its bloom persisted until the autumn.

In winter zooplankton, rotifers densities were high

while copepods prevailed in biomass (Fig. 5). The

cryophilic Polyarthra dolichoptera Idelson and Syn-

chaeta verrucosa Nipkow were dominant; their share

in the last 2 years, however, decreased, while that of

the more eurythermic Keratella cochlearis (Gosse)

and K. quadrata (Müller) increased. In winter 2008,

Fig. 3 Under-ice

phytoplankton of L. Peipsi

in March 1999–2008: Wet

biomasses of total

phytoplankton and diatoms

(a) and cryptophytes and

chlorophytes (b). Vertical
bars—95% confidence

limits
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with a partial ice cover, densities of both P.

dolichoptera and S. verrucosa were low. Copepods

comprised mainly juveniles of Mesocyclops and the

calanoid copepod Eudiaptomus gracilis (Sars). Ther-

mophilic cladocerans were usually lacking from

winter plankton, individuals of both Chydorus sph-

aericus Müller and Bosmina longirostris (Müller)

were occasionally found.

After the ice-break, zooplankton increased (Fig. 6):

whereas rotifers increased markedly in densities and

copepods dominated the biomass (Fig. 5). Zooplankton

groups depended on temperature to a greater extent

compared with phytoplankton: the duration of the ice

cover had a negative impact on the biomass of all

zooplankton groups, and onmean zooplankton mass in

May and June (r2 0.57). The sum of water temperatures

in April, May and June affected positively the densities

of cladocerans and copepods but negatively the

biomass of cryophilic rotifers (Fig. 7a–c). The share

of cladocerans in biomass and densities had significant

positive correlationship with water temperature in

spring (r2 0.35 and 0.44, respectively; P\ 0.0001). In

June (1997–2007), juvenile copepods and rotifers

caused zooplankton annual maximum.

Fig. 4 Relationship

between the sum of water

temperatures in May and

square root of

phytoplankton (a) and
cyanobacteria (b) wet
biomass in June
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Discussion

The duration of the ice cover became shorter during

the study period from 1997 to 2007. It was, however,

quite variable in different years (Fig. 2). Although we

found a decreased concentration of TP if ice cover was

short and vice versa, the elevated concentration of TP

in the case of the longer ice cover and anoxia in the

bottom layer, with a release of P from sediments, the

P concentration in L. Peipsi was not significantly

related with observed winter conditions. Comparison

of ice-free and ice-covered winters in L. Vänern

(Sweden) reveals significantly lower concentrations

of nitrate and silica in ice-free winters (Weyhenmeyer

et al. 2008). Such differences are evidently associated

with phytoplankton growth. In L. Vänern, chlorophyll

a concentration and the biomasses of total phyto-

plankton, cyanobacteria, diatoms, cryptophytes and

chlorophytes were significantly higher than in the ice-

free winters in L. Peipsi, while total phosphorus

concentration do not differ with presence or absence

of ice.

Our data show that the biomass of centric diatoms

was high during March–April 2008 with a preceding

very mild winter. Köhler and Hoeg (2000) stressed the

positive effect of mild winter and short duration of the

ice cover on centric diatoms. According to Adrian

et al. (1999), diatom maxima correlated negatively

with duration of the ice cover, but that of rotifers and

daphnids did not. We also noted a similar but a weaker

correlation in L. Peipsi between ice cover and diatom

biomass, there was, however, no such relationship

found with rotifers and daphnids. Whereas the dura-

tion of the ice cover affected the timing and magni-

tude of diatom peak and rotifers and daphnids in

spring, no such effect of the ice cover was observed

with maxima of chlorophytes, cryptophytes, cyano-

bacteria, bosminids and cyclopoid copepods (Adrian

et al. 1999). Cryptophytes, that are abundant in winter

and spring, are not related to water temperature but

to water level in L. Peipsi (Milius et al. 2005). In

Mondsee, cryptophytes that occurred in plankton

throughout the year had a higher biomass in winter

as they can tolerate low temperature and low light

conditions and grow fast (Dokulil and Skolaut 1986).

During the last 3–4 years, there has been trend of

increasing amount of cyanobacteria in late autumn up

to the formation of the ice in L. Peipsi.

The species composition and low abundance of

winter zooplankton in L. Peipsi are generally com-

parable with temperate lakes in Russia: L. Siverskoe,

L. Borodaevskoe, L. Vydokoshch (Rivier 2005),

L. Nero (Rivier et al. 1992) and in Rybinsk Reservoir

(Rivier 1986, 1996). The main difference is quite rare

occurrence of adult Cyclops kolensis Lilljeborg in

L. Peipsi. Since 1980s, the declining trend of

C. kolensis biomass in the winter zooplankton of

L. Peipsi has been detected (Haberman 2001). It can

be explained by the strong predation pressure by fish

(Ibneeva 1983), by high trophic state of the lake

(Sikorowa et al. 1975; Haberman 2001) and by

changes in the structure of zooplankton caused by

warm winters (Adrian and Deneke 1996). Also, in the

Fig. 5 Proportions of different groups in total zooplankton

abundance and biomass in March and in April–June

Fig. 6 Mean zooplankton abundance (bars) and wet biomass

(line) in late winter and spring months of 1997–2007
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Fig. 7 Relationship

between the sum of water

temperatures in April and

square root of abundance of

cladocerans (a) and
copepods (b) in May; and

relationship between the

sum of water temperatures

in May and square root of

wet biomass of rotifers in

June (c)

Aquat Ecol (2009) 43:745–753 751

123



shallow eutrophic lakes Nero and Seliger in Russia,

C. kolensis was not numerous (Rivier 1996).

The time of earlier breaking up of ice affects

zooplankton through relatively high water tempera-

tures in April and May. The sum of water temper-

atures in April and May had a significant, positive

effect on the growth of copepods and cladocerans, but

a negative effect on cryophilic rotifers (the dominat-

ing species was large-bodied S. verrucosa), which

cause an increase in mean zooplankton biomass in

May and June. Under the ice, both herbivores and

predators were present, and small algae, particularly

cryptophytes, were abundant, which indicates that

grazing under such conditions is not intense. The

effect of filter feeders, both copepods (E. gracilis,

copepodites of Mesocyclops and C. kolensis) and

cladocerans (first Bosmina then Daphnia), on phyto-

plankton becomes evident, as a rule, in the end of

May or June, depending on if ice-break happens

before mid-April or later up to early May. It is known

that small calanoid copepods feed on large phyto-

plankton, and control also microzooplankton in late

winter and early spring (Bundy et al. 2005). Also, we

know that zooplankton growth in spring follows the

phytoplankton spring bloom; after a few weeks of

zooplankton increase, its grazing rate exceeds phyto-

plankton production resulting in clear water phase in

late spring or early summer (Sommer et al. 2007).

They also emphasize that an earlier onset of calanoid

copepod grazing reduces the biomass of larger algae

while releasing smaller algae from grazing pressure

by protozoans. Among the rotifers, Polyarthra spe-

cies consume cryptomonads, chrysomonads and food

particles in a size range of 20–30 lm (Pourriot 1977);

Keratella feeds on detritus and bacteria with a size of

\5 lm, and Synchaeta feeds on food items as large

as 50 lm (Pourriot 1977; Karabin 1985). In L. Peipsi,

rotifers seemed to be not limited by food, because

cryptophytes are abundant in late winter in the years

of a short ice cover period (Fig. 3b). On the basis of

our data, the biomasses of phytoplankton and

zooplankton were not closely related in spring,

evidently owing to the abundance of food for grazers.

Exceptionally high peaks of Aulacoseira islandica, in

L. Peipsi occurred two to three times per decade,

irrespective of weather conditions. They mask the

dynamics of smaller phytoplankters as well as the

effect of grazing. Among the high-yield years of

Aulacoseira, April and May, there were both

relatively cool years (1999 and 2005) and warm

years (2002 and 2007).

Because the impact of climate change in ecosys-

tems has become increasingly evident, additional

information about winter conditions is needed. Win-

ter and its consequences are still one of the weakest

points in our understanding of the functioning of lake

ecosystems. In L. Peipsi, we found a close relation-

ship between duration of the ice cover and water

temperature in the month following immediately ice-

break. One month later, water temperatures depend

on air temperatures, which are not related to winter

conditions. Mild winters affected concentrations of

nitrogen and silica positively and of phosphorus

negatively. Since 1999 under-ice phytoplankton bio-

mass has been rather stable, but in 2008 (without

permanent ice-cover) it reached several times higher

densities. In all study winters, studied diatoms,

mainly cryophilic A. islandica, prevailed in under-

ice phytoplankton biomass. During the ice-free

period in April, diatoms and cryptophytes dominated

in phytoplankton (A. islandica in L. Peipsi s.s., and

Cyclotella spp. and A. ambigua in L. Lämmijärv).

Zooplankton groups depended on temperature to a

greater extent compared with phytoplankton. The

sum of water temperatures in April, May and June

affected the densities of cladocerans, copepods and

eurythermic rotifers positively but the biomass of

cryophilic rotifers negatively. Air and water temper-

atures in May and June can be quite variable in

different years, being affected by changeable weather

conditions on the coast of the Baltic Sea rather than

by the character of winter.
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���4�0	��	(��0	/0���/��$���	���	 �������/�/��������	# ��� 	��/0����	( ��) 	
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4��)	4��� ��K	�0 	� , �/) ��	��	���/��	 ����	��/ /���� �	4��	)�� 	��/���	���	
��	�0 	
�� �	��� �	�0 	4��)	4��� ��	�0 	� �� �� 	��	�0 	(��)���	��	���/���	��	4 	
��	 �0 	 ���� �� 	 ��	 �0 	(��)���	��	��/ /���� ��	4��	��  / �	 �0��	��� �	 �0 	���	
4��� ��	62���	�7�	
	

	

		
&����1�	= ��	9��/��$� �	4 ��0�	���	) ��	)���0�	4�� �	� )/ ����� 	��	=���
�� �	



170

%�	&������ 	 �	��		
	

	���

		
&����2�	#��)���	��	���/��	���	��/ /���� �	��	
�� 	��	�0 	�4�	�(� �,�����	/ ������	

	
	

8����
���@�������
���������
����	
�����AB8�5B?���C��
�����������
	9
�
��	����	����

	
.0 	�����	#:/�#50��	��	�	4 C$��4�	���������	��	�0 	���� 	��	�	4�� �	(����	��	��	0��0 �	
��	 �0 	 ��� 	 ��	 �	 �4 �	 ���/0��	 ���� 	 ��	 �0 	 �$ 	 63������$�,��	 ����K	'�( �)��		
M	&������ �	 ����K	 
 // � �	  �	 ���	 ����7�	 .0��	 �����	 � � ���	 ��� �	 �0 	 ��/ 	
6 �� ���, � ��7	��	�0 	����	4 (	���	0 �� 	�0 	�0����� �	��	�0 	 ������ )�	A���� ����	
��	�0����� ��9 �	�0 	��)�������	����/�	��	/��$����	�  ����	� ������0�/�	( �4  �	
/0���C	���	9��/��$����	���	�0 	/� ���� 	��	���0	��	9��/��$����	.0 	� �����	
,����(����	��	 �0 	�����	� / ���	��	�0 	����)���	��	(��0	/��$���	����/��	2��	
&�$ 	5 �/��	@��� 	�	)��$ �	���� �� 	 ��	 �0 	�����	6�/	��	�7	4��	�(� �, �	��	=��	
40� 	�0 	)�?�)�)	,�� �	6�/	��	�7	������ �	��	
�� �	A�	�0 � 	)���0��	#:/�#50��	
�0�4 �	�0 	4�� ��	� ���	���� 	��	�����������	���� �	(�	���� � �� �	��	�0 	) ����	
��) 	��	�0 	�� 	��, �	���	0 �� 	��	�0 	��)���	��	�0 	/0���/��$���	�/����	/ �$	��	
���� � ��	� ����	.0��	�����	4��	)��$ ��	0��0 �	��� �	�0 	4��)	4��� ��	62���	8�7�	
40��0	 ��	���� �� �	4��0	 �0 	)�� 	��) ����	�// ����� 	��	 �0 �)�/0����	���	
��� C(��� �	����� �����	.0 	0��0 ��	�����	���	
�� 	� � ���	�	���/	��	/0���/��$���	
(��)���	��� �	 ���	 �/����	/ �$	���	 ���� �����	���9���	��	9��/��$����	 A�	 ��	4���0	
������	�0��	�)�C�  �	��� 	6���� ���	� �����	�����)�	���	���/��/0�� �7�	� �,���	
��	�����( 	����	���	9��/��$����	���	��� C(��� �	9��/��$� ��	6)����	/�4 ���	
���9 ��	���)	�0 	� ���	 ������7	4 � 	/� ,�����	��	
�� �	*��� @� ����	/0���C
/��$���	4��	)���	�$ �	������ �	(�	��/C��4�	69��/��$���7	���� ��	.0 	) ��	
�����	��	����	���	
�� 	6��������87	��	&�$ 	5 �/��	����	6#��$	 �	���	����7	��4�	
��	��	��//�� 	�0��	��	 ����� ��	���	����	�0���	)��	�����	�0 ��	40� 	��	�0 	��0 �	
)���0�	��	 �� ����� ��	)����(��	 ����	�0���	 ��	/� ,� ���	.0 	,�� �	��	#:/�#50��	
���� ��	 �0��	 �0 	 �)/���	��	0 �(�,���	6��/C��4�	/� ���� 	��	/0���/��$���7	 ��	
� ����( 	���	�0 	(�$	��	/��)���	/���������	� )����	�� �� ��	40��0	��	/��(�( 	



171

��� ��	��	4��� �	� , ����	��	�/����	/��$���	�
	

	 ���

	
	
	

	
	

&����3�	:��/��$���	��	/0���/��$���	(��)���	�����	��	=��	6�7	���	�, ��� 	�����	��	=���>���( �	6(7	
��	�0 	����� �	� ����	

	
	

���	 �0 	 ����/0��	&�$ 	5 �/��	����	���	 ,�� ��	 ���	 �0 	0�/ ����/0��	&�$ 	5�0$,��	
.0 	�)���	�� C��  	4��� �	��	���8	��� �� �	�0��	�����	/�����, �	��	�0 	���4���	
���4���	� ����	62���	8(7�	� � �����	�0 	� �� �� 	��	�0 	���/0��	���� 	��	�0��	��) �	
* ����	�0 	���� �� 	��	�0 	���	��)) �	��	�0��	� ��	)���	���	( 	� � �� ��	

# ��� �	#:/�#50���	�0 	������	��	����� ����	��	/0���/��$���	(��)���	6#*���#50��7	
���	�	���������	��	/0���/��$���	(��)���	6#2����#50��7	�0����� ��9 	4 	�  ����	
� ������0�/�	 ���	 ��)���	 ��	 �0 	 � ��C4�� �	 /0�� 	 ��	 �/�����	 .0 � 	 ������	 �� 	
���� �� �	 (�	 � )/ ����� ��	40��0	 �� 	 0��0 �	 ��	4��)	 �/������	3��������	 ��	

	6�7	

6(7	

�
��

��
��

�
	


��
�

�
�

��
�

�
	


��



172

%�	&������ 	 �	��		
	

	��8

=��,  ,	M	=��,  ,�	6����7�	�0 	�����	#*���#50��	�(�, 	���	������� �	�	�����������	
 �� ��	��	����� ���	���9���	��	/0���/��$����	A�	&�$ 	5 �/���	�0 	 �� ��	 ? �� �	
��	/0���/��$���	(�	�������, 	��/ /���	6"�����	���	���	��/ /���� �7	 ��	=��	
���	(�	����� ����	��	
�� 	6)����	!������	�� �	 ������7	4��	)�� 	 ,�� ��	
��� �	�0 	)��	4��� ��	62���	���	(7�	

A�	� )/ ��� 	�$ ��	�0 	)���	����/������	 , ���	������	�0 	� �����	���� �����	
��	 �0 	/��$���	��))�����	�� 	/0���/��$���	�/����	(��)	���	 �0 	 ��(� @� ��	
� ��C4�� �	/0�� �	�	/ ����	��	�4	/0���/��$���	(��)���	���� �	(�	�0 	��� ���, 	
���9���	��	�0 	���4���	/�/������	��	������� ��	9��/��$���	6# �� �	 �	���	����7�	
A�	* ����	����/ ��	�$ ��	�0 	��)���	��	�0 	� ��C4�� �	/0�� 	��	��$ �	��	��� C	
	

	

	
	
	

		
&������	#��)���	������	��	�������, 	9��/��$���	��	/0���/��$���	��	=��	6�7	���	����� ����	��	
/0���/��$���	��	
�� 	6(7�	

	6�7	

6(7	

�
�

�
��

�
�

	

�	



173

��� ��	��	4��� �	� , ����	��	�/����	/��$���	�
	

	 ���

��� 	��)����	��������	4��0	4��) �	4��� ��	( ���	���4 �	(�	��	 ��� �	��� �	
��	�0 	� ��C4�� �	/0�� 	6-���� �	�����	����K	-�0 �� �	 �	���	����7�	E��� �	M	
# ������	 6����7	 �0�4 �	 �0��	 �0 	� ��C4�� �	/0�� 	 ������	��8	����	 ��� �	/ �	
� ��  	��	4��)���	��� �	4��) �	4��� ��	��)/�� �	��	��� �	�� ��	3��������	��	
���	����	���	&�$ 	5 �/��	���)	��������8	6#��$	 �	���	����7�	- ��0�	����	,�� �	
��	=��	0��	� ����, 	���� ������	4��0	�� 	��������	6
	W	�	�����	�	D	�����7�	3	� ��C
4�� �	/ ����	��	
�� 	������� �	4��0	( �� �	�� 	(� �$C�/	6��	�� 	3/��	��	 ���	
=��7�	.0 	(��)���	��	����	/0���/��$����	�����(��� ����	�����)��	���	�0���/0�� �	
� , � �	@��� 	������	� ����, 	���� ������	4��0	- ��0�	,�� �	��	=��	���	
�� 	
6�	�	�����7�	�0 	������ ��	( ���	�0 	���� �����	( �4  �	�����(��� ���	���	- ��0�	
,�� �	��	
�� 	6
	W	�	��8�7�	.0 	9��/��$���	����/�	4 � 	���� � ���	� �� �	��	
�����/�� ����	����� ��	�0�4 �	/�����, 	���� ������	���	=��	���	
�� �	���	��/ /���	
��	4 	��	�0 	� ���	 ������	�0�4 �	� ����, 	���� ������	���	
�� �	:��/��$���	
�/����	 ���4�0	 ���4�	 �0 	 /0���/��$���	 �/����	(��)K	 ��� �	 �	 � 4	4  $�	 ��	
9��/��$���	���� �� �	���	���9���	��� �	 ?�  �	/0���/��$���	/����������	 �����	
��	���	)���)�)	��	�� 	�/����� ���	��)) ��	�� �	�0 	� ��C4�� �	/0�� 	6-�)) �	
 �	���	����7�	
������=����	4 	���	���	�0��	�0 	 �� ��	��	�0 	� , ����	��	4��� �	��	/0���C

/��$���	��	�0 	)���0�	���4���	�� 	(� �$C�/	������	@��� 	����� ����	/����(�	
�0����0	� ������0�/�	4��0	����� ����	:��/��$���	��	)���	�$ �	��� ���	��� �� �	
(�	�0 	����)���	��	4�� �	� )/ ����� ��	.0 	� ����	��	��	 ?/ ��) ��	/� � �� �	(�	
�0 	����� 	��4 �	��	 ��	������ 	�0��	�	4��)	4��� �	���	��	 ���	 �� 	(� �$C�/	
0�, 	 �	 �����������	  �� ��	 ��	 �0 	 �0 )���	 ��)/�������	 ��	4�� �	 ���	 ��	 �/����	
/0���C	���	9��/��$����	��	4 	���	/�����	��	�0 	40� 	��(� @� ��	���4���	� �����	

	
	

�%� "6+*#7*-* �(�
	

.0 	� � ���0	4��	��//��� �	�0����0	���� � �	���������	��	�0 	��������	=�������	
��	���������	���	% � ���0	6/��; ��	-2	���������87	���	(�	�0 	��������	-�� �� 	
2���������	6������	�8��	���	��B�7�	'����(�������	�� ������	��	�0 	* ��� 	���	
&�)�����	���	����	��	�0 	��������	-��� 	)���������	/�����)) 	4 � 	�� ��	E 	
�� 	��� (� �	��	=��	��� �	
���)�	���	� ,�����	�0 	�����0	� ?�	��	�0��	/�/ ��	.0 	
��)) ���	��	�����)���	� � �  �	���	 �������	���� ������	�� 	0��0�	�//� ���� ��	

	
	

!*&*!* %*(�
	

3������	%�	 M	< � $ �	%�	 �����	 5����( 	 �)/���	 ��	 )��	 4��� ��	 ��	 9��/��$���	 ���� �����	 ��	
 ����/0��	�$ �	��	�0 	3������	����/ ��	�� ��	*
���/�	�
�!����	01�	��������	

3������	%��	E�9�	I��	'���9 �	.��	'� ��	-�	M	%���0 �	%�	�����	��� ���	��	 �� 	��������	��	/��$���	
���� �����	������	�/����	��	�	�0��4	/��)�����	�$ �	*
���/�	�
�!����	/'�	��������	

3������	%��	E�0 )�	-�	M	J �� ��	<�	�����	&�� C0������	������	��	�$ 	/��$���	�/ �� �	)��	��, ��	
�0 ��	/0 �������	� �/��� 	��	��)�� 	4��)����	������������!����	',�	��������	

3������$�,��	A�	I�	�����	�	
��	�
�������*���	������
������	���$�3�����	�����'����"����	����
$� �$$�
��	�0
������	�	���	I��$��	-��	5 � ��(���	6��	%������7�	



174

%�	&������ 	 �	��		
	

	�8�

# �� ��	-�	3��	<� 0�	-��	-��(���	'��	.��)) ��	J��	%�0 ������0�	=��	E���	3��	E �� ���	3��	
"� ��	*�	J�	
M	-��� ( �	=�	�����	E�� �	 � )/ ����� 	���	)�?���	� /�0	��� ��	 ��)���	���	)������� 	��	
 , ���	������	�/����	���� �����	��	�0 	/��$����	��������	'�4�	�B����B�	

#��$�	!��	'�( �)���	
��	 '�����	=�	M	&������ �	%�	 �����	 ��� ��	 ��	4��� �	 ����������	 ��	 �/����	
����� ��	���� ���������	���	/��$���	��	�	��� 	�0��4	&�$ 	5 �/��	6��������%�����7�	�&��	��
"����	/0�	�B������	

#��$�	!��	 &������ �	%�	 M	 '�( �)���	
�	 �����	 . )/���	 ���	 �/����	 ,��������	 ��	 �0 	 9��C
/��$���	�	/0���/��$���	(��)���	�����	��	�	��� 	�0��4	�$ �	"�	�����.��"����	���	�������	

*0 ��	*�	Z�	M	2���	*�	&�	 �����	���/0���������	 � �/��� �	 ��	4��)���	  , ���	 (�	 �4�	 ��)/�����	
9��/��$���	�/ �� ��	.�������	��+����	1�	�����8��	

J ��� �	<�	J��	=�( ���	-�	*�	M	' 4����	<�	5�	���B�	.0 	���� �� 	��	�0 	I���0	3������	>��������	
��	 �0 	/0������	 �0 )���	 ���	(�������	 �0����� �������	 ��	 ����	 �$ �	 ��	 �0 	�����0	&�$ 	
<��������	*
���/�	�
�!����	/��	������B�	

J �� ��	<�	 M	 3������	%�	 �����	 *�)�� C���, �	 �0��� �	 ��	 �/����	 /��$���	 ����)���	 ���	 �0 	
� �����,���	��	�0��4	/��)�����	�$ �	��	I���0	3������	>���������	'������������
��	/��	
���8������	

J �� ��	<�	M	3������	%�	�����	��� ���	��	��)�� 	4��)����	I���0	3������	>���������	���	�	I�b�C
-���0 ��	>��������	��	�0 �)�	����������	���	/��$���	����)���	��	����0 ��	0 )��/0 ���	
�$ ��	�����4
���.��	,�	�8������	

'�( �)���	
�	�����	<�)�����	����� ��	��	FH���;"�,	6�������7�	(��
�������	0'050'/�	��������	
'�( �)���	
�	�����	:��/��$����	A�	'����������)�*�
������*����	65�0��	��	M	'�( �)���	
��	 ��7�	

//�	����8�	-� )  �	5�(��0 ���	.�����	
'�( �)���	
�	M	!N���/�	'�	�����	= ��	9��/��$� �	4 ��0�	��	�	�0����� ������	� ���� 	��	��	�@�����	

 ������ )�	�
���"�	����������������!����"����	�'�	���BB�	
'�( �)���	
�	M	 &������ �	%�	 �����	 >�	 �0����� �������	 � � �����	 �0 	 ���/0��	 ���� 	 ��	 ��� 	 ���	

�0��4	��������	�$ �	6&�	5 �/���	&�	FH���;"�,7�	(��
�������	�415�4��	�����BB�	
'�( �)���	
��	F�����	.�	M	!��$)����	!�	���8�	:��/��$����	A�	������	6'�( �)���	
��	.�))�	.�	M	

%��$���	3��	 ��7�	//�	��������	� ���	&����������	.�����	
'��� �	
�	E��	!��0����	Z�	M	F��( �$�	=�	�����	.0 	I���0	3������	>���������	��������	,�'�	

������8�	
A(�  ,��	I�	A�	��8��	�?/��������	��	����	� ����� �	(�	/��$��/0�����	���0 �	��	&�$ 	5 �/��C5�0$,��	

������������	
����#,�+-��	,4��	BB���	6��	%������7�	
A����� ��	R��	'������	%�	5��	' ���	%�	I�	M	'��(����	<�	�����	I���0	3������	>��������	���	�/����	

(��)	/0���/��$���	��)/�������	��	�0 	�����0	*0��� �	.�������	��+����	,,�	����������	

������	
�	�����	+���	���) ��	� ���	$��)����	A�	1�
������"��	���������	�	//�	�8�����	�������	�����

,��	�	�	�����
�������1����
��	�	���0�
	�������	

������	
�	���8�	&"(�	� ��� 	$H�� 	���; )	��,�	"��	��'����	���	�����	

�����	3�	�����	.0 �)�	� ��) 	���	�� 	�����������	A�	'����������)���	�
���5�(��
���5�(��
%

������	
�	6IH� ��	.��	 ��7�	//�	������	-� )  �	5�(��0 ���	.�����	

 // � ��	���	-[�� �������	=��	
 �� ��	
�C5��	 �	��	�����	&�$ 	� �/��� �	��	� ��� �	����� ��	������	

�	��	�������	��	���� )/�����	 ���C� �)	����	 ���)	��	��� 	����� ��	*
���/�	�
�!����	�4�	
��B�������	

!Q0 ��	
�	M	'� ��	-�	�����	50���/��$���	�  �����	��	�	��, ���$ 	���� )	������	�4�	� ��� �	��	
�0������	����� ��	��//��	(��
�������	/,/�	����B�	

&������ �	%��	IH� ��	5��	IH� ��	.��	Z���� )�$�;�	F�	F��	=�����	3�	M	>���	A�	�����	3�� �	A�	'����
������)�*�
������*����	 65�0��	��	M	'�( �)���	
��	 ��7�	//�	���B��	-� )  �	5�(��0 ���	
.�����	

& //"������	=��	% ������	3��	��)�	3��	3����	'��	'�������,�	=�	M	-�/ ����	&�	�����	A�, ���������	��	
�� 	���	4�� �	/��/ ��� �	���	��� �C�� 	��0�	�� ��	��	�� �0	���	(���$��0	4�� �	(��� ��	#
���
(��
���	0/�	�B������	

&�,������� �	<�	=�	�����	. )/���	�������� 	��	�0 	�  /C4�� �	� )/ ����� 	��	����	-4���	�$ ��	�	�0���	
� �)	��)�� 	�0��� 	���������T	2�
���,�	�
��	��2�
�����0��
������/��'������	,��	���8��	



175

��� ��	��	4��� �	� , ����	��	�/����	/��$���	�
	

	 �8�

&�,������� �	<�	=�	�����	&��� C��� 	��)����	�������	� � �� �	��	0��������	�(� �,������	��	�$ 	�� 	
(� �$C�/�	2�
���,�	�
��	��2�
�����'������	,2�	�������8��	

=��������	
�	
��	 %�( ������	<�	=��	 # �����	#�	
��	 E��� �	%�	'��	 &�,������� �	<�	=��	 3����	.��	
3�� �	%�	3��	#�����	%�	J��	*����	F��	!��������	���	J������	I�	J��	5��4� �	.�	<��	-� 4����	!�	=�	
M	 F�����$��	F�	-�	 �����	 '��������	 �� ���	 ��	 �$ 	 ���	 ��, �	 �� 	 ��, �	 ��	 �0 	 I���0 ��	
' )��/0 � �	��������	,3��	��B����B��	

=�!  �	<��	 3�$������	<��	 *������	-��	 ������	
��	 '��, ��	A��	 ' � ��	.��	 '������	!��	E�����	<�	 M	
=����	#�	�����	=����C9��/��$� �	� �/��� �	��	��)��� �	��)�� 	4��)���	 ��	 ?/ ��) ���	
�� �04�� �	)�������)��	*
���/�	�
�!����	/2�	����������	

=��,  ,�	F�	M	=��,  ,��	&�	�����	J��9 �	������	���	����� ��	�)�������	��	/0���/��$���	(��)���	
��	�4�	3��������	� � �,�����	*
���/�	�
�!����	03�	B�����	

= 0� ��	.�	 �����	 A��� �� 	 ��	 �/����	 4��)���	 ��	 �0 	 /� ������	 ��� 	 ��	 ��� �� �����	 ���0	 ��	
 ������	�	�	� � �)�������	��)������	�//����0�	*
���/�	�
�!����	/��	��������	

=�����	3�	M	'�����	=�	���8�	'N���$  )���	A�	������	 6'�( �)���	
��	.�))�	.�	M	%��$���	3��	
 ��7�	//�	������8�	� ���	&����������	.�����	

IH� ��	.�	 ���B�	 % � �����	 ��	 �0 	 �0��� �	 ��	 �0 	I���0	 3������	 >��������	 A�� ?	 ���	 �0 	 J��	
-�� �)	5�������	 A�� ?	 ��	 �0 	 0�������	 ���	 /0���/��$���	 ��	FH���;"�,�	 �	 ��� �	 �0��4	
�$ 	��	��������	!
����"���
���+����	��	B���B���	

IH� ��	5�	M	!������	3�	�����	'���9����	������(�����	��	� ��) ��	/0��/0����	��	�0��4	 ����/0��	
�$ 	FH���;"�,	6�������7�	(��
�������	/435/4��	������B�	

>�*<�	��8��	"�	
�����	���$�4�	�
5����	
���5����������	�������	
��	>�����9�����	���	
�����)��	*��/ ������	���	< , �/) ��	6>���*�<�7�	5�����	

5  � ���	2��	 -���� �	<��	 &��$ �	3�	 M	 &�,������� �	<�	=�	 �����	 ���� �	 ��� �	 ��	 �0 	 �/����	 /0���C
/��$���	(��)	��	�$ �	��	�0 	� )/ ��� 	9�� 	��	�	4��) �	��)�� �	������������!����	'0�	
�8�8������	

50��/��	!�	3�	M	2�4 ��	=�	E�	�����	E��� �	/0���/��$���	��))�����	�������� 	��	�0�  	�0��4	
� )/ ��� 	�$ �	������	�� 	��, ��	(��
�������	/24�	�������	

%��0�������	3�	
�	���8�	A�	0��	4�� ��	9��/��$���	���	��)�� 	�0��� �	.����
�������	1��	��������	
%�,� ��	A�	!�	�����	������	��	���/������	��/ /�����	��	��������������	&��	��	� � �,����	��	�0 	

+// �	F����	(��
�������	0,4�	�����B��	
%�)�� �	5��	 -�0��� ��	<�	���	 -�0 � � �	=�	<��	 -�0 � � �	
�	=��	 &����	3�	'�	 M	 -0 /0 ���	
�	'�	

�����	F��������	 ��	 �/����	 ���	 � )/���	����� ���	 ��	 9��/��$���	 �/����	� , �/) ���	 �0 	
 �� ��	��	��)����	��������	*
���/�	�
�!����	�4�	����������	

%�))�$��� ��	=��	%"��"� ��	
��	 #����� ��	#��	+ ������	3��	>)�� ���	3��	E�Y��	+��	'�������	+�	
M	
�� ��	*�	�����	3	� �����	��)�� 	)�� 	���	����0 ��� ��	����/ �	)�� 	� ����/����	���	
� ����	���)	�0 	��4�������	��	�4�	J*=	������	��)��������	������ ������	'2�	��������	

-��,���	
��	' )�� ��	F��	-����$����	F��	-��� ��	-�	M	F������	!�	���8�	% ������	( �4  �	/��$��,�����	
���0	 �(������ �	 9��/��$���	 ���	 /0���/��$���	 ��	 �0�  	 �$ �	 ��	 ���� ����	 /�������,����	
(��
�������	010�	8�����	

-3-	A������� 	A���	�����	����������� �5���
����6�	-3-	A������� 	A����	*����	
-�0 �� ��	=��	-���� �	<��	F��	I ��	��	'�	M	'��/ ��	'�	�����	*�)����	4��)���	���� �	� ��) 	�0����	

��	�$ 	����	4 (��	'������������
��	/1�	��8����8��	
-0��4 �	.��	 !Q0 ��	
�	M	I��$���0�	3�	 ���8�	E��)���	 /��)�� �	 ���C���/� �	 /0���/��$���	 ��	

� )/ ��� 	�$ �	���	�/ ��	�	��/0� 	���	>��������� �	��	�/�����	������������!����	'/�	
���B������	

-�$���4��	3��	=� ��$��	*��	*0���(�4��	<��	E������	
��	:)���4�$��	A�	M	-�(� ��;�$��	=�	�����	
�?/ ��) ��	 ��	 �0 	 � ;�, ������	 ��	 !����4�$� 	 &�$ �	 5� �)�����	 � ����	 ��	 �0 	 � ���	
���������	���	��) 	 ��� �	� �����	�����
����(��
�����	,,�	��������	

-�)) ��	+��	3( � �	I��	��� �	3��	'��� ��	.��	& ��� � ��	!��	-����4�	=��	E�0 ���	
��	:Q ��	��	
M	%� ( � �	+�	�����	3�	������	) �����)	���� )	��	�����	�0 	 �� ��	��	��)�� 	�0��� 	��	
�0 	�� 	4��� �	���	�/����	���� �����	��	#����	- �	/0���C	���	9��/��$����	��������	'�4�	
��������	



176

%�	&������ 	 �	��		
	

	�8�

-��,����	-��	!��0���	3�	M	.0�)/����	%�	�����	&�$ 	�����)	� �/��� 	��	3�����	4��)���	��	2�����0	
&�/����	������������!����	3�	�����8��	

-�������	'��	 =�����	3��	 =Q��	.�	 M	 &���/ � �	3�	 �����	 '�����0 )�����	 ��	 &�$ 	 5 �/���	 A�	 '����
������)���	�
���5�(��
���5�(��
������	
�	6IH� ��	.��	 ��7�	//�	�������	-� )  �	
5�(��0 ���	.�����	

-���� �	<�	 �����	= � ��������	 �������	 ��	 /��$���	 ����)���	 ��	 �	 ��� 	 ���	 �  /	 ������ ���	
����/ ��	�$ �	��������	',,�	BB����	

-���� �	<�	�����	I���0	3������	>��������	����0����9 �	����C4 (	��� ��������	��	� ����	����/ ��	
�$ ��	�
���+������'����!��	,1��	��������	

-4������	!�	=��	 5� ���9�	%�	M	I�������	.�	 �����	 :��/��$���	 ��))�����	 ��)/�������	 ��	 �$ �		
��	�0 	Z�$��	���	I���0 ���	. ������� �	6*�����7�	� ������0�/�	��	/0�����	���	�0 )���	
�)������	(��
�������	/0'�	������B�	

.�����	
�	2�	 �����	 50���/��$����9��/��$���	 � �����	 ��)���	 ���	 � ��C4�� �	 /0�� 	 ��	 ��) 	
�����0	�$ ��	*
���/�	�
�!����	/3�	������	

F �� "�	3�C=��	 -����$����	F�	 M	 F������	!�	 ���8�	 F �����	 ���	 � �����	 ������(������	 ��	 )����C
�������)�	 9��/��$���	 ���	 /0���/��$���	 ��	 �	  ����/0��	 �$ �	(��
�������	010�	 ����
�B��	

F�����	.��	'�( �)���	
��	'�����	=�	M	#��$�	!�	�����	<�, �����	���	�������� 	��	�0 	4��� �	����� �	
��� )(�� 	 ��	 �	 �0��4	  ����/0��	 ����0 ��	 � )/ ��� 	 &�$ 	 FH���;"�,�	�&��	�� "����	 /0�	
������B�	

E��� ��	3�	 M	 # �������	
�	 �����	 *�)�� C���, �	 4��)���	 ������	 �/����	 � ���(��� �	 �	 ������	
/�/�������	�	) �0�������	����	4 (	�//����0�	��������	'�'�	������B�	

E ��� �	.��	=N ��	'��	5����C*� 0��	%�	=��	-�04 �9 ��	3��	-/����)����	<�	M	#������ ��	J�	�����	
% �/��� 	��	�0 	)����(��	��/	��	�0 	/0���/��$���	�/����	(��)	��	�	��� 	/� �/�� 	�$ �	
'������������
��	0��	�8����B�	

E �0 �) � ��	J�	3�	�����	E��) �	4��� ���	�� 	/��$�����	���	/�/�������	 ��	-4 � �P�	 ��� ��	
�$ �	��� �� �T	�����	04�	��������	

E �0 �) � ��	J�	3��	# ��$� ��	.�	M	5 �� ������	!�	�����	*0��� �	��	�0 	/��$���	�/����	���(����	
� �� �	��	�0 	I���0	3������	>���������	'������������
��	//�	��88������	

E �0 �) � ��	J�	3��	3������	%��	J� �$ �	+��	&�,������� �	<�	=�	M	=�( ���	-�	*�	�����	% �/��� 	
��	/0���/��$���	��	����/ ��	�$ �	��	�	�0��� 	��	�0 	I���0	3������	>���������	2�
���,�	��
2�
��'������	,3�	�B����B���	

E �0 �) � ��	J�	3��	 = ���	=�	 M	 &�,������� �	<�	=�	 �����	 -��� )����	 ���� � �� �	 ��	 �0 	 �� ��	
��4����	 ��� �	�� C���	��	-4 ���0	�$ �	����	�	���������	� )/ ����� 	����� ���	2�
���,�	��
2�
��'������	,��	��������	

E �0 �) � ��	J�	3��	E ��QQ�	3�C!�	M	E�Y��	��	���8�	A��� ������	�� C��  	4��� ��	���	�0 ��	
 �� ���	��	4�� �	@�����	��	-4 � �P�	��� ��	�$ ��	(��
�������	����	������8�	

	
	
�<�����
������������������
�����������D:=��?�������:>	����

��
��������:
�����������������
��=�����
	

%  �	&������ �	
���	'�( �)��	;�	!"���	#��$	
	

!��)�	���; � )�� 	�,���(	,  $���� �	$H�� 	 �) $�)��	$ ,�� 	 ;�	 � ��	  �C
$"��	 ,  $���	 ��, 	 $��,�	 ;""$��� 	 $ ���� 	 $�����	 !���	 H0�	 ���; � )�� 	 )H;�	
,  � )/ ������� 	 ;�	 �  "(�	 $�	 Q$��N��  )� 	 ��	  ��� ,	 �H��,��	 ���	 ,  $���	
�/ ��������� ��	�)����� ��	6�N��,���	,  	)�0��	$�0����� 	� )�����	� ��������� 	
�� ��	 ;� 7�	 /�$$��	0�,�	,����,	������	5 �/��	 ;"�, 	 $�0���	5 �/��	 ;"�,	��	 ������	



177

��� ��	��	4��� �	� , ����	��	�/����	/��$���	�
	

	 �8�

����	;�	����	;""��	$� ���	$ �$)�� �	�B�	/" ,��	�����	�����	���	��	����	���8�	
�����	�)( �	��	/" ,��	-  	�����	,H�)��� 	,H�� ��	$�0�	)HH��$��	/�$$�	;�	
$N)�	 ��, 	$�0 	���;�	����	 N0�$ � ��	 ;�	������	$�0 	/ ������	 ;""$��� 	$ ���� 	
)H;�	;"�, 	/��$���� 	����	,  	(���  ���������  �	3��NN�	�"�����	 �	;"�, 	;""��	
,�(�� )�� 	� �	)H;���(	�N��/��$�����	$���� ��	(���  ��� 	$�����	9��/��$��C
���	 ���	 ��� � �	 ,  � )/ �������	 $�����	&N0�$ � 	 $ ���� ��	 ;""$��� ��	 ��, �  	
;"��� ,�� 	 $ ,�� � 	 ���	 N�"))����$�	 ;�	 N��������	 ��0 	 ����	 ��)���	 �"��C
�������	 ,  �	 ���� �	 ���� )��	 $��	 $ ,�����	 /"����	 /�$�	 $ ���� ��	 ;""$�� ��	
5�� ,�	 ;""$��� ��	���8�	 �����	 �/����	��	 �N��/��$�����	 ������$� � 	$ ����"��C
, ��$�� 	/�0����	/�$�	$ ���� ��	;""$���  	;"��� ,�	$��	��)��  ���	����	����;��	
��������
�� ����������	c��� �	)�������,��	 5 �/��	 ;"�, �	)���	 9��/��$����	
,���,��	 � �)����(� �	 ��, $ ����)��	 �������	�� ��

����	 ;�	 ����
	�
��
������	�
�	����	;"�, �	��,���,�� 	� �;��� � 	6/ � $���	����������	�������
�������7	;�, ���� �	,��)��	�	���/��� �	;�	$�/ /��������	. �)����� � 	, ��$��/�� 	
6*���� ��7	 �� ���$�	��	,  � )/ ������	)���	 6`	��	L*7	,  	)����	 � �� 	 6 ����	
/ � $���	 ������7	)������ 	 �� ��	 ���(	 ;�����	 ,  � )/ �������	 $ �$)�� �	
��	L*�	 
�����	 )�������,��	 9��/��$����	 (��)����	 � �)����� � 	 / � $����� 	
 ������	;�	!�����	������	��,�$�� 	���� )�	���	���	��, $ ����)��	����	� �C
;��� � 	����,��)���	5 �� ��	;""$��� ��	���8�	�����	��,  	;"��� ���	)��$���	��	
;"�, �	 9��/��$�����	 $�$�	 $����	 ��0$ )	$��	 /�$�	 $ ���� ��	 ;""$��� ��	 �����	 ;�	
�����	�����	)����	 
�0 ��� 	$ ,�� � 	,H�)���	��)��  �����	 ��, $ ����)��	
6�	��G	 9��/��$����	 ��,�$�� ��7	 �����

����	 ;�	 ���������	�
�	 ���	 $N	
��,�$��	 $�	 ���;�� 	 $ ,�� � �	 $���	  �	 $������	 ��)������� 	 0�$��	!�	 ���	
���;� )( � �	 , ��$��(��	 6/ � $���	!�����	 �����7	)��/��$�����	  ��������	
��, �����,�	 0���	 ,���	 ���; )�	 $ ,�� �	 )��� 	 ���	 /"����	 $ ��,��	 ;""$�� ��	
-��; )�	/ ������	 6��������87	 ;�����	��	, ��$��/�� 	 6*���� ��7	 ;�	 � �;��� � 	
6*�/ /���7	 (��)���	 $�$�	 $����	 ���� )	 $��	 $N) )�	 / ������	 6���������7	
;������	$ ����)�� 	6%��������7	�)�	���	$�$�	$����	,"�$� )�	F��)���	/H0;�����	
��, 	;�	,���$ ,�� 	,H�)���	��)��  �����	�����

����	����	���������	�
�	
$���)�� 	/��$������	� � 	��(�)���	$H�� 	 � )/ �������	 �H����	-��;�	/ ������	
;�����	��	� �)����� � 	, ��$��/�� 	���	9��/��$�����	�BG	;�	(��)�����	�BG	����	
,����,��	��G	;�	B�G	$N)�	/ ������	;������	5 � $���	 ������	��$�� 	6/H0��� �	
 ���������	��	 �������	�7	(��)���	��	�����	�����	;�����	� �	$����	;�	���8�	�����	
;�����	 $N)) 	 $����	 ���� )	 $��	 �����	 ����	 �����	 �����	 ;������	 :��/��$� ��	
$ �$)�� 	$���	)��	�"���(	9��/��$� ��	$��	, ��$�� 	����  ��;�	,H�)�����	� � �	��� C
� �	$��	$ �$)�� ��	,  � )/ ���������	 ;�	��	 ���� )	���;�� 	$ ,�� � �	:��C	 ;�	
�N��/��$����	 (��)����� 	 ��0���,	 6#:/�#50��7�	 )���	 $�������$� 	 ,  $���	 Q$�C
�N��  )�	� ������	����$���������	��	���� �	���� )	$ ,�� � 	/"����	���;�	��, �	
&N0�$ 	��,	/H0;����(	� � 	,  	/ ������	��0$�)�� 	��,�/"��� ��	;����$����	)��C
$���� �	
	
	
	



178

CURRICULUM VITAE

General information

Name: Kätlin Blank (until 2008 Krikmann)
Date and place of birth: 09.02.1983 Jõgeva
Nationality: Estonian
Position: Estonian University of Life Sciences, Institute of 
Agricultural and Environmental Sciences, Centre for Limnology, 
scientifi c assistant

E-mail: katlin.blank@ymail.com

Education: 
1998–2001 Jõgeva Secondary School
2001–2005 BSc studies in Natural Resources Management
Since 2005 PhD student at the Estonian University of 
  Life Sciences. 2010 –  on maternity leave

Research history

Main research interests: population dynamics and species composition 
of pelagic metazooplankton; environmental and antrophogenic infl uences 
on plankton community.

Publications: 
Haberman, J., Virro, T. & K. Krikmann, 2008. Zooplankton. J. Haberman, 

T. Timm & A. Raukas (toim), Peipsi. Eesti Loodusfoto, Tartu, pp 
271–290 (in Estonian). 

Blank, K., Haberman, J., Haldna, M. & R. Laugaste, 2009. Effect of winter 
conditions on spring nutrient concentrations and plankton in a large 
shallow Lake Peipsi (Estonia/Russia). Aquatic Ecology 43: 745–753.

Virro, T., Haberman, J., Haldna, M. & K. Blank, 2009. Diversity and 
structure of the winter rotifer assemblage in a shallow eutrophic 
northern temperate Lake Võrtsjärv. Aquatic Ecology 43: 755–764.

Blank, K., Laugaste, R. & J. Haberman, 2010. Temporal and spatial 
variation in the zooplankton:phytoplankton biomass ratio in a large 
shallow lake. Estonian Journal of Ecology 59: 99–115.

Haberman, J., Haldna, M., Laugaste, R. & K. Blank, 2010. Recent 
changes in large and shallow Lake Peipsi (Estonia/Russia): causes 
and consequences. Polish Journal of Ecology 58: 645–662.



179

Laugaste, R., Haberman, J. & K. Blank, 2010. Cool winters versus mild 
winters: effects on spring plankton in Lake Peipsi. Estonian Journal 
of Ecology 59: 163–183.

Jeppesen, E., Nõges, P., Davidson, T., Haberman, J., Nõges, T., Blank, K., 
Lauridsen, T., Søndergaard, M., Sayer, C., Laugaste, R., Johansson, L., 
Bjerring, R. & S. Amsinck, 2011. Zooplankton as indicators in lakes: a 
scientifi c-based plea for including zooplankton in the ecological quality 
assessment of lakes according to the European Water Framework 
Directive (WFD). Hydrobiologia 676: 279–297.

International conferences:
Krikmann, K., Laugaste, R. & J. Haberman ‘Changes in zooplankton 

of Lake Peipsi (Estonia) in last decade.’ The 3rd International 
Conference of Lake Ecosystems: Biological Processes, Anthropogenic 
Transformation, Water Quality, 17–22 September 2007, Naroch, 
Belarus. (Oral presentation)

Krikmann, K., Haberman, J., Haldna, M. & R. Laugaste ‘A possible effect 
of winter conditions on nutrient content and plankton in spring.’ The 
1th International Symposium of Winter Limnology, 24–28 May 2008, 
Kilpisjärvi, North Finland. (Poster presentation)

Blank, K., Haberman, J., Laugaste, R. & M. Haldna ‘Signifi cant shifts 
in the ecosystem of Lake Peipsi  in recent years.’ The 5th Shallow 
Lake Conference: Structure and Function of World Shallow Lakes, 
23–28 November 2008, Punta del Este, Uruguay. (Oral presentation)

Blank, K., Haberman, J. & R. Laugaste ‘Variability of some zooplankton-
phytoplankton relations in a large shallow lake.’ The 2nd European 
Large Lakes Symposium – Vulnerability of Large Lake Ecosystems, 
10–14 August 2009, Norrtälje, Sweden. (Poster presentation)

International courses: 
1. Workshop ‘Young Researchers School: a workshop on scientifi c writ-
ing and presentation.’ Conducted by J. Magnuson, E. Jeppesen and 
J. Pádisak, Norrtälje, Sweden, 13 August 2009.

2. ‘The courses in the 3rd Jyväskylä Winter School of Ecology – Winter 
Limnology.’ Conducted by K. Salonen, Konnevesi Research Station, 
Finland, 9–13 February 2010.



180

ELULOOKIRJELDUS

Üldinfo

Nimi: Kätlin Blank (kuni 2008.a. Krikmann)
Sünniaeg ja koht: 09.02.1983 Jõgeva
Kodakontsus: Eesti
Töökoht: Eesti Maaülikool, Põllumajandus- ja keskkonnainstituut, 
Limnoloogiakeskus, spetsialist

E-mail: katlin.blank@ymail.com

Haridus:
1998–2001 Jõgeva Gümnaasium
2001–2005 BSc õpingud Loodusvarade kasutamise ja kaitse erialal,  
  Eesti Maaülikool
Alates 2005 PhD õpe, Eesti Maaülikool. Alates 2010.a. lapsepuhkusel

Teaduslik ja arendustegevus

Peamised uurimisvaldkonnad: Avavee metazooplanktoni dünaamika ja 
liigiline koosseis. Looduslike ja inimtekkeliste faktorite mõju hindamine 
planktoni kooslusele.

Publikatsioonide loetelu: 
Haberman, J., Virro, T. & K. Krikmann, 2008. Zooplankton. J. Haberman, 

T. Timm & A. Raukas (toim), Peipsi. Eesti Loodusfoto, Tartu, 
pp 271–290. 

Blank, K., Haberman, J., Haldna, M. & R. Laugaste, 2009. Effect of winter 
conditions on spring nutrient concentrations and plankton in a large 
shallow Lake Peipsi (Estonia/Russia). Aquatic Ecology 43: 745–753.

Virro, T., Haberman, J., Haldna, M. & K. Blank, 2009. Diversity and 
structure of the winter rotifer assemblage in a shallow eutrophic 
northern temperate Lake Võrtsjärv. Aquatic Ecology 43: 755–764.

Blank, K., Laugaste, R. & J. Haberman, 2010. Temporal and spatial 
variation in the zooplankton:phytoplankton biomass ratio in a large 
shallow lake. Estonian Journal of Ecology 59: 99–115.

Haberman, J., Haldna, M., Laugaste, R. & K. Blank, 2010. Recent 
changes in large and shallow Lake Peipsi (Estonia/Russia): causes 
and consequences. Polish Journal of Ecology 58: 645–662.



181

Laugaste, R., Haberman, J. & K. Blank, 2010. Cool winters versus mild 
winters: effects on spring plankton in Lake Peipsi. Estonian Journal 
of Ecology 59: 163–183.

Jeppesen, E., Nõges, P., Davidson, T., Haberman, J., Nõges, T., Blank, K., 
Lauridsen, T., Søndergaard, M., Sayer, C., Laugaste, R., Johansson, L., 
Bjerring, R. & S. Amsinck, 2011. Zooplankton as indicators in lakes: a 
scientifi c-based plea for including zooplankton in the ecological quality 
assessment of lakes according to the European Water Framework 
Directive (WFD). Hydrobiologia 676: 279–297.

Ettekanded rahvusvahelistel konverentsidel:
Krikmann, K., Laugaste, R. & J. Haberman „Changes in zooplankton 

of Lake Peipsi (Estonia) in last decade.“ The 3rd International 
Conference of Lake Ecosystems: Biological Processes, Anthropogenic 
Transformation, Water Quality, 17.–22. september 2007, Naroch, 
Valgevene. (Suuline ettekanne)

Krikmann, K., Haberman, J., Haldna, M. & R. Laugaste „A possible effect 
of winter conditions on nutrient content and plankton in spring.” 
The 1th International Symposium of Winter Limnology, 24.–28. mai 
2008, Kilpisjärvi, Põhja-Soome. (Poster ettekanne)

Blank, K., Haberman, J., Laugaste, R. & M. Haldna „Signifi cant shifts 
in the ecosystem of Lake Peipsi  in recent years.“ The 5th Shallow 
Lake Conference: Structure and Function of World Shallow Lakes, 
23.–28. november 2008, Punta del Este, Uruguai. (Suuline ettekanne)

Blank, K., Haberman, J. & R. Laugaste „Variability of some zooplankton-
phytoplankton relationships in a large shallow lake.“ The 2nd 
European Large Lakes Symposium – Vulnerability of Large Lake 
Ecosystems, 10.–14. august 2009, Norrtälje, Rootsi. (Poster ettekanne)

Erialane enesetäiendus: 
1. Kursus “Young Researchers School: A workshop on scientifi c writing 
and presentation.” Korraldajad J. Magnuson, E. Jeppesen ja J. Pádisak, 
Norrtälje, Rootsi, 13. august 2009.a.

2. Kursus „The courses in the 3rd Jyväskylä Winter School of Ecology 
– Winter Limnology.“ Korraldaja K. Salonen, Konnevesi uurimisjaam, 
Soome, 9.–13. veebruar 2010.a.



182



183



184


