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INTRODUCTION

Predator–prey interactions play a major role in aquatic ecosystems and thus 
can affect the whole biological community (Bírό, 2001). Fish are essential 
functional components of the aquatic ecosystem (Sarvala, 1999), which 
link littoral, benthic and pelagic zones through nutrient translocation 
and biotic interactions across habitats (Vander Zanden & Vadeboncoeur, 
2002). Furthermore, they are the main top-down regulators in freshwater 
ecosystems, such as the large shallow Estonian lakes Peipsi and Võrtsjärv. 
Usually changes in the trophic dynamics and the ecological state of lakes 
Peipsi and Võrtsjärv are related to changes in nutrient loading and climate 
(Nõges et al., 2010). However, besides bottom-up regulation, top-down 
regulation in these lakes can be profound because changes at the top of 
the food web can have a cascading effect. Fish predation on zooplankton 
may lead to increased phytoplankton biomass and reduced water clarity 
(Carpenter & Kitchell, 1993). 

Pikeperch, Sander lucioperca (L.), is a pelagic predator, which plays a key 
role in many inland water bodies of the temperate zone by structuring 
populations at lower trophic levels (Frankiewicz et al., 1997; Dörner et al., 
2007). The size and structure of any pikeperch population are strongly 
dependent on the success at the juvenile stage (van Densen, 1985; Persson 
& Brönmark, 2008) as they pass through a dramatic ontogenetic diet shift 
(van Densen, 1985). Therefore, to understand the situation in a certain 
water body and the functioning of its food chain it is essential to study 
the diet and the diet shift of juvenile pikeperch. Pikeperch is an important 
predator also in Estonian lakes Peipsi and Võrtsjärv (Järvalt et al., 2004; 
Kangur et al., 2008a) and thus knowledge of its juvenile stage is essential. 

Pikeperch is considered to be a warm water species, as its optimum 
water temperature is 24–29˚C (Hokanson, 1977). Pikeperch also prefers 
eutrophic waters ( Jeppesen et al., 2000; Keskinen & Marjomäki, 2003) 
and is most abundant in waters with P concentration around 30 mg m–3 
(Helminen et al., 2000). Global surface temperatures have risen ~0.74 
°C in the last century (Parmesan & Yohe, 2003) and eutrophication is 
still a major threat to inland waters in large parts of the world (Dokulil 
& Teubner, 2011). The mean air temperature in Estonia has increased 
signifi cantly ( Jaagus, 2006) and the phosphorus concentration in large 
Estonian lakes is only slightly over the pikeperch optimum (Helminen 
et al., 2000). Therefore, conditions in lakes Peipsi and Võrtsjärv should 



11

be favourable for this predator and thus the top-down control should 
function well.

An increase in the abundance of pikeperch is observed in many European 
lakes (Lammens, 2001; Jeppesen et al., 2012). Similarly, the percentage of 
pikeperch in the fi sh catches has increased in lakes Peipsi and Võrtsjärv 
over the last decade ( Järvalt et al., 2004; Kangur et al., 2008a). The 
abundance of small fi shes is high in these lakes; however, lake (dwarf) 
smelt, Osmerus eperlanus eperlanus m. spirinchus (Pallas), populations have 
collapsed in both lakes. Pikeperch is known to be a gape-limited predator 
and it is particularly true for small individuals. Therefore, 0+ pikeperch 
cannot swallow prey with large circumference (van Densen, 1985). In 
such a situation juvenile pikeperch probably misses its most adequate 
fi rst prey fi sh (Järvalt et al., 2004; Kangur et al., 2008a) as smelt with its 
slender body shape is considered to be the most suitable fi rst prey fi sh 
for young pikeperch (van Densen, 1985; Kangur & Kangur, 1998; Sutela 
& Hyvärinen, 2002). The population dynamics of piscivorous fi shes is 
strongly dependent on their success in progressing between feeding stages 
(Persson & Brönmark, 2008). Thus, the collapse of the smelt population 
had to affect seriously the strength of the pikeperch population. A decrease 
of the adult pikeperch population has beens noticed in lakes Peipsi and 
Võrtsjärv only in the last years. 

The number of big adult pikeperch, which should regulate the number 
of adult inferior small fi shes (e.g. ruffe Gymnocephalus cernuus (L.), roach 
Rutilus rutilus (L.)), may become low in Estonian large lakes. Because of 
this the top-down effect of pikeperch on small fi shes can become weaker 
and therefore, the potential to supress zooplankton by them and 0+ 
pikeperch can become higher. Although the diet of piscivorous pikeperch 
has been thoroughly assessed (Kangur & Kangur, 1998; Kangur, 2000; 
Kangur et al., 2007c), there is a need to investigate the diet and the diet 
shift of juvenile pikeperch as  the most recent research into the diet of 
0+ pikeperch in lakes Peipsi and Võrtsjärv was carried out in the 1950s 
(Erm, 1961). 

Due to climate change and eutrophication complex alterations in the 
feeding modes of fi sh are expected to take place, based on the fact that 
food web structures and relationships between different trophic levels are 
continuously changing in response to many external fl uctuations (Jeppesen 
et al., 2010). In large Estonian lakes changes in nutrient loads, climate and 
fi sheries pressure have been acknowledged (Nõges et al., 2007, Kangur 
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& Möls, 2008; Kangur et al., 2009). Moreover, the probability of major 
shifts in feeding is especially high in shallow lakes (Jeppesen et al., 2010) 
like Peipsi and Võrtsjärv. Thus, it is possible that changes in the ecosystem 
have infl uenced the feeding relations of pikeperch in large Estonian lakes. 
The diet and ontogenetic diet shift of juvenile pikeperch have been studied 
quite extensively in many north-temperate lakes (Frankiewicz et al., 1997; 
Persson & Brönmark, 2002; Peterka et al., 2003; Keskinen & Marjomäki, 
2004; Specziar, 2005; Persson & Brönmark, 2008). In lakes Peipsi and 
Võrtsjärv long-term development of the pikeperch fry diet and possible 
synergistic factors infl uencing the diet, diet shift and growth of this 
juvenile fi sh were analysed. Such research can give essential information 
on long-term processes in large shallow lakes. 

The present thesis is based on four studies conducted in Lake Peipsi and 
Lake Võrtsjärv − two Estonian large and shallow lakes with different 
fi sh fauna and food resources. We evaluated the possible causes of shifts 
in the diet and growth of juvenile pikeperch and tried to fi nd out how 
these changes may affect the predator−prey interactions in these lakes. 
The study focused fi rstly on the diet of juvenile pikeperch in lakes Peipsi 
and Võrtsjärv (I). To understand the reasons behind the postponed diet 
shift, analysis of long-term data on the diet of juvenile pikeperch was 
conducted. Therefore, recent fi ndings were compared with the data from 
the previous works on juvenile pikeperch in Lake Võrtsjärv (Mühlen 
& Schneider, 1920; Erm, 1961; 1981; Kangur, 1971; Haberman et al., 
1973) (II). To assess factors affecting the diet, the diet shift and growth 
of juvenile pikeperch several investigations were carried out. First, to 
observe the effect of eutrophication the diet of juvenile pikeperch was 
compared in Lake Peipsi and Lake Võrtsjärv − two lakes with different 
trophic status (I). Secondly, to explore the effect of eutrophication from 
another angle and to study the possible infl uence of the climate warming 
on the success of pikeperch fry progressing between feeding stages, 
long-term changes in the diet and growth of 0+ pikeperch in Lake 
Võrtsjärv were analysed (II). Thirdly, comparing data before and after 
the latest summer fi sh kill in Lake Peipsi in 2010, the effect of concurring 
eutrophication and climate change on juvenile pikeperch was assessed 
(IV). Next, considering that the abundance of ruffe and roach is high in 
Lake Peipsi and Lake Võrtsjärv (Kangur et al., 2002; Järvalt et al., 2004, 
Kangur et al., 2008a) and it rises as the productivity increases (Persson 
et al., 1991) the potential for the competition of the predator and its 
further prey needed clarifi cation. Therefore, the feeding relationships of 
juvenile pikeperch, ruffe, perch Perca fl uviatilis (L.) and roach as well as 
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their diet overlap were investigated in Lake Võrtsjärv (III). Finally, to 
understand the effect of the changes in the diet, the diet shift and growth 
of pikeperch fry on the lake ecosystem, the thesis focused on investigating 
the top-down infl uence of juvenile pikeperch on zooplankton and fi sh. To 
understand the top-down effect of juvenile fi sh on zooplankton, the diet 
of juvenile pikeperch, ruffe, roach and perch were analysed. In addition, 
size-related as well as seasonal changes in the diet of juvenile pikeperch 
were studied (I, III). To ascertain the top-down effect of pikeperch on 
inferior small fi shes, the abundance of juvenile fi shes, the diet shift and 
the length distribution of prey fi shes were estimated (I–IV).
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1. REVIEW OF THE LITERATURE

1.1.  Grounds of the success of juvenile pikeperch

1.1.1. Optimal environmental conditions for pikeperch

Pikeperch is considered a warm-water species (Hokanson, 1977; Lehtonen, 
1996; Jeppesen et al., 2012) that prefers eutrophic waters ( Jeppesen et 
al., 2000; Keskinen & Marjomäki, 2003). The optimum temperature for 
pikeperch is 24−29°C (Hokanson, 1977); however, for juvenile pikeperch 
an optimal temperature range of 25–30°C was reported (Frisk et al., 2012). 
Thus, pikeperch have an ontogenetic shift in their thermal optimum. 
Moreover, high summer temperatures have been found to have positive 
effect on pikeperch growth (Svärdson & Molin, 1973; Lehtonen et al., 
1996; Lappalainen, 2001; Keskinen & Marjomäki, 2003). Therefore, the 
northern boundary of pikeperch distribution is determined by the July 
15°C (mean temp) isotherm (Lehtonen, 1996). As Estonia is situated 
on the July 16°C isotherm, pikeperch populations in lakes Peipsi and 
Võrtsjärv are near the northern boundary of the distribution of this 
species. In the northern distribution area the production as well as the 
year-class strengths of pikeperch are likely to increase even when the 
mean temperature rises 0.5−1°C (Lehtonen, 1996). Besides summer 
temperatures also the duration of winter and ice cover period affect the 
pikeperch population. In winter, fi rst-year juveniles are more susceptible to 
starvation than adults; furthermore, smaller individuals are most affected 
(Lehtonen, 1996; Järvalt et al., 2004). 

As the mean water temperature in lakes Peipsi and Võrtsjärv has increased 
(Ahas & Aasa, 2006; Nõges et al., 2010; Antso, 2012) the conditions for 
pikeperch have improved.  Svärdson & Molin (1973) found that pikeperch 
yields are the highest in lakes that are not stratifi ed. As the water in lakes 
Peipsi and Võrtsjärve is well mixed (Jaani, 2001; Järvet et al., 2004) in the 
summer period, thus conditions should favour the increase in pikeperch 
populations. Finally, pikeperch growth is best in eutrophic and turbid 
lakes (Keskinen & Marjomäki, 2003). In Finnish lakes, the proportion of  
percids in gillnet catches in lakes with a phosphorus concentration range 
of 30–100 mg m–3 was found to be about half of that in lakes with a P 
range 10–30 mg m–3 (Helminen et al., 2000). As the P concentration in 
lakes Peipsi and Võrtsjärv is 40 and 50 mg m–3, respectively, the conditions 
can be considered quite suitable for pikeperch.
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1.1.2. The diet and the ontogenetic diet shift

Like most species of piscivorous fi sh, pikeperch passes through an 
ontogenetic diet shift when smaller food items such as zooplankton 
are replaced with fi sh in the individual diet. Usually, pikeperch shifts to 
piscivory during the fi rst summer of life (van Densen, 1985; Buijse & 
Houthuijzen, 1992; Wysujack et al., 2002; Speziar, 2005; Dörner et al., 
2007). To reach the piscivorous niche, individual fi sh must grow large 
enough to be able to swallow bigger prey. If food sources are scanty 
during the zooplanktivorous stage, a competitive bottleneck with other 
juvenile fi shes may occur. This slows growth and delays the diet shift 
(Persson & Greenberg, 1990; Persson & Brönmark, 2002). Pikeperch is 
a gape-limited predator and thus particularly the small pikeperch cannot 
swallow prey with large circumference such as ruffe, roach etc. (van 
Densen, 1985; Persson & Brönmark, 2008). Therefore, smelt, with its 
slender body shape, is considered to be the most suitable fi rst prey fi sh 
for young pikeperch (van Densen, 1985; Kangur & Kangur, 1998; Sutela 
& Hyvärinen, 2002). If the density of proper prey fi sh for pikeperch 
fry is low, pikeperch may remain at the planktivorous stage until the 
next spring (van Densen, 1985; Buijse & Houthuijzen, 1992; Persson & 
Brönmark, 2002; Specziar, 2005), or may start to consume zoobenthos 
to accelerate growth (Verreth & Kleyn, 1987; Kakareko, 2002; Peterka 
et al., 2003; Specziar, 2005). However, if 0+ pikeperch has an access to 
adequate food, it will shift to piscivory, hence, will achieve fast growth in 
the fi rst summer and thus will have a better chance of avoiding predators 
and surviving winter (Werner & Gilliam, 1984; Frankiewicz et al., 1997; 
Specziar, 2005). 

1.1.3. The trophic interactio ns of the predator and its further prey

Trophic interactions and hence the structure of food webs are largely 
determined by the respective sizes of both consumers and resources 
(Woodward et al., 2005; Beckerman et al., 2006; Petchey et al., 2008) 
as dissimilarity in body size is a major means by which species avoid 
direct overlap in resource use (Werner & Gilliam, 1984; Persson, 1988; 
Mittelbach & Persson, 1998). However, as predators in size-structured 
communities typically undergo a number of size-specifi c shifts, a predator 
can occupy the same trophic position as its prospective prey during some 
part of its ontogeny (Werner & Gilliam, 1984). Such intra- and interspecifi c 
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feeding interactions make the adaptation of species more complex within 
an aquatic food web (Werner & Gilliam, 1984; Persson, 1988; Persson 
& Greenberg, 1990). Thus, species that undergo dramatic niche shifts 
often face trade-offs in respect of the features that adapt them to their 
different ontogenetic niches (van Densen, 1985). Therefore, the further 
prey has the potential to restrict the recruitment of the predator through 
interspecifi c competition (Werner & Gilliam, 1984). Pikeperch undergoes 
substantial ontogenetic dietary shifts (van Densen, 1985; Persson & 
Brönmark, 2002; Wysujack et al., 2002; Keskinen & Marjomäki, 2004; 
Specziar, 2005; Persson & Brönmark, 2008) while ruffe and roach are 
species of smaller adult size and do not undergo notable ontogenetic 
dietary shifts (Bergman, 1990; Bergman & Greenberg, 1994; Rezsu & 
Specziár, 2006; Schleuter & Eckmann, 2008; Estlander et al., 2010). 
Moreover, they are considered more effi cient planktivores than pikeperch 
(Werner & Gilliam, 1984; Schleuter & Eckmann, 2008). Although some 
authors (e.g. Rezsu & Specziár, 2006; Schleuter & Eckmann, 2008; Peterka 
& Matěna, 2009) suggest that pikeperch, perch, ruffe and roach predate 
on different groups of zooplankton, others (e.g. Bergman, 1988; 1990; 
Bergman & Greenberg, 1994; Byström et al., 1998; Persson et al., 2000; 
Kahl & Radke, 2006; Peterka, 2006; Estlander et al., 2010) have observed 
similar preferences for zooplankton prey taxa by these four species. The 
data from different individual study sites infer that there may be heavy 
pressure on zooplankton and thus interspecifi c competition (Bergman, 
1990; Persson & Greenberg, 1990; Schleuter & Eckmann, 2008; Estlander 
et al., 2010). More importantly, competition between juvenile fi sh from 
different species can heavily infl uence the recruitment of 0+ pikeperch. 

1.2. The infl uence of eutrophication and  climate 
change on fi sh populations

The present day fi sh communities of freshwater lakes are most modifi ed 
by the lake’s trophic status and water temperature (Voutilainen & 
Huuskonen, 2010). In European lakes, eutrophication stimulates the 
shift from salmonids to percids and from percids to cyprinids (Persson 
et al., 1991; Jeppesen et al., 2000). However, as dramatic biotic responses 
to warming can arise in freshwater bodies even with relatively small 
temperature gradients of just a few degrees (Jeppesen et al., 2010; Perkins 
et al., 2010), climate change is considered one of the greatest threats, with 
serious implications for freshwater food webs (Heino et al., 2009; Perkins 
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et al., 2010). Global warming can have profound impacts on individual 
metabolism and, by extension, the physiology, bioenergetics, behaviour, 
abundance and distribution of species populations, with consequences 
for food web structure and dynamics (Ings et al., 2009; Woodward et al., 
2010a). In addition to range shifts, food web linkages may be disrupted 
by phenological mismatches between consumer and resources (Durant 
et al., 2007). Therefore, due to climate warming, complex changes in 
the feeding modes of fi sh, fi sh community structure, life history traits 
and winter survival are expected to take place. Food web structures and 
relationships between different trophic levels are continuously changing in 
response to many external fl uctuations (Jeppesen et al., 2010). However, 
the different components of climate change not only affect multiple 
levels of biological organisation, but they may also interact with many 
other stressors, to which fresh waters are exposed, e.g. eutrophication 
(Woodward et al., 2010b; Moss et al., 2011). Although some synergies 
among these components of change have already been recognised (Giller 
et al., 2004; Woodward et al., 2010a), the potential effects of interactive 
components of global change on biotic communities remain poorly 
understood (Woodward et al., 2010b). 

1.3. On-going environmental changes in la kes 
Peipsi and Võrtsjärv

Over the past decades multiple stressors have infl uenced the ecosystems 
of Estonian large lakes. Increased nutrient loads, climate change and 
pressures from fi sheries are thought to be the main factors that have 
triggered changes in the ecosystems of lakes Peipsi and Võrtsjärv. In Lake 
Peipsi, the increasing difference in the phosphorus (P) concentrations 
between the northern and southern parts of the lake clearly shows that 
the input of P from the Velikaya River from the south is increasing 
(Kangur & Möls, 2008). Lake eutrophication has led to a decline of water 
quality, massive blooms of cyanobacteria accompanied by oxygen depletion 
during night and fi sh kills, low water transparency and the siltation of 
spawning grounds of fi sh etc. (Kangur et al., 2005). In contrast, the 
loadings of nutrients to Lake Võrtsjärv have decreased from the 1990s 
and the ecosystem is rather stable (Nõges et al., 2007); nevertheless, 
the lake is highly eutrophic (Nõges et al., 2010). Secondly, high fi shery 
pressure, including pouching, unregistered landings and excessive numbers 
of professional fi shermen, jeopardise resources of the valuable fi shes, 
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especially pikeperch, in lakes Peipsi and Võrtsjärv ( Järvalt et al., 2004; 
Kangur et al., 2007b). Finally, as the mean air temperature in Estonia 
has substantially increased (Jaagus, 2006; Antso, 2012), climate warming 
has already brought along changes in the fi sh communities in both lakes 
(Kangur et al., 2002; Järvalt et al., 2004; Kangur et al., 2007b). A decline 
of some cold- and clean-water fi sh species like smelt (Fig. 1.3.1), vendace 
Coregonus albula (L.), whitefi sh Coregonus lavaretus L. and burbot Lota lota 
(L.) has been reported on the long-term scale (Kangur et al., 2002; Järvalt 
et al., 2004; Kangur et al., 2007b). On the other hand, the percentage 
of pikeperch in the fi sh catches has increased in both lakes over the last 
decades (Järvalt et al., 2004; Kangur et al., 2008a). Moreover, pikeperch 
was the most common game fi sh in commercial catches in Lake Peipsi in 
2007–2010 according to the state statistics. In this situation the abundance 
of pikeperch is not in accordance with its most suitable fi rst prey fi sh 
smelt (Fig. 1.3.1) (van Densen, 1985; Kangur & Kangur, 1998; Sutela & 
Hyvärinen, 2002).

Figure 1.3.1. Commercial catch (tonnes per year) of pikeperch and smelt since 1930 
in Lake Võrtsjärv (a) and Lake Peipsi (b).
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2. AIMS OF THE STUDY

Pikeperch is an important game fi sh and the main top predator in lakes 
Peipsi and Võrtsjärv. The state of its population is related to its success at 
the juvenile stage. In prevailing conditions, the yields of pikeperch rose 
in both lakes till the recent decline. However, smelt populations have 
collapsed. Thus, the abundance of pikeperch is not in accordance with its 
fi rst suitable prey. Considering that the most recent investigation on the 
diet of juvenile pikeperch in lakes Peipsi and Võrtsjärv was carried out 
in the 1950s, there is a high need for new investigations to understand 
factors affecting the pikeperch population in large shallow lakes and to 
fi nd out how changes in the diet may affect the predator-prey interactions 
in these lakes.

Hence, the goal of this study was to elucidate the diet of juvenile pikeperch 
in relation to long-term changes in fi sh communities and food resources 
in large shallow lakes.

The main objectives of this study were:

(1) to describe qualitatively and quantitatively the diet of juvenile 
pikeperch in  lakes Peipsi and Võrtsjärv;

(2) to ascertain long-term changes in the diet and growth of juvenile 
pikeperch in Lake Võrtsjärv;

(3) to fi nd out the diet similarities and diet overlap of juveniles of 
different fi sh species and ascertain possible food competition 
between these species in large shallow lakes; 

(4) to assess the effect of concurring eutrophication and climate 
change on juvenile pikeperch;

(5) to detect the linkage between the changes in the diet and growth 
of juvenile pikeperch and the top-down effect on zooplankton 
and fi sh. 

To achive the objectives several investigations were carried out in 
2007−2010. First, the qualitative and quantitative composition of the 
diet, ontogenetic diet shift and growth of juvenile pikeperch were studied 
in lakes Peipsi and Võrtsjärv (I). Secondly, the shift in prey selection and 
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the growth of juvenile pikeperch in the changing Lake Võrtsjärv were 
explored (II). Thirdly, the feeding relations between juveniles of different 
fi sh species in Lake Võrtsjärv were elucidated (III). Lastly, the effect of 
concurring eutrophication and climate change on juvenile pikeperch was 
assessed in Lake Peipsi (IV).

The study hypotheses were: the diet of juvenile pikeperch is related to 
the trophic state of a water body, and the size of juvenile pikeperch is 
proportional with the size of smelt population.
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3. MATERIALS AND METHODS

3.1. Study area

Lake Peipsi (I, IV), situated on the Estonian–Russian border (Fig. 3.1.1), 
has a surface area of 3555 km2 and is the fourth largest lake in Europe. 
The lake consists of three parts: the largest and deepest northern part 
Lake Peipsi senso stricto on what this theis is consentrated, the middle strait-
like part Lake Lämmijärv and the southern and the shallowest part Lake 
Pihkva. The study of Lake Peipsi was carried out in the largest and deepest 
northern part, Peipsi s.s. (area 2611 km2, mean depth 8.1 m, maximum 
depth 12.9 m, water level fl uctuates by an average of 1.15 m each year 
(Jaani, 2001)). The whole lake is eutrophic, with a mean total phosphorus 
concentration of 40 mg P m−3 and a total nitrogen concentration of 658 
mg N m−3 in the ice-free period in Peipsi s.s. (Kangur & Möls, 2008).

Figure 3.1.1. Location of Lake Peipsi and Lake Võrtsjärv

Lake Võrtsjärv (I–III), situated in the central part of Estonia, has a 
surface area of 270 km2. It is a very shallow, turbid water body with a 
mean depth of only 2.8 m, and a maximum depth of 6 m. Its water level 
fl uctuates by an average of 1.4 m each year (Järvet et al., 2004). Based on 
nutrient concentrations, the central parts of the lake can be considered 
highly eutrophic, whereas the narrow and sheltered southern part is 
hypertrophic. The mean phosphorus concentration in the lake water 
is 50 mg P m–3 and the mean concentration of total nitrogen has been 
approximately 1400 mg N m–3 for the last decade (Nõges et al., 2010). 
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Although Lake Peipsi and Lake Võrtsjärv are both large shallow lowland 
lakes connected with each other by the Emajõgi River, they contain 
different fi sh fauna and food resources (Kangur et al., 2003; Järvalt et 
al., 2004; Kangur et al., 2008a). In strongly eutrophic Lake Võrtsjärv, the 
zooplankters̓  mean weight is lower than in eutrophic Lake Peipsi, which 
still has a high number of large zooplankters (Haberman et al., 2008; 
Zingel & Haberman, 2008). In Lake Peipsi, 28 species of copepods and 57 
species of cladocerans have been identifi ed, whereas characteristic species 
of oligo-mesotrophic and eutrophic waters co-dominate (Haberman et 
al., 2007; 2008). In Lake Võrtsjärv, 14 species of copepods and 47 species 
of cladocerans have been identifi ed, but only species of eutrophic waters 
occur (Haberman et al., 2007; Zingel & Haberman, 2008). In Lake Peipsi, 
the dominant zooplankters are Bosmina berolinensis Imhof, Daphnia galeata 
Sars and Eudiaptomus gracilis (Sars) (Haberman et al., 2008), while Chydorus 
sphaericus Müller and Bosmina longirostris (Müller) prevail in Lake Võrtsjärv 
(Zingel & Haberman, 2008). Moreover, the abundance and biomass of 
zoobenthos are considerably higher in Lake Peipsi than in Lake Võrtsjärv 
(Kangur et al., 2004; Kangur et al., 2008b).

3.2. Sampling and laboratory ana lyses

Fish samples were collected from 2007 to 2010 (I–IV) using a bottom 
trawl (height 2 m, width 12 m, knot-to-knot mesh size at the cod-end 
10–12 mm). The trawl was towed by a ship for 15 min per haul at a speed 
of 5.5–6.2 km h–1 at least once every month from April till November 
in the pelagic zones of both lakes. On Lake Peipsi several hauls and on 
Lake Võrtsjärv one haul was carried out in every sampling day. All the 
fi sh caught were identifi ed and measured. After capture, a sample of fi sh 
fries was frozen. In the laboratory, the standard length (SL) and the total 
weight (TW) of each individual were measured. Age of the caught fi sh 
was determined from the length-frequency distribution (II, Fig. 2; III, 
Fig. 2), because random scale sampling has determined that the length-
frequency distribution gives the most reliable results. Food analyses were 
carried out according to Hyslop (1980) on a total of 635 juvenile pikeperch 
from Lake Peipsi and 708 juvenile fi shes (pikeperch, ruffe, roach, perch) 
from Lake Võrtsjärv (Table 1). Additionally, to assess the potential prey 
community, 1673 juvenile fi shes, including bream (Abramis brama (L.)), 
ruffe, roach, smelt and perch, collected simultaneously with pikeperch, 
were measured and weighed in 2009 in Lake Võrtsjärv. Prey weight was 
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deduced from the long-term research on zooplankton (Haberman et al., 
2007) and zoobenthos specimens̓  mean weight in these lakes (Kangur & 
Tuvikene, 1998; Kangur et al., 2008b). To analyse the effect of summer 
fi sh kill in Lake Peipsi 1262 juvenile fi shes were measured in 2009 and 
820 in 2010.

Lake
Fish 
species

n
Length 

range, cm
Study year Study

Peipsi Pikeperch 635 5.2–21 2007–2008 I

Võrtsjärv Pikeperch 378 4.1–18 2007–2009 I–III

Võrtsjärv Ruffe 129 3.5–5.3 2009 III

Võrtsjärv Roach 108 3.9–6.2 2009 III

Võrtsjärv Perch 93 4.6–8.5 2009 III

Table 3.2.1. The number (n) and length range of dissected fi shes from lakes Peipsi 
and Võrtsjärv from 2007 to 2009

3.3. Da ta analyses

To fi nd out which prey species were the most important in the diet of 
pikeperch and other fi sh fries, the following indices were calculated 
(Hyslop, 1980):

• frequency of occurrence (the percentage of all fi sh examined p 
in which that prey species i occurred pi ): 

  FO% = 100∑pi /p   (I–III).

Although FO% is not the best parameter to evaluate the dominance of 
different prey items because the most common prey need not be the 
dominant, it was the only feasible index that could be used in studies II 
and III. In study II, the data on the pikeperch fry diet from the 1950s 
was based on literature the (Erm, 1961) and FO% was then the only 
parameter used to describe the diet of juvenile pikeperch. Thus, it was 
the only base on which the comparison of the pikeperch diet in the 1950s 
and at present was accomplishable. In study III FO% was used because 
roach and ruffe diets contained also plant material and detritus and thus 
it was not possible to calculate other indices.
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• the percentage of prey number (the number of each prey species 
i expressed ni as a percentage of all observed prey n):

  N% = 100∑ni /n (I);

• the percentage of prey weight (the weight of each prey species i 
expressed Vi as a percentage of all observed prey V ):

  W% = 100∑Vi /V (I);

• index of relative importance (IRI) was calculated by summing 
the numeric and weight percentage values and multiplying by 
the frequency of occurrence percentage value:

IRI = (N% + W%)FO% (I).

To measure the feeding selectivity of the predator, Ivlev’s selectivity index 
was used despite the criticism presented already by Strauss in 1979 and 
Lechowicz in 1982, as it is still one of the most used selectivity indices 
(Deudero & Morales-Nin, 2001; Tilghman et al., 2001; Pita et al., 2002; 
Kangur, et al., 2007c; Salujõe et al., 2008):

Ei = (ri - pi)/(ri + pi) (I),

where ri is the relative abundance of food category i in the stomach and 
pi is the relative abundance of this prey in the environment. The values 
of this index range from –1 to +1. Negative values indicate rejection and 
positive values indicate active selection of the prey.
The diet similarity among different species of fi sh fries was investigated 
using the Schoeners niche overlap index (O) (Schoener, 1970) as the 
Schoener index is recommended with reservations (Wallace, 1981): 

 O = 1 – 1/2Σ|px,i – py,i| (III),

where pxi and pyi are the proportions by number of prey type (i) in the 
diets of two groups x and y. The index values range from 0 to 1; they 
approach 0 for species that share no prey types and approach 1 for species 
pairs that have completely identical prey. 

For statistical analyses procedures by R version 2.11.0 (R Development 
Core Team, 2010) and SAS (SAS Institute Inc., 2008) were used. For 
describing the diet of juvenile pikeperch (I) the negative binomial 
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distribution fi tted the best, and the Generalized Linear Model (GLM) 
method procedure GENMOD was used. The abundance and weight of 
different prey items in pikeperch stomachs were compared between lakes 
and years using parametrical functions (ESTIMATE statement). Spearman 
rank correlation analysis was used to fi nd the dependence between the 
prey number and weight upon fi sh length in the investigation period 
(I). Logistic analysis was used to compare the diet of zooplanktivorous 
pikeperch in Lake Võrtsjärv in two investigated periods: the 1950s and the 
present (2007−2010). The ANOVA model was used to test the effect of 
different investigation periods – periods with abundant smelt population 
(1920s, 1960s−1970s) and periods with no smelt (1950s and from 1980 up 
to now) – on the standard length of the pikeperch fry (II). The Mann–
Whitney U test was used to test the differences in the number of prey 
items and stomach content weights of different juvenile fi sh species in 
Lake Võrtsjärv̧  and Kruskal–Wallis one-way analysis of variance by rank 
was used to study the diet of juvenile fi sh species. Subsequently, a Mantel 
test was performed to test if there was a difference in the diet overlap 
between seasons of different juvenile fi sh species in Lake Võrtsjärv (III). 
The long-term changes of water temperature parameters in Lake Peipsi 
were analysed with the aid of the GLM procedure, using a cubic polynomial 
model. To estimate the long-term changes in the water pH and water 
transparency of Lake Peipsi, a large regression model using an SAS/STAT 
package was used. The GLM procedure (F-test) was used to test the long-
term trends in limnological parameters and relationships between fi sh 
catches and water quality parameters. Lastly, the frequency of fi shes in test 
catches before (in autumn 2009) and after (in autumn 2010) the summer 
fi sh kill in 2010 was examined using the chi-square (χ2) test. For testing 
and estimating the changes in the percentage of different length classes 
of fi shes in test catches, the GLM procedure with binomial distribution 
and logit link function was used (IV). In the statistical tests the level of 
signifi cance α selected was 0.05.
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4. RESULTS

  4.1. Quantitative and qualitative aspects in the diet of juvenile 
pikeperch in lakes Peipsi and Võrtsjärv (I, II)

There was a signifi cant difference (p < 0.001) between pikeperch diets 
in lakes Peipsi and Võrtsjärv in the abundance (I, Table 2) and weight 
(I, Fig. 2, Table 3) of different food objects in the stomachs of juveniles. 
According to the IRI index, the relative importance of Leptodora kindti 
(Focke) and Mesocyclops leuckarti Claus was highest in Lake Võrtsjärv, but 
the relative importance of Chironomus plumosus (L.), D. galeata, M. leuckarti 
and L. kindti in Lake Peipsi (Fig. 4.1.1). Additionally, the importance 
of small cladocerans was higher in Lake Võrtsjärv than in Lake Peipsi. 
However, the stomach content weight of 0+ pikeperch was signifi cantly 
higher in Lake Peipsi than in Lake Võrtsjärv (p < 0.001). Also the range 
of various food objects was considerably wider in Lake Peipsi, where 
pikeperch fry diet contained zooplankters from twelve species, but in 
Lake Võrtjärv the diet consisted of only up to six different species. Finally, 
the dominant prey in 0+ pikeperch diet varied signifi cantly between the 
lakes (p < 0.001). As the diet of 0+ pikeperch differed in the two lakes, 
autumn length of juvenile pikeperch varied between the lakes too. The 
dissimilarities in 0+ pikeperch length were statistically signifi cant (p < 
0.001) with the pikeperch fries gaining more length in Lake Peipsi than 
in Lake Võrtsjärv (I, Fig. 3).

Figure 4.1.1. The relative imporatance (IRI %) of different prey objects of juvenile 
pikeperch in lakes Peipsi and Võrtsjärv.

Autumn length of 0+ prey fi shes like ruffe, roach, perch and bream 
was approximately the same as the length of juvenile pikeperch in both 
investigated lakes. The smallest 0+ perch, bream and roach caught 
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in autumn 2007 in Lake Peipsi were 7 cm, 6 cm and 6 cm in length, 
respectively. In the next year at the same time, the minimum SL of 
different juvenile fi shes was as follows: ruffe 4 cm, roach 6 cm, and perch 
5 cm. In Lake Võrtsjärv ruffe was 4.2±1.4 cm (±standard deviation), 
roach 4.7±0.3 cm, perch 5.5±0.3 cm, smelt 7.5±0.1 cm and bream 5.3±0.9 
cm in length (SL) in autumn of 2009  (II, Fig. 4). Prey fi shes were on 
average greater than 75% of the length of the pikeperch standard length 
in Lake Võrtsjärv (II, Table 4). The prey to predator length relationship 
increased towards autumn and did not change signifi cantly in the spring 
of 2010 (II, Table 4).

The diet shift of pikeperch to piscivory was seldom observed at the age 
of 0+ in lakes Peipsi and Võrtsjärv in years 2007 and 2008. Piscivory 
of pikeperch fry of 2007 cohort from Lake Peipsi was fi rst observed in 
May 2008, at the mean SL of 9.3±0.9 cm. The fi rst sort of fi sh eaten 
by pikeperch was 2–3 cm roach and 3–5 cm ruffe. In the summer of 
2009, 7% of 0+ pikeperch had shifted to piscivory in Lake Võrtsjärv, 
however, in autumn of the same year pikeperch samples did not comprise 
piscivorous individuals. The 2007 year cohort shifted to piscivory at the 
end of June 2008, at a length of 8.4±0.4 cm and the 2009 year cohort at 
the beginning of June 2010, at a length of 9.3±2.5 cm. At that time, the 
fi rst fi shes eaten by pikeperch were newly hatched ruffe and pikeperch. 
When the pikeperch diet shifted from invertebrates to fi sh, their stomach 
content weight increased signifi cantly (p < 0.005) (I, Fig. 4)

4.2. Long-term changes in the die t and growth of juvenile 
pikeperch (I, II)

There have been signifi cant changes in the diet of juvenile pikeperch in 
Lake Võrtsjärv since the 1950s. Firstly, half a century ago the range of 
different zooplankton species eaten by juvenile pikeperch was considerably 
wider than at present. Secondly, there have been signifi cant (p < 0.001) 
changes in the frequency of occurrence of different food objects (II, Fig. 
3). The probability of occurrence of larger cladocerans like L. kindti and 
Daphnia cucullata Sars has fallen, and the importance of smaller cladocerans 
like Bosmina spp., C. sphaericus and copepods has risen in the diet of 
juvenile pikeperch during the past 50 years. In the 1950s the number of 
different species of zooplankton counted in 0+ pikeperch stomach was 
14 (Erm, 1961). By the recent period (2007−2010), the number of prey 



28

species had decreased to seven: Bhythotrepes longimanus (Leydig), Alona spp., 
Alonopsis spp., Sida crystalline (Müller), Acroperus elongatus (Sars), Diaptomus 
spp., Achteres spp. and E. gracilis had disappeared from the diet of juvenile 
pikeperch. However, despite the differences in the diet, autumn length 
of pikeperch fries did not differ signifi cantly in the 1950s and at present.

At the beginning of the 1950s in Lake Võrtsjärv, the shift to piscivory was 
quite seldom observed in autumn for 0+ pikeperch: only 4.5% of fries 
started to eat fi sh at the end of their fi rst growing season. The length of 
potential prey fi shes was 86–91% of the 0+ pikeperch length (Erm, 1961) 
(II, Table 4). In contrast, in years with abundant smelt populations, for 
instance in the 1960s–1970s, 0+ pikeperch started to eat fi sh (primarily 
smelt) already in their fi rst midsummer, being on average only 3.5 cm in 
length. Furthermore, all juvenile pikeperch caught were piscivorous by 
autumn (Erm, 1981). In such periods the mean standard length of the 
pikeperch at the end of their fi rst growing season was over 10 cm (Fig. 
4.2.1) and their total weight was signifi cantly higher (Mühlen & Schneider, 
1920; Kangur et al., 1971; Haberman et al., 1973; Erm, 1981) than in 
recent years. The differences in length between periods with abundant 
smelt populations and those with no smelt was statistically signifi can: the 
difference was estimated to be 1.5-fold (p < 0.001) (II, Table 3).

In the late 1950s, smelt was abundant in Lake Peipsi and most of 0+ 
pikeperch reached the piscivorous stage in midsummer, and all of them 
had done so by the beginning of September (Erm, 1961). Compared to 
the 1950s, the recent pikeperch population has postponed the shift to 
piscivory and the length of individual fi sh has decreased (Fig. 4.2.1).



29

Figure 4.2.1. The mean standard length (SL) of 0+ pikeperch in Lake Peipsi and Lake 
Võrtsjärv in different time periods  (Mühlen & Schneider, 1920; Erm, 1961; 1981; 
Kangur et al., 1971; Haberman et al., 1973, II).

4.3. Diet similarities and diet overlap of t he predator and prey 
fi shes in their early life stages (III)

There was no common pattern of preference for food categories for all 
the investigated juvenile fi shes (ruffe, roach, perch and pikeperch) in Lake 
Võrtsjärv. On average, perch consumed mostly M. leuckarti; however, 
cladocerans like Bosmina spp. D. cucullata, L. kindti and C. sphaericus were 
also frequently present in perch diets (III, Fig. 4, Table 2). The diet of 
ruffe consisted of zooplankton and benthic macroinvertebrates. Although 
M. leuckarti dominated by number, benthic macroinvertebrates and also 
Bosmina spp. were quite frequent food objects. Differently (p < 0.001) from 
perch and ruffe, pikeperch fries consumed L. kindti in high numbers in 
summer. However, in autumn M. leuckarti was numerically the dominant 
food object, like for the other percids. Other food categories were seldom 
present: on average the FO% of D. cucullata, Bosmina spp., L. kindti and 
C. sphaericus was 14, 6, 4 and 1, respectively. The diet of roach consisted 
only of macrophytes in summer; however, towards autumn the number 
of zooplankters rose (p < 0.001). In autumn, Bosmina spp. dominated in 
the diet of juvenile roach by number and their FO was 84%. At the same 
time M. leuckarti co-dominated, as its FO% was 59%.
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The diet overlap of four juvenile fi sh species was signifi cantly different 
in summer and in autumn (p < 0.001). In summer the diet overlap was 
the greatest for perch and ruffe (O = 0.92) but lower for pikeperch–ruffe 
and pikeperch–perch (O = 0.1) and there was no diet overlap for roach 
and other juvenile fi shes (O = 0) (III, Fig. 5). However, in autumn the 
diet overlap was signifi cant with pikeperch, perch and ruffe (O > 0.6).  

In summer the diet of juvenile fi shes consisted of large cladocerans 
(pikeperch), chironomids (ruffe) and/or plant material (roach) and thus 
the stomach content weight was higher in summer than in autumn for 
all these fi sh species ( p < 0.001) (Fig. 4.3.1). However, the number of 
prey items in the stomach increased towards autumn. In addition, ruffe s̓ 
average stomach content weight and the number of prey items eaten were 
higher than of the fries of all the other fi sh species, even though all the 
fi sh fries were approximately of the same length. These differences were 
statistically signifi cant (p < 0.001).

Figure 4.3.1. Stomach content weight of 0+ perch, pikeperch, ruffe and roach in Lake 
Võrtsjärv in summer and autumn. The box shows interquartile range, line inside the 
box indicates the median. Whiskers show the 95% range of observed data and points 
are outliers. 
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4.4. The effect of concurring eutrophication and c limate 
warming on juvenile pikeperch (IV)

Spring has advanced signifi cantly in Lake Peipsi (IV, Table 2) as the date 
when water temperature exceeds 15°C has become earlier. The number of 
water temperature ≥20°C days and the maximum temperature of the year 
have signifi cantly increased during the long-term observation period in Lake 
Peipsi (IV, Table 2). Furthermore, analyses have shown that extraordinarily 
hot summers with water temperatures over 20°C for long periods (up to 
110 days in 2002) have become more frequent (IV, Fig. 3b). Therefore, 
summer fi sh kills have occurred more often IV. This has triggered the 
collapse of smelt (Fig. 4.4.1) and vendace populations in Lake Peipsi 
( Jeppesen et al., 2012; IV).

Figure 4.4.1. Changes in commercial catches of smelt (a) and the sum of water tem-
perature degree-days over 20°C during a year in Lake Peipsi from 1925 to 2010 (b). 
Fish kills during the hottest summers are marked with stars.

Comparison of relative fi sh abundance catch per unit effort, CPUE, data 
in the experimental trawl catches before (autumn 2009) and after (autumn 
2010) the latest fi sh kill in 2010 indicated that juvenile stages were most 
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affected (IV, Fig. 2). In 2010, the summer fi sh kill decreased signifi cantly 
(p < 0.001) the proportion  of juvenile pikeperch, perch and ruffe relative 
to the previous year data: ruffe from 71% to 26% (p < 0.0029), pikeperch 
from 89% to 0% (p < 0.0001), perch from 28% to 0% (p < 0.0026) (IV, 
Table 3). Similarly, according to the χ2 test considerable decreases were 
observed in juvenile pikeperch (≈ 47×), juvenile perch (31×) and juvenile 
ruffe (10×) in the CPUE. 

4.5. Linkage between the changed diet of juvenile pikeperch and 
its possible top-down effect on zooplankton and fi sh (I–IV)

The diet of juvenile pikeperch consisted mostly of zooplankton. Ivlev’s 
selectivity index showed positive selection towards copepods in spring 
and toward cladocerans in summer and autumn in Lake Peipsi, but the 
situation was the opposite in Lake Võrtsjärv (Fig. 4.5.1).

Figure 4.5.1. The selectivity of different prey categories by juvenile pikeperch ac-
cording to the Ivlev’s index in Lake Peipsi (a) and Lake Võrtsjärv (b) in different 
months in 2008.

In both investigated lakes more zooplankton species were actively selected 
by pikeperch in autumn than in spring and summer. Particularly strong 
positive selection towards large zooplankters, e.g. M. leuckarti and L. 
kindti, can be noticed at the end of summer and in autumn in Lake 
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Võrtsjärv (I, Table 4). Similarly, the positive selection towards M. leuckarti, 
L. kindti and D. galeata was observed in autumn in Lake Peipsi. On 
average, zooplankters contributing most to the Lake Peipsi pikeperch 
fry stomach weight were large predatory cladocerans B. longimanus and 
L. kindti (I, Table 3). In contrast, L. kindti and M. leuckarti dominated by 
weight in the diet of 0+ pikeperch in Lake Võrtsjärv. Similarly with 0+ 
pikeperch, also other investigated juvenile fi shes consumed zooplankters 
in high quantities in Lake Võrtsjärv (III, Table 2). Furthermore, the 
consumption was particularly high in autumn. The stomach content 
weight of zooplanktivorous ruffe, roach and perch and also the number 
of zooplankters eaten by them were signifi cantly higher (p < 0.001) than 
for 0+ pikeperch.

The top-down effect of pikeperch on small fi shes has decreased for two   
main reasons. Firstly, the number of juvenile pikeperch is low in lakes 
Peipsi (IV, Fig. 2) and Võrtsjärv (III, Fig. 3). According to autumn trawling, 
pikeperch fries constituted by number up to 4% of all juvenile fi sh in Lake 
Võrtsjärv as CPUE data were analysed, whereas ruffe fries constituted 
approximately 44% and roach fries approximately 34% of all juvenile fi sh 
(Figure 4.5.2). In Lake Peipsi, the percentage of ruffe in experimental 
trawl catches was even higher. Furthermore, environmental extremes like 
summer fi sh kills may reduce the number of pikeperch fries even more: 
in the case of the latest fi sh kill in Lake Peipsi the decrease was ≈ 47× 
(IV, Fig. 2, Table 3).

Figure 4.5.2. The percentage of 0+ fi shes of different fi sh species according to the 
autumn trawling in Lake Peipsi (a) and Lake Võrtsjärv (b) in 2009.

Secondly, pikeperch starts to eat fi sh later. The diet shift to piscivory 
was seldom observed at the age of 0+ in the investigated lakes (I, Fig. 3). 
Pikeperch fries reach their piscivorous stage in their second growing season.
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5. DISCUSSION

5.1. Diet of juvenile pikeperch in lakes Peipsi and Võrtsjärv

Comparison of the diet and growth of juvenile pikeperch in lakes Peipsi 
and Võrtsjärv revealed several discrepancies: differences in the stomach 
content weight, taxonomic composition and dominance of particular food 
items (I). In both lakes 0+ pikeperch feed mostly on large zooplankters, 
although the density of large zooplankters in Lake Võrtsjärv is lower 
than in Lake Peipsi (Haberman et al., 2007; Zingel & Haberman, 2008). 
Nevertheless, in Lake Peipsi, where bottom invertebrates were more 
abundant, C. plumosus was an important food object for the 2007 pikeperch 
cohort (I). However, in Lake Võrtsjärv, the high number of benthophagous 
fi shes is already putting pressure on zoobenthos (Kangur et al., 2003) 
and thus the availability of zoobenthos in the lake is low (Kangur et 
al., 2004). Therefore, 0+ pikeperch rarely feed on benthic invertebrates 
in Lake Võrtsjärv (I). Thus, variations in the diet were probably caused 
by the discrepancies between the food resources of these lakes. It can 
be assumed that due to the different diets, the autumn mean length of 
the pikeperch fry was signifi cantly longer in Lake Peipsi than in Lake 
Võrtsjärv (I).  

In spite of differences in the diets and growth of juvenile pikeperch 
in lakes Peipsi and Võrtsjärv, at present pikeperch shift to piscivory in 
their second summer in both lakes (I, II), although, usually pikeperch 
start to eat fi sh already in their fi rst summer (van Densen, 1985; Buijse 
& Houthuijzen, 1992). Thus, pikeperch fries have relatively small length 
(mean 6–7 cm) at the end of the first growing season in Estonian 
large lakes (I, II). Smaller fi sh are more susceptible to starvation and 
predation, especially in winter (Werner & Gilliam, 1984; van Densen, 
1985; Frankiewicz et al., 1997; Specziar, 2005). Moreover, warm-water fi sh 
species live more passively in winter and are therefore more vulnerable to 
overwinter starvation (Lehtonen, 1996). Due to the small autumn length 
the winter mortality of juvenile pikeperch can be high in Estonian large 
lakes. Higher winter mortality, however, is one of the reasons for weak 
year classes (Werner & Gilliam, 1984). Thus, there are probably mostly 
weak year classes of pikeperch in lakes Peipsi and Võrtsjärv. 
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5.2. Changes in the diet and the diet shift of juvenile pikeperch 
in lakes Peipsi and Võrtsjärv over half a century

To understand the reasons behind the postponed diet shift, long-term 
data on the diet of juvenile pikeperch were analysed. Comparison of the 
historical and recent data was problematic as no source data were available; 
therefore, interpretation of publications was used. When comparing recent 
results to the studies on the 0+ pikeperch diet in Lake Võrtsjärv carried 
out in the 1950s (Erm, 1961), it can be seen that signifi cant changes have 
occurred (II). Firstly, half a century ago the range of different zooplankton 
species eaten by juvenile pikeperch was considerably wider than at present. 
Secondly, the frequency of occurrence of different food objects has changed. 
In Lake Võrtsjärv, the probability of the occurrence of larger cladocerans 
like L. kindti and D. cucullata has fallen, and that of smaller cladocerans like 
Bosmina spp., C. sphaericus and copepods has risen in the diet of juvenile 
pikeperch during the past 50 years. This means that in the 1950s the 
diet of zooplanktivorous pikeperch was quite similar to that observed in 
Lake Peipsi at present (II) and in other shallow eutrophic European lakes 
(van Densen, 1985, Frankiewicz et al., 1997, Peterka et al., 2003, Specziar, 
2005, Persson & Brönmark, 2008), where a shift from copepods (mainly 
E. gracilis, Cyclops spp.) to Daphnia spp. and especially, L. kindti could 
be recognised in pikeperch diet during growth. Additionally, smaller 
cladocerans, like B. longirostris and Chydoridae are found in negligible 
amounts in the diet. 

Despite the variation in the diet and a slight difference in growth between 
the 1950s and the present in Lake Võrtsjärv, there were no differences in 
recruitment to piscivory. On the other hand, in years when smelt, a slender-
bodied cold-water species, was abundant in lakes Peipsi and Võrtsjärv, 
most 0+ pikeperch reached the piscivorous stage in midsummer and all 
of them had done so by the beginning of September. Furthermore, all 
juvenile pikeperch caught in autumn were then piscivorous, being able to 
eat smelt, ruffe and roach fries (Erm, 1961; 1981) (I, II). 

As Lake Võrtsjärv has continuously changed since the 1950s, shifts in 
the ecosystem may have triggered changes in the prey community, which 
affects the diet and the diet shift of juvenile pikeperch. It is acknowledged 
that to reach the piscivorous niche, pikeperch needs adequate food, i.e. 
high food density and continuous availability of food of suitable sizes 
(Persson & Brönmark, 2002). 
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5.3. Factors affecting the succes s of 0+ pikeperch in large 
shallow lakes

To understand the reasons behind the delayed ontogenetic diet shift different 
factors needed exploring: eutrophication, climate change, competition etc. 
Therefore, the diet of juvenile pikeperch was comprehensively analysed at 
present (I) and also in the long-term scale (II). Additionally, interspecifi c 
competition (III) and extreme weather events (IV) were treated. 

5.3.1. Effect of eutrophication

The diet and growth of juveni le pikeperch differed signifi cantly in lakes 
Peipsi and Võrtsjärv, in two Estonian large lakes with different fi sh fauna 
and food resources (I). Moreover, analysis of long-term data showed 
that there have been also signifi cant changes in the diet of juvenile 
pikeperch in Lake Võrtsjärv during the last 50 years, at a time when the 
lake has been under pressure from eutrophication and climate change 
(II). Comparison of the diets of juvenile pikeperch (1) in lakes Peipsi 
and Võrtsjärv (I), (2) in Lake Võrtsjärv in different time periods (II) 
and (3) in other shallow eutrophic European lakes (van Densen, 1985; 
Frankiewicz et al., 1997; Peterka et al., 2003; Specziar, 2005; Persson & 
Brönmark, 2008) indicates that the diet of zooplanktivorous pikeperch 
was rather more similar in Lake Peipsi, in Lake Võrtsjärv in the 1950s 
and in many European eutrophic water bodies, but was different in Lake 
Võrtsjärv at present (I, II). 

The type of food consumed by juvenile pikeperch depends mostly on the 
availability of zooplankton species (Frankiewicz et al., 1997). According 
to Haberman et al. (2007), in the course of eutrophication the food 
supplies of juvenile fi sh decrease. In the strongly eutrophic Lake Võrtsjärv 
food conditions are not good for pikeperch fry due to the low density of 
large zooplankters like E. gracilis, B. berolinensis, Daphnia spp. and L. kindti 
(Haberman & Virro, 2004; Haberman et al., 2007; Zingel & Haberman, 
2008). Thus, discrepancies between the trophic status and food resources 
can evoke variations in the diet of juvenile pikeperch.

Despite the variation in the diet and a slight difference in growth, the diet 
shift was postponed in both lakes (I, II). It can be assumed that a bimodal 
length frequency distribution within the 0+ age cohort, like stated by 
Densen (1985) and Mooij et al. (1994), is the reason why the diet shift was 
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not detected among the studied fi sh. Nevertheless, random scale sampling 
showed that the length-frequency distribution is reliable to assume that 
only the studied size group was age 0+ and bigger pikeperch that were 
on fi sh diet were older. Thus the bimodal growth of 0+ pikeperch is no 
issue in this case. Consequently, eutrophication changes signifi cantly the 
food supplies of juvenile pikeperch and thereby also the diet but not the 
shift to piscivory. Due to the on-going eutrophication of Lake Peipsi the 
diet of juvenile pikeperch may become more similar to the pikeperch diet 
in Lake Võrtsjärv. Similar processes may occur also in other European 
lakes when the productivity continues to rise. 

5.3.2. Effect of climate warming

Jeppesen et al. (2010 ) pointed out that with climate warming complex 
changes in fi sh community structures may be expected. Comparison of 
periods (1) with abundant smelt population, (2) with no smelt but high 
numbers of larger cladocerans and (3) with no smelt and low numbers of 
larger cladocerans in Lake Võrtsjärv shows that the presence of suitable 
prey fi sh, e.g. smelt, rather than the presence of larger cladocerans, is the 
factor positively infl uencing growth at the juvenile stage (II). In the case 
of diet shift at the end of the fi rst growing season, the average length of 
0+ pikeperch became 1.5 times longer than in the years of postponed diet 
shift (II). Therefore, the absence of smelt and the resultant postponed 
diet shift cause slower growth rate of juvenile pikeperch in lakes Peipsi 
and Võrtsjärv. It is recognised that the collapse of the smelt population 
was triggered in Lake Võrtsjärv and Lake Peipsi by a warmer climate 
(Kangur et al., 2002; Järvalt et al., 2004; Kangur et al., 2007a; IV). Thus, 
it is most likely that climate warming has infl uenced the recruitment 
success of juvenile pikeperch as the warmer climate has already seriously 
affected the prey community structure. 

Pikeperch have no suitable fi rst prey fi sh in the current conditions in 
lakes Peipsi and Võrtsjärv (I–III). The potential prey fi shes were found 
to make up on average more than 75% of the 0+ pikeperch’s own length 
at the end of the fi rst growing season in Lake Võrtsjärv. Furthermore, 
the prey to predator length ratio increased towards autumn and in the 
following spring (II). Being gape-limited predators, pikeperch can only 
swallow prey 50% (Persson & Brönmark, 2008) to 62% (van Densen, 
1985) of their own length. For this reason, the slender bodied smelt have 
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been considered to be the most suitable fi rst prey fi sh for pikeperch fry 
in many north temperate lakes (van Densen, 1985; Kangur & Kangur, 
1998; Keskinen & Marjomäki, 2004). However, smelt populations have 
collapsed in lakes Peipsi and Võrtsjärv ( Järvalt et al., 2004; Kangur et 
al., 2007a). Consequently, pikeperch are not able to switch to piscivory 
either in Lake Peipsi or in Lake Võrtsjärv before the second summer when 
new 0+ fi shes become available (I, II). However, in the 1950s, when the 
feeding opportunities were somewhat better, the prey to predator length 
ratio decreased towards spring and pikeperch shifted to piscivory in 
spring. Thus, the composition of the zooplankton community infl uences 
the prey fi sh/pikeperch length ratio and may consequently have some 
impact on the timing of the diet shift. 

Sutela & Hyvärinen (2002) pointed out that in the northern boundary of 
pikeperch distribution juvenile pikeperch do not shift to piscivory even 
when smelt is present (II, Fig. 4) as summers are cool and pikeperch do 
not hatch before early June and prey fi shes are given a head start. On the 
contrary, in the southern part of the pikeperch distribution area, pikeperch 
are able to predate even on 0+ ruffe, perch, roach, bleak Alburnus alburnus 
(L.), pumpkinseed sunfi sh Lepomis gibbosus (L.) and monkey goby Neogobus 
fl uviatilis (Pallas) in their fi rst growing season (Wysujack et al., 2002; 
Speziar, 2005; Dörner et al., 2007) as there seems to be no mismatch 
between the predator and its prey. By today, the mean air temperature 
in Estonia ( Jaagus, 2006) and the water temperature in lakes Peipsi and 
Võrtsjärv have increased signifi cantly (Ahas & Aasa, 2006; Nõges et al., 
2010; Antso, 2012; IV); moreover, spring has advanced (IV). Thus, climate 
warming can infl uence the recruitment success of juvenile pikeperch as 
it triggers a mismatch between the predator and its prey. 

Several studies have shown that most of the pikeperch fries smaller 
than 6 cm SL do not survive their fi rst winter (Lappalainen et al., 2000; 
Järvalt et al., 2004), as size-selective winter mortality has been observed 
(Lehtonen, 1996). However, owing to climate change winters have become 
warmer and wetter in Estonia (Nõges, 2004; Ahas & Aasa, 2006; Jaagus, 
2006) and thus, as the current research demonstrated, juvenile pikeperch 
can survive the winter despite the growth acceleration triggered by the 
ontogenetic diet shift and become piscivorous in their next summer (I, 
II). Similarly, Jeppesen et al. (2010) stated that with a warmer climate there 
will be an increase in fi sh winter survival. Woodward et al. (2010b) claim 
that all organisms face the same options in the case of climate change: 
adapt, migrate or perish. At present, populations of the fi rst suitable 
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prey fi sh, smelt, have collapsed due to the warmer climate, but juvenile 
pikeperch are able to survive probably due to the changed environment, 
becoming the top predator in their second growing season in lakes Peipsi 
and Võrtsjärv. As a result, pikeperch fries are now zooplanktivorous 
considerably longer than previously.

5.3.3. Effect of concurring eutrophication and climate warming

Hot summers have b ecome more frequent and yearly maximum 
temperatures are rising in Lake Peipsi (IV). As the effects of climate change 
on shallow lakes can often be similar to the effects of eutrophication 
(Mooij et al., 2007; Jeppesen et al., 2010) and weather-induced changes 
may magnify eutrophication-induced processes, the lake’s status can shift 
abruptly, e.g. in response to drought, causing unexpected catastrophes in 
its biota (e.g. fi sh kills) (Kangur et al., 2005; IV). This has proven right 
for Lake Peipsi as massive fi sh kills have become more frequent and 
have occurred in wider areas of the lake (IV). Although pikeperch is 
considered a warm-water species (Buijse & Houthuijzen, 1992; Lehtonen 
& Lappalainen, 1995; Lappalainen, 2001; Ljunggren, 2002) heat waves may 
have a negative effect on them, as in the case of concurring stressors, high 
temperature together with a low level of dissolved oxygen, heat waves can 
be lethal also for 0+ pikeperch (Hokanson, 1977). Therefore, at present 
besides the negative effects on cold-water fi shes and bottom dwelling fi sh 
like ruffe, fi sh kills may damage populations of juvenile fi shes, especially 
pikeperch (IV). Importantly, any abrupt increase or decrease in juvenile 
fi sh numbers can signifi cantly affect the whole lake ecosystem through 
cascading effects of predation (Carpenter & Kitchell, 1993), which this 
is especially true in cold-temperate lakes (Danger et al., 2009; Jeppesen 
et al., 2010). In addition to damage to juveniles of pikeperch and perch, 
the populations of adult piscivores may be seriously affected, because the 
size and structure of their populations strongly depend on success at the 
juvenile stage (van Densen, 1985; Persson & Brönmark, 2008). Hence, 
environmental extremes and concurrent eutrophication can stimulate 
radical restructuring of the fi sh community in large shallow lakes like 
Peipsi (IV). Thus, in case of on-going warming total fi sh production may 
increase but because of changed composition of fi sh communities the 
commercial and recreational value of catches may decrease.
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5.3.4. Effect of competition and concurring eutrophication

There are large numbers of juvenile fi shes in lakes Võrtsjärv and Peipsi 
(III, IV). As there is a high density of small fi shes and relatively few top 
predators (III, IV), the feeding relationships of the juvenile individuals 
of different fi sh species may alter. Stomach content analyses conducted in 
Lake Võrtsjärv revealed several similarities in the diet of juvenile fi shes 
and signifi cant diet overlap (III). However, similarities in the diet and 
the diet overlap need not imply high competition; on the contrary, it is 
plausible that competition is rather low, allowing competitors to feed on 
the most profi table prey (Bergman, 1988; 1990; Bergman & Greenberg, 
1994; Byström et al., 1998; Persson et al., 2000; Kahl & Radke, 2006; 
Peterka, 2006; Estlander et al., 2010). There was no common pattern of 
preference for food categories for the four species investigated. The feeding 
opportunities of fi sh fry are considered to be poor in Lake Võrtsjärv: 
there is a low number of large cladocerans and already heavy pressure 
on zoobenthos (Kangur et al., 2004; Zingel & Haberman, 2008). Small 
fi shes like ruffe and roach can be considered more successful in the current 
conditions as they adjust quickly to changes in prey community (III). 
Therefore, as there is a large number of juvenile fi shes in the lake (III), 
the potential for competition between inferior small fi shes and young 
piscivores may be high. Thus, the prey can postpone the diet shift of 
their predators, a situation previously reported by Werner and Gilliam 
(1984) and Byström et al. (1998). In the current situation, pikeperch fry 
appear to be “sandwiched” between niches in Lake Võrtsjärv: (1) poor 
feeding conditions in their zooplanktivorous stage + high competition, 
(2) high competition in the zoobenthos niche and (3) no suitable prey 
fi shes. As eutrophication triggers an increase in the number of small fi shes 
Lake Võrtsjärv, the interspecifi c competition increases simultaneously and 
the recruitment of juvenile pikeperch and thus the population success of 
piscivorous pikeperch in the lake will decrease substantially. As Perrson et 
al. (1991) pointed out, the different success of feeding strategies, together 
with the competitive interactions between the juvenile fi sh species, may 
result in a shift from a dominance of percids to a dominance of cyprinids 
associated with increasing productivity of lakes. Consequently, the effect of 
eutrophication on the diet and growth of juvenile pikeperch can be even 
greater through higher interspecifi c competition than through the changed 
zooplankton community. Hence, eutrophication is probably diminishing 
the success of pikeperch population. 
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5.4. Changes in the diet and growth of juvenile pikeperch can 
infl uence the lake ecosystem 

 At present, as the ontogenetic diet shift is delayed, 0+ pikeperch remain 
zooplanktivo r ous significantly longer than previously and become 
piscivorous a year later (I, II). It is argued that 0+ fi sh eat more than 
three times as much large zooplankton as adult zooplanktivorous fi sh do 
(Mehner & Thiel, 1999). Moreover, according to Laugaste et al. (2007), a 
large number of pikeperch fry may infl uence the cladocerans̓  community. 
Pikeperch fry tend to select large zooplankters in lakes Peipsi and 
Võrtsjärv (I–III). The feeding pressure of 0+ pikeperch on zooplankton 
was particularly strong in these lakes in late summer and in autumn (I), 
which agrees with the fi ndings of other authors (Herzig, 1995; Mehner 
& Thiel, 1999). The early feeding stage is troublesome for specialized 
piscivores as they are poorly adapted to both planktivory and benthivory 
(Persson & Brönmark, 2008; III). Therefore, the feeding activity of 0+ 
pikeperch is probably not the driving reason for the decreased number 
of large-bodied zooplankton species (e.g. D. galeata, L. kindti, E. gracilis, B. 
longimanus) observed in lakes Peipsi and Võrtsjärv (Haberman et al., 2004; 
Haberman et al., 2008). The number of inferior small fi shes is very high 
in lakes Peipsi and Võrtsjärv (III, IV). Moreover, the consumption rate 
of juvenile ruffe and roach was found to be always higher than of juvenile 
piscivores of the same size in Lake Võrtsjärv (III). Thus, pressure on 
zooplankton may still be high. The changes in the interactions between 
fi sh species are suggestive of effects triggered by eutrophication and may 
even intensify these effects, as stated by Jeppesen et al. (2010). Because 
0+ pikeperch do not shift to piscivory in their fi rst autumn (I, II) there 
are two possible ways how the zooplankton community is more strongly 
affected than before. Firstly, 0+ pikeperch predates on large zooplankters. 
Secondly, due to lower top-down pressure on small fi shes their number 
increases and so they consume large quantities of zooplankton. This 
means, changes in food-web relations may intensify the effects triggered 
by eutrophication.

As pikeperch fries are now shifting to piscivory a year later in lakes 
Peipsi and Võrtsjärv than earlier (I, II), the time pikeperch regulates the 
population density of inferior small fi shes is shorter. According to Persson 
and Brönmark (2002), the strength of the pikeperch population is mainly 
dependent on the timing of their diet shift. Therefore, in the investigated 
lakes there are probably mostly weak and small year classes of piscivores 
and consequently lower numbers of adult piscivores. Additionally, summer 
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fi sh kills are a threat to the populations of pikeperch (IV). In consequence, 
the number of inferior small fi shes increases, because the diminishing 
proportion of piscivores reduces top-down control on planktibenthivorous 
fi sh, like stated by Jeppesen et al. (2010). The decline of piscivorous fi sh 
may intensify the effects of eutrophication, as the top-down effect on 
inferior small fi sh becomes weaker. The unbalanced state of the fi sh 
community is additionally replicated by fi sheries, as only valuable game 
fi sh are fi shed out but there is no pressure on roach and ruffe. Further 
investigations are needed to assess the combined effects of the concurrence 
of the postponed diet shift and high fi shing pressure on these lakes.
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CONCLUSION

The investigation provided new data on the factors affecting the success 
of pikeperch populations in large shallow lakes as the diet of juvenile 
pikeperch in relations with long-term changes in the fi sh community and 
food resources were elucidated in lakes Peipsi and Võrtsjärv. The main 
results of the study are:

1. Over half a century the range of different zooplankton species 
consumed by juvenile pikeperch in Lake Võrtsjärv has decreased 
in the course of eutrophication. The probability of the occurrence 
of larger cladocearns like L. kindti and D. cucullata in the diet has 
fallen and that of smaller cladocerans like Bosmina spp., Chydorus 
sp. and copepods in the diet has risen. Nevertheless, there was 
no signifi cant change in the autumn length of pikeperch fry (II). 

2. Variations in the pikeperch fry diet in lakes Peipsi and Võrtsjärv 
included differences in the number of consumed zooplankton 
species, the stomach content weight and taxonomic composition 
as well as in the dominance of particular food items. Moreover, 
the growth of 0+ pikeperch differed (I). 

3. All these variations in the diet were probably triggered by 
discrepancies between the trophic statuses and thereby differences 
in food resources (I, II). Although eutrophication is likely to 
cause variation in the diet (I, II) and even may evoke differences 
in growth (I), it does not seem to infl uence the recruitment to 
piscivory (I, II). 

4. Climate warming probably infl uences the recruitment success of 
juvenile pikeperch as warmer climate affects the prey community 
structure. First, warmer climate and concurring eutrophication 
have triggered a collapse of the smelt population (IV), and 
secondly, advanced spring is probably one of the factors that have 
triggered a mismatch between pikeperch fry and other juvenile 
fi shes (II, IV). In consequence, the diet shift of pikeperch fry 
is postponed (I, II).

5. The diet shift to piscivory of 0+ pikeperch is postponed because 
smelt is absent and therefore the autumn length of 0+ pikeperch 
has decreased in lakes Peipsi and Võrtsjärv at present (I, II). 
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However, the availability of large zooplankters probably has 
no effect on growth (I, II). Nevertheless, the composition of 
the zooplankton community infl uences the prey fi sh/pikeperch 
length ratio and thus can have a slight impact on the timing of 
the diet shift. At present, pikeperch shift to piscivory in the next 
summer when new 0+ fi sh have hatched. In the 1950s, when 
large zooplankters were available, the predator−prey length ratio 
decreased towards spring and the diet shift occurred earlier (II).

6. Despite the postponed diet shift, juvenile pikeperch are able to 
survive winters in changed environmental conditions (milder 
winters) (I, II).

7. Concurring eutrophication and heat waves may trigger dramatic 
summer fi sh kills because during massive blooms of cyanobacteria 
severe oxygen defi cit may occur during still warm nights. Such 
summer fi sh kills appear to have become more frequent and 
occur in wider areas of Lake Peipsi (IV). The 2010 summer 
heat wave with a low level of dissolved oxygen probably affected 
juvenile pikeperch (IV). An abrupt decrease in juvenile fi sh 
numbers can signifi cantly infl uence the whole lake ecosystem 
through cascading effects of predation. Additionally, as juveniles 
of pikeperch suffer, the populations of adult piscivores may be 
seriously affected.

8. There are a large number of juvenile fi shes in Lake Võrtsjärv 
(III). However, the feeding opportunities of fi sh fry are considered 
to be poor: there is a low number of large cladocerans and already 
heavy pressure on zoobenthos (Kangur et al., 2004; Zingel & 
Haberman, 2008). Furthermore, juvenile ruffe and roach can 
be considered more successful in the current conditions as they 
adjust quickly to changes in the prey community and their stomach 
content weight was higher than of juvenile piscivores (III). Thus, 
the potential for competition between inferior small fi shes and 
young piscivores may be high. Moreover, the competition in the 
juvenile stage can infl uence the success of the pikeperch diet shift 
(III). 

9. Pikeperch fries are now longer zooplanktivorous (I, II) and 
the number of inferior small fi shes is high and they are more 
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successful in zooplanktivory (III), thus the top-down effect on 
zooplankton may have increased.

10. Pikeperch fries are now shifting to piscivory a year later, hence 
the time pikeperch regulates the inferior small fi shes density is 
shorter (I, II). Due to the postponed diet shift there are probably 
mostly weak and small year classes of piscivores, and thus lower 
numbers of adult piscivores (I, II). In addition, the populations 
of pikeperch appear to suffer due to heat waves (IV). Thus, the 
top-down regulation of fi shes by pikeperch may be weaker.

11. Our studies allow concluding that eutrophication and climate 
change have affected the food supplies and therefore the diet 
and growth of juvenile pikeperch, hence, also linkages between 
trophic levels (I–IV).
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SUMMARY IN ESTONIAN

Koha (Sander lucioperca) noorkalade toitumine Peipsis 
ja Võrtsjärves: seosed kalastiku koosseisu ja toiduvarude 

pikaajaliste muutustega madalates suurjärvedes

Koha (Sander lucioperca (L.)) on peamine avavees elutsev röövkala Euroopa 
eutrofeerunud veekogudes ning on olulisel kohal ka Eesti suurjärvedes, 
Peipsis ja Võrtsjärves. Tippkiskjana on tema roll ohjata lepiskalade arvukust 
ja hoida tasakaalu kalakoosluses. Kontrollides toiduahelat ülevalt alla 
võib koha oluliselt mõjutada ka vee kvaliteeti (Frankiewicz et al., 1997; 
Dörner et al., 2007). Sellest tingitult on oluline uurida koha toitumist, 
et mõista veekogu seisundit, ökosüsteemi toimimist ja toiduahelate 
funktsioneerimist.

Koha, nagu ka paljud teised röövtoidulised kalad, läbib toitumises 
ontogeneetilise nihke vastavalt organismi kasvule – enne kalatoidule 
üleminekut toitub koha zooplanktonist (Bergman & Greenberg, 
1994). Kohal kui spetsialiseerunud röövkalal peaks ümberlülitumine 
zooplanktonilt kalatoidule toimuma juba esimesel elusuvel (van Densen, 
1985; Ljunggren, 2002). Sobivate saakkalade puudumisel aeglustub 
kohamaimude kasv. Jõudmata esimesel kasvusuvel ontogeneetilise 
nihkeni, toituvad kohamaimud, kes koosluses peaksid täitma röövkala rolli, 
oluliselt kauem zooplanktonist, käitudes nii hoopis lepiskaladena (Werner 
& Gilliam, 1984; Persson & Brömark, 2002). Seega, kohapopulatiooni 
uurimisel ning järve toitumissuhete mõistmisel tuleb pöörata erilist 
tähelepanu koha esimesele eluperioodile. 

Peipsi ja Võrtsjärve vee toiteainete (fosfori ja lämmastiku) sisaldus on 
aja jooksul suurenenud (Kangur & Möls, 2008; Nõges et al., 2010) ja 
temperatuur järjest tõusnud (Ahas & Aasa, 2006; Nõges et al., 2010). 
Mitmed uuringud on kinnitanud, et soojem ja toiteainetest rikkam vesi 
on kohale meeltmööda (Hokanson, 1977; Lehtonen, 1996; Jeppesen et 
al., 2000; Keskinen & Marjomäki, 2003). Nii ongi Eesti suurjärvedes 
märgata kohasaakide tõusu viimastel aastakümnetel ( Järvalt et al., 2004; 
Kangur et al., 2008a). Seega võime eeldada, et toiduahela ülalt-alla kontroll 
toimib efektiivselt. Sellele vaatamata on täheldatud Peipsis ja Võrtsjärves 
paradoksaalset olukorda: peenkala on järves palju, kuid tindi arvukus on 
mõlemas järves drastiliselt vähenenud ning seega puudub noorel kohal 
sobiv saak (Järvalt et al., 2004; Kangur et al., 2008a). Tinti peetakse oma 
saleda keha tõttu kohamaimudele esmaseks sobivaks saak-kalaks (van 
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Densen, 1985; Sutela & Hyvärinen, 2002; Kangur & Kangur, 1998). Kuigi 
suure koha toitumist on järvedes põhjalikult uuritud (Kangur & Kangur, 
1998; Kangur, 2000; Kangur et al., 2007c), siis koha noorjärkude toitumist 
uuriti viimati 1950ndatel (Erm, 1961). Mõistmaks kohapopulatsiooni 
olukorda Eesti suurjärvedes ning ülalt-alla toiduahela kontrolli iseloomu 
on äärmiselt oluline täita see lünk uuringutes. 

Käesoleva dissertatsiooni eesmärgiks on:

1) selgitada välja kvantitatiivsed ja kvalitatiivsed iseärasused koha 
noorjärkude toitumises Peipsis ja Võrtsjärves;

2) teha kindlaks pikaajalised muutused Võrtsjärve kohamaimude 
toitumises ja kasvus;

3) uurida eri liiki kalade noorvormide toitumise sarnasusi ja 
toiduobjektide kattuvust Võrtsjärves, hindamaks võimalikku 
toidukonkurentsi;

4) hinnata kliimamuutuste ja eutrofeerumise koosmõju koha 
noorjärkudele Peipsis;

5) leida seoseid kohamaimude toitumise ja kasvu muutuste ning 
nende ülalt-alla kontrolli vahel peenkaladele ja zooplanktonile.

Selleks uuriti Peipsis ja Võrtsjärvedes kohamaimude toitumist, 
toitumisnihet ja kasvu aastatel 2007–2010 (I). Lisaks kõrvutati saadud 
andmeid 1950ndate aastate uuringu tulemustega (II). Selgitamaks 
toidukonkurentsi võimalikku mõju toitumisnihkele, uuriti Võrtsjärves 
noorkalade arvukust ning nende toitumist (III). Viimaks analüüsiti 
ekstreemsete ilmastikunähtuste seoseid kohapopulatsiooni dünaamikaga 
(IV).

Käesoleva dissertatsioon põhitulemused on:

1. Viimase poolesaja aasta jooksul on Võrtsjärve kohamaimude 
toiduobjektide hulgas toimunud nihe väiksemamõõtmeliste 
zooplankterite domineerimise suunas. Sellele vaatamata ei 
esinenud olulisi muutusi zooplanktonitoidulise koha kasvus (II). 

2. Peipsi ja Võrtsjärve koha noorjärkude toitumise võrdlemisel 
ilmnesid erinevused toidupala kaalus, toiduobjektide koosseisus 
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ja dominantides. Need erinevused toidus mõjutasid oluliselt 
kohamaimude kasvu, mistõttu esimese elusuve lõpuks olid 
noorkohad Peipsis oluliselt suuremad kui Võrtsjärves (I). 

3. Erinevused kohamaimude toitumises tulenevad tõenäoliselt 
toiduobjektide vahekorra ja koosseisu muutustest järves 
seoses järvede toitelisuse muutustega (I, II). Kuigi järvede 
eutrofeerumine toob tõenäoliselt esile erinevusi toitumises (I, 
II) ja võib esile kutsuda ka erinevusi kohamaimude kasvus (I), ei 
mõjutanud see oletatavasti toitumisnihke ajastust zooplanktonilt 
kaladele (I, II).

4. Kliima soojenemine mõjutab tõenäoliselt koha noorjärkude 
toitumisnihet, kuna muutused veetemperatuuris on mõjutanud 
saakkalade populatsioone. Esiteks, kõrgema veetemperatuuri 
ja eutrofeerumise koosmõju on põhjustanud esmase saakkala 
(tindi) kadumise (IV). Teiseks, kevadine kiirem soojenemine 
(IV) on arvatavasti tinginud muutused rööv- ja saakkalade 
kudemise ajastuses (II). Sellise ebakõla tulemusel ei ole võimalik 
kohamaimude üleminek kalatoidule enne nende teist elusuve (I, 
II).

5. Peipsis ja Võrtsjärves viibib 0+ koha toitumisnihe kalatoidule, 
mistõttu nende sügisene keskmine pikkus on vähenenud (I, II). 
Seega näib sobiva saakkala puudumine põhjustavat ontogeneetilise 
toitumisnihke edasilükkumist ja kasvu aeglustumist. Suurte 
zooplankterite olemasolu veekogus aga tõenäoliselt nii olulist 
mõju ei oma (I, II). Siiski võib veekogu zooplanktoni koosseis 
mõjutada noorkoha ja saakkala pikkuse suhet ja seega mõjutada 
toitumisnihke ajastust. Eesti suurjärvedes toimub praegustes 
tingimustes koha toitumisnihe kaladele alles teisel elusuvel, kui 
järve ilmub uus põlvkond 0+ kalu. 1950ndatel aastatel, kui suuri 
zooplanktereid oli järves palju, vähenes saak- ja röövkala pikkuste 
suhe kevadeks ning toitumisnihe toimus juba siis (II).

6. Vaatamata edasilükkunud toitumisnihkele ja väiksematele 
mõõtmetele on kohamaimud võimelised muutunud keskkonnas 
(pehmemad talved) talve üle elama (I, II).

7. Eutrofeerumise, öise hapnikupuuduse ja kuumalainete koosmõjul 
on toimunud kalade massilisi suremisi, mis on nähtavasti 
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muutunud sagedamaks (IV). Ekstreemsed ilmastikunähtused 
ei mõjuta ainuüksi jaheda vee liike nagu tint ja rääbis, vaid ka 
noorkalu, sealhulgas koha. 2010. aasta suvine kuumalaine koos 
öise hapnikupuudusega mõjutas enim just noorkohade arvukust. 
Kuna kohapopulatsiooni suurus ja tugevus sõltuvad nende edust 
juveniilsel eluetapil, siis kuumalained mõjutavad negatiivelt kogu 
kohapopulatsiooni (IV).

8. Võrtsjärves on planktontoiduliste noorkalade arvukus kõrge 
(III), kuid toidulaud on kesine (Kangur et al., 2004; Zingel & 
Haberman, 2008). Veel enam, võrreldes kohaga on näiteks kiisk 
ja särg praegustes tingimustes zooplanktoni sööjatena edukamad. 
Nende maosisu mass oli kõrgem kui röövkala noorvormidel, 
sest nähtavasti kohanesid nad kiiremini toiduobjektide koosseisu 
muutustega (III). Seega võime eeldada toidukonkurentsi, mis 
mõjutab koha toitumisnihke ajastust.

9. Koha ülalt-alla toiduahela kontroll zooplanktonile võib olla 
tugevnenud, kuna: (1) 0+ kohad toituvad planktonist kauem 
(I, II) ja (2) nende toitumissurve kiisale ja särjele on nõrgem. 
Seetõttu on nende kalade zooplanktonist toituvaid noorjärke 
väga palju (III).

10. Koha ülalt-alla toiduahela kontroll kaladele võib olla nõrgenenud, 
kuna: (1) koha hakkab toituma kaladest hiljem (I, II), (2) 
toitumisnihke edasilükkumine nõrgendab populatsiooni ja 
seepärast on ka täiskasvanud kohasid vähem (I, II), ning (3) 
kuumalained võivad mõjuda kohapopulatsioonile negatiivselt 
(IV).

11. Eutrofeerumine koos kl i imamuutusega on mõjutanud 
toiduressursse ja seeläbi noorkohade toitumist ja kasvu, seega 
ka seoseid troofi liste tasemete vahel (I-IV).
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Abstract Pikeperch is a major predator in the

pelagic zone of eutrophic waters, such as the large

north-temperate lowland lakes Võrtsjärv (Estonia) and

Peipsi (Estonia/Russia). The size and structure of the

pikeperch population is strongly influenced by their

success at the juvenile stage. Therefore, we investi-

gated the diet and prey selection of pikeperch fry

caught in the ice-free period in lakes Peipsi and

Võrtsjärv in 2007 and 2008. We analysed the stomach

contents of 635 pikeperch from Lake Peipsi and 202

pikeperch from Lake Võrtsjärv, and compared our

findings with similar data from the 1950s (Erm, About

Biological and Morphological Differences of Pike-

perch. Hydrobiological Researches II (in Estonian),

1961). Analysing 4–20 cm long fry, we studied

differences in prey size, seasonal diet patterns and

the ontogenetic diet shift. In both lakes, 0? pikeperch

feed mostly on large predatory zooplankters.

However, in Lake Peipsi the stomach content weight

and the average number of food items in stomach were

higher, and the food spectrum was wider than in Lake

Võrtsjärv. There was also a difference in the type of

food that dominated fry’s stomach content (calculated

by weight) in the two lakes. In Lake Peipsi, chiron-

omids larvae, as well as zooplanktersDaphnia galeata

and Bythotrephes longimanus dominated, while in

Lake Võrtsjärv zooplankters Mesocyclops leuckarti

and Leptodora kindti. Seasonal analysis showed that

cladocerans dominated in pikeperch fry stomach

content in summer and at the beginning of September,

but copepods were dominant in autumn and spring. In

contrast to the studies carried out from 1952 to 1958

(Erm, About Biological and Morphological Differ-

ences of Pikeperch. Hydrobiological Researches II

(in Estonian), 1961), the shift from planktivory to

piscivory at the end of the first growing season was

hardly ever observed during our investigation. We

believe this is due to the lack of suitable prey fish as

there was a collapse of the smelt, Osmerus eperlanus

(L.), population in both lakes. The transition of

pikeperch from planktivory to piscivory was delayed

till the next summer.
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Introduction

Pikeperch, Sander lucioperca (L.), usually plays a

key role in eutrophic inland water bodies of temper-

ate zone by structuring populations at lower trophic

levels (Frankiewicz et al., 1997; Dörner et al., 2007).

Therefore, the diet of piscivorous pikeperch in large

shallow eutrophic lakes Peipsi and Võrtsjärv has

been thoroughly assessed (Kangur & Kangur, 1998;

Kangur, 2000; Kangur et al., 2007c). Like most

species of piscivorous fish, pikeperch pass through a

phase feeding on smaller food items such as

zooplankton before switching to fish diet. Usually,

pikeperch shift to piscivory during the first summer of

life (van Densen, 1985; Buijse & Houthuijzen, 1992).

To reach the piscivorous niche, individual fish must

possess enough capacity to grow. If food sources are

low during this stage, it may create a competitive

bottleneck by slowing growth and delaying the diet

shift (Persson & Greenberg, 1990; Persson & Brön-

mark, 2002). Nevertheless, if the density of proper

prey fish for the pikeperch fry (such as smelt,

Osmerus eperlanus (L.)) is low and other fish fries

are too big for the pikeperch to eat them, pikeperch

may remain at the planktivorous stage until the next

spring (van Densen, 1985; Buijse & Houthuijzen,

1992; Persson & Brönmark, 2002; Specziar, 2005), or

may start to look for food from zoobenthos to

accelerate growth (Verreth & Kleyn, 1987; Kakareko,

2002; Peterka et al., 2003; Specziar, 2005). However,

if 0? pikeperch has access to adequate food and can

achieve faster growth in the first summer, they have a

better chance of avoiding predators and surviving the

winter (Werner & Gilliam, 1984; Frankiewicz et al.,

1997; Specziar, 2005). Therefore, the size and

structure of the pikeperch population is strongly

dependent on the success at the juvenile stage

(van Densen, 1985; Persson & Brönmark, 2008).

Nevertheless, few studies have focused on the diet of

juvenile pikeperch in large shallow lakes.

The most recent research into the diet of 0?

pikeperch in Lake Peipsi and Lake Võrtsjärv was

carried out in the 1950s (Erm, 1961). Since then, it

is possible that some important changes in the

pikeperch fry diet have occurred as a result of

ecosystem changes due to changed nutrient loads,

pressures from fisheries and climate change. In Lake

Peipsi, the increasing difference in the phosphorus

(P) concentrations between the northern and southern

parts of the lake clearly shows that the input of P

from the south is increasing (Kangur & Möls, 2008).

Lake eutrophication has led to the decline of water

quality, massive blooms of cyanobacteria accompa-

nied by oxygen depletion during night and fish kills,

low water transparency and the siltation of spawning

grounds of fish (Kangur et al., 2005). In contrast, the

loadings of nitrogen (N) and P to Lake Võrtsjärv have

decreased substantially from the 1990s and the

ecosystem is rather stable (Nõges et al., 2007).

Secondly, high fishery pressure, including pouching,

unregistered caught quantities, excessive numbers of

professional fishermen, jeopardize the valuable fish

resources in lakes Peipsi and Võrtsjärv. The lakes

have repeatedly suffered from over-fishing: after

World War II fishing was remarkably intensified due

to high demand of food after war and the next drastic

increase in fishing pressure was caused by the

transition from the Soviet economic system to the

market economy the early 1990s (Järvalt et al., 2004;

Kangur et al., 2007b). Additionally, a strong negative

effect of high temperature on the smelt population

was determined in Lake Peipsi (Kangur et al., 2007a).

On the long-term scale, climate warming has brought

along a decline of cold- and clear-water fish species

(smelt, vendace Coreconus albula (L.), whitefish

Coregonus lavaretus L., burbot Lota lota (L.)) and an

increase in the stock of pikeperch (which prefers

warm and turbid water) in both lakes (Kangur et al.,

2002; Järvalt et al., 2004; Kangur et al., 2007b).

The aim of this study was to analyse predator size

related, and seasonal changes in the diet of juvenile

pikeperch in lakes Peipsi and Võrtsjärv. Our specific

aim was to evaluate the differences in the diet of

juvenile pikeperch in the two lakes. In addition, as the

primary prey fish for pikeperch is cool water fish smelt

(van Densen, 1985; Kangur & Kangur, 1998), and the

smelt populations have collapsed in lakes Peipsi and

Võrtsjärv (Järvalt et al., 2004; Kangur et al., 2007a;

Krause & Palm, 2008), we wanted to explore whether

it leads to 0? pikeperch not passing through the

ontogenetic diet shift in the first growing season, but

starting to eat bottom invertebrates as an alternative

food source to smelt. We tested the following

80 Hydrobiologia (2011) 660:79–91
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hypotheses: (1) the ontogenetic diet shift of pikeperch

is postponed, and (2) in the absence of suitable prey

fish, pikeperch starts to eat bottom invertebrates.

Materials and methods

Study site

Lake Peipsi, situated on the Estonian/Russian border

(Fig. 1), has a surface area of 3,555 km2 and is the

fourth largest lake in Europe. Our study of Lake

Peipsi was carried out in the largest and deepest

northern part, Peipsi s.s. (area 2,611 km2, mean depth

8.1 m, maximum depth 12.9 m, water level fluctuates

by an average of 1.15 m each year (Jaani, 2001)). The

lake is eutrophic, with a mean total phosphorus

concentration of 40 mg P m-3 and a total nitrogen

concentration of 658 mg N m-3 in the ice-free period

(Kangur & Möls, 2008).

Lake Võrtsjärv, situated in the central part of

Estonia, has a surface area of 270 km2 and is the

second largest lake in the Baltic region. It is a very

shallow, turbid water body with a mean depth of only

2.8 m, and a maximum depth of 6 m. Its water level

fluctuates by an average of 1.4 m each year (Järvet

et al., 2004). Based on nutrient concentrations, the

middle and central parts of Lake Võrtsjärv can be

considered highly eutrophic, whereas the narrow and

sheltered southern part is hypertrophic. The total

phosphorus concentration in the lake water is

53 mg P m-3 and the mean concentration of total

nitrogen has been 1400 mg N m-3 for the last decade

(Tuvikene et al., 2004).

Although Lake Peipsi and Lake Võrtsjärv are both

large shallow lowland lakes, they contain different

fish fauna and food resources (Kangur et al., 2003;

Järvalt et al., 2004; Kangur et al., 2008a). In strongly

eutrophic Lake Võrtsjärv, the zooplankters mean

weight is lower than in eutrophic Lake Peipsi, which

still has a high number of large zooplankter (Haber-

man et al., 2008; Zingel & Haberman, 2008). In Lake

Peipsi, there are 28 species of copepods and 57

species of cladocerans, whereas characteristic spe-

cies of oligo-mesotrophic and eutrophic waters

co-dominate (Haberman et al., 2007; Haberman

et al., 2008). In Lake Võrtsjärv, there are 14 species

of copepods and 47 species of cladocerans, whereas

only species of eutrophic waters occur (Haberman

et al., 2007; Zingel & Haberman, 2008). In Lake

Peipsi, the dominant zooplankters are Bosmina

berolinensis Imhof, Daphnia galeata Sars and

Eudiaptomus gracilis (Sars) (Haberman et al., 2008),

while Chydorus sphaericus Müller and Bosmina

longirostris (Müller) prevail in Lake Võrtsjärv (Zingel

& Haberman, 2008). Similarly, the abundance and

biomass of zoobenthos is considerably higher in Lake

Peipsi than in Lake Võrtsjärv (Kangur et al., 2004;

Kangur et al., 2008b).

Sampling and laboratory analyses

Pikeperch samples were collected in 2007 and 2008

(Table 1) using a bottom trawl (height 2 m, width

12 m, 10–12 mm knot-to-knot mesh size at the cod-

end). The trawl was towed by a ship for 15 min per

haul at a speed of 5.5–6.2 km h-1. Trawl catches were

carried out at noon, in the pelagic zone of the lakes. All

the caught fishes were identified and measured.

Zooplankton records were collected at the same time

and place with the sample trawls. Data on zoobenthos

were collected during an existing annual monitoring.

After capture, the pikeperch samples were frozen.

In the laboratory, the standard length (SL) and the

total weight (W) of each pikeperch individual was

measured and the age was estimated from the length–

frequency distribution of the 0? and 1? age groups.

Each fish was dissected, their stomach contents were

analysed under the microscope and the food items

were identified and counted. Prey weight was

deduced from the long-term research on zooplankton

(Haberman et al., 2007) and zoobenthos specimens

mean weight in these lakes (Kangur & Tuvikene,Fig. 1 Location of Lake Peipsi and Lake Võrtsjärv
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Table 1 The number (N),

standard length (SL) and

weight (W) of examined

juvenile pikeperch from

Lake Võrtsjärv and Lake

Peipsi

0? pikeperch 1? pikeperch

N SL (cm) W (g) N SL (cm) W (g)

Lake Võrtsjärv

8 Aug 2007

Mean 18 5.34 1.74 1 17 72.7

Range 4.6–8.6 0.84–7.9

15 Aug 2007

Mean 37 5.47 1.97 2 14.5 57.5

Range 4.9–10.8 1.37–16.86 11–18 22.3–92.7

3 Sep 2007

Mean 16 5.68 1.90 0

Range 5–6.2 1.4–2.5

6 Nov 2007

Mean 11 6.18 2.8 0

Range 5.3–9.2 1.5–9.3

30 June 2008

Mean 0 38 8.36 6.49

Range 7.2–14.8 3.08–36.8

5 Aug 2008

Mean 4 4.2 0.68 6 11.7 19.07

Range 4.1–4.9 0.5–0.78 10.7–13 14.5–26.14

29 Sep 2008

Mean 5 5.63 2.19 39 14.1 30.2

Range 4–7.3 0.74–4.2 13.7–16 17.91–42.41

20 Oct 2008

Mean 6 6.39 3.45 20 14.4 20.2–50.1

Range 5.3–8.5 1.7–6.9 12.5–16.7

Total 96 106

Lake Peipsi

5 Oct 2007

Mean 227 6.81 4.4 30 18.41 70.9

Range 5.55-9.1 1.67–8.24 16–20 32.2–84.4

11 Oct 2007

Mean 113 7.38 4.77 18 18.23 77.3

Range 5.5–8.6 3.02–7.21 16–21 36.5–107

28 Apr 2008

Mean 0 17 7.79 4.57

Range 7.5–8.4 3.83–5.69

12 May 2008

Mean 0 28 7.42 4.38

Range 6.8–8.6 3.3–6.5

4 July 2008

Mean 0 11 9.57 9.28

Range 9.4–10.8 8–10.4

15 Sep 2008

Mean 20 6.51 3.01 4 17.4 71.41
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1998; Kangur et al., 2008b). All fish sampled were

between 4 and 20 cm SL. In total, we examined 635

pikeperch from Lake Peipsi and 202 pikeperch from

Lake Võrtsjärv.

Data analysis

To find out which prey species were most important

to the pikeperch, we calculated the following indices:

• frequency of occurrence (the percentage of all fish

examined p in which that prey species i occurred

pi), FO% ¼ 100 �P pi
p ;

• the percentage of prey number (the number of

each prey species i expressed as a percentage of

all observed prey), N% ¼ 100 �P ni
n ;

• the percentage of prey weight (the weight of each

prey species i expressed as a percentage of all

observed prey), W% ¼ 100 �P Vi

V ;
• index of relative importance (IRI) was calculated

by summing numeric and weight percentage

values and multiplying the frequency of occur-

rence percentage value, IRI ¼ ðN%þW%Þ �
FOð%Þ (Hyslop, 1980).
To measure the feeding selectivity of the predator,

we used Ivlev’s selectivity index (Windell &

Bowen, 1978; Deudero & Morales-Nin, 2001;

Tilghman et al., 2001; Pita et al., 2002; Kangur,

et al., 2007c; Salujõe et al., 2008):

•
Ei ¼ ri � pi

ri þ pi
;

where ri is the relative abundance of food

category i in the stomach and pi is the relative

abundance of this prey in the environment. Values

of this index range from –1 to ?1. Negative

values indicate rejection and positive values

indicating active selection of the prey.

For describing the diet of juvenile pikeperch the

negative binomial distribution fitted the best, we

used generalized linear model method procedure

GENMOD in SAS (SAS Institute Inc., 1999). The

abundance and weight of different prey items in

pikeperch stomach were compared between lakes and

years using parametrical functions (ESTIMATE state-

ment in SAS). In addition, the length of fishes was

presented in the model. To make the comparison

results more reliable, we used data of pikeperch diet in

autumn as we had suitable records for both years and

lakes. We used the Spearman rank correlation analysis

provided by programme R version 2.8.1 (R Develop-

ment Core Team, 2008) to find the dependence

between the prey number and weight upon fish length

in the investigation period. In the statistical tests, the

level of significance a was 0.05.

Results

Differences in the diet of juvenile pikeperch,

by lakes and years

There was a significant difference between pikeperch

diet in lakes Peipsi and Võrtsjärv as we compared

the abundance (Table 2) and weight of different food

objects in the stomachs of juvenile pikeperch in

these lakes. First, the stomach content weight of

Table 1 continued
0? pikeperch 1? pikeperch

N SL (cm) W (g) N SL (cm) W (g)

Range 5.2–7.2 1.55–3.57 17–17.8 62.9–76.8

22 Sep 2008

Mean 68 6.53 2.99 8 17.85 70.4

Range 5.6–8.6 2.17–4.08 17–18 63.9–86.8

7 Oct 2008

Mean 22 6.56 2.92 3 17.6 62.19

Range 5.6–8.5 1.87–5.48 17.1–18 56.9–76.8

10 Oct 2008

Mean 54 6.61 2.94 12 17.5 75.47

Range 5.2–7.3 1.7–3.65 16–19 48.13–90.39

Total 504 131
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0? pikeperch was significantly higher in Lake Peipsi

than in Lake Võrtsjärv. Second, the range of various

food objects was considerably wider in Lake Peipsi,

where pikeperch fry diet contained zooplankters from

twelve species, but in Lake Võrtjärv the diet consisted

of only up to six different species. Finally, the

dominant prey in 0? pikeperch diet varied signifi-

cantly between the lakes. On average, Chironomus

plumosus (L.) larvae contributed most to the Lake

Peipsi pikeperch fry stomach weight; the next most

important food items were large predatory cladocerans

Bythotrephes longimanusLeydig and Leptodora kindti

(Focke) (Table 3). In contrast, zooplankters L. kindti

andMesocyclops leuckartiClaus dominated the diet of

0? pikeperch in Lake Võrtsjärv (measured by weight).

Furthermore, there was statistically significant

discrepancy (P\ 0.005; N = 542) in the diet com-

position of pikeperch in the years of investigation in

Lake Peipsi and in Lake Võrtsjärv. In Lake Peipsi,

the estimated number of M. leuckarti and B. longim-

anus in stomachs was on an average two times higher

in 2008 than in 2007. In 2007, juvenile pikeperch

consumed in high numbers of C. plumosus larvae in

Lake Peipsi; on the contrary, in 2008, the number of

D. galeata and Bosmina spp. increased significantly

in stomachs of pikeperch fries. In Lake Võrtsjärv, the

estimated number of M. leuckarti and Bosmina spp.

Table 2 The mean prey number in the stomachs of juvenile

pikeperch from lakes Peipsi and Võrtsjärv in autumn 2007 and

2008. Significance probabilities (P) of differences in the prey

number are estimated by the procedure GENMOD

Prey species Lake Peipsi

prey number

Lake Võrtsjärv

prey number

P

M. leucarty 53.3 63.6 0.002

L. kindti 5.8 3.5 \0.001

B. longimanus 0.8 0

D. galeata 23.8 0

Bosmina spp. 1.4 2 0.203

C. sphaericus 0.2 0.1 0.361

C. plumosus 8.5 0

Table 3 The percentage of prey weight in the stomach content of juvenile pikeperch in Lake Peipsi and Lake Võrtsjärv in different

months, whereas n marks the number of fishes in each group

Time of sampling Aug 2007 Sept 2007 Nov 2007 Jun 2008 Aug 2008 Sept 2008 Oct 2008

Number of fishes 55 16 11 38 4 4 6

Age group 0? 0? 0? 1? 0? 0? 0?

Lake Võrtsjärv

M. leuckarti 1.3 3.7 92 0.1 0.8 55.3 99.7

L. kindti 98.6 96.3 0 19.3 99.2 99.7 0

Bosmina spp. 0 0 8 0.1 0 0 0.2

C. sphaericus 0.1 0 0 0.1 0 0.2 0.1

C. plumosus 0 0 0 10 0 0.1 0

Fish 0 0 0 70.4 0 0 0

Time of sampling Oct 2007 April 2008 May 2008 Jul 2008 Sept 2008 Oct 2008

Number of fishes 340 17 28 11 88 76

Age group 0? 1? 1? 1? 0? 0?

Lake Peipsi

M. leuckarti 0 0.2 0.3 0 0.7 3.3

E. gracilis 0 0 0 0 0.3 0.4

D. galeata 0 0 0 7.7 32 47

L. kindti 1 0 0 4.3 51 37

D. brachyurum 0 0 0 0 0.5 0.3

B. longimanus 0 0 0 88 8.1 7

Bosmina spp. 0 0 0 0 0 0.8

C. plumosus 99 99.8 99.7 0 7.4 4.2
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in stomachs was about four times higher in 2007 than

in 2008.

Seasonal variation in the diet of juvenile

pikeperch

The diet of juvenile pikeperch changed during onto-

genesis as the dominance of particular prey items

in the stomach of pikeperch varied significantly

(P\ 0.005) in different months of the investigation.

In Lake Võrtsjärv, the stomach content of pikeperch

fry changed gradually; in July, cladocerans dominated,

but by the end of autumn, copepods were dominant.

Ivlev’s selectivity index showed strong positive

selection towards M. leuckarti and L. kindti at the

end of summer and in autumn (Table 4). The diet of

the juvenile pikeperch (2007 year cohort) sampled

from Lake Peipsi did not change greatly between

autumn (0? pikeperch) and spring (1? pikeperch).

However, significant seasonal changes appeared in the

diet of pikeperch cohort sampled in the following year.

In Lake Peipsi,D. galeata, L. kindti and B. longimanus

were the main prey items; however, at the end of the

first growing season the dominance of copepods

increased considerably. According to the Ivlev’s

selectivity index, more zooplankton species were

actively selected by pikeperch in autumn than in

spring and summer in both investigated lakes.

Size related differences in the diet of juvenile

pikeperch

In general, in both lakes, the number of food objects

counted in the stomachs of 0? pikeperch increased

and the relative importance of various prey groups in

the pikeperch diet changed during ontogenesis

(Fig. 2). According to the Spearman’s rank correla-

tion, larger pikeperch chose more chironomids than

Table 4 Feeding selectivity of juvenile pikeperch from Lake Peipsi and Lake Võrtsjärv according to the Ivlev’s selectivity index,

whereas n marks the number of fishes in each group

Time of sampling Aug 2007 Sept 2007 Nov 2007 Jun 2008 Aug 2008 Sept 2008 Oct 2008

Number of fishes 55 16 11 38 4 4 6

Age group 0? 0? 0? 1? 0? 0? 0?

Lake Võrtsjärv

M. leuckarti 0.5 0.7 -0.7 -0.7 0.2 0.7 0.7

L. kindti 0.9 1 -1 0.2 1 0.5 -1

B. longirostris -1 -1 0.6 -1 -1 -0.5 -0.3

B. thersites -1 -1 -0.8 -0.7 -1 -1 -1

B. gibbera -0.5 -0.9 -1 -0.6 -1 -1 -1

Time of sampling Oct 2007 April 2008 May 2008 Jul 2008 Sept 2008 Oct 2008

Number of fishes 340 17 28 11 88 76

Age group 0? 1? 1? 1? 0? 0?

Lake Peipsi

M. leuckarti 0.9 0.8 0.7 -0.6 -0.4 0.2

E. gracilis -1 -0.6 -0.7 -1 -0.8 -0.7

D. galeata -0.9 -1 -1 0.2 0.9 0.7

L. kindti 0.2 -1 -1 0.3 0.9 0.6

D. brachyurum -0.3 -1 -1 -1 -0.8 -0.6

B. longimanus -0.8 -1 -1 -0.3 0.5 0.3

B. longirostris -0.9 -1 -1 -1 -0.9 -0.9

B. c. coregoni -0.2 -1 -1 -1 -0.9 -0.3

B. thersites -0.9 -1 -1 -1 -1 0

B. gibbera -1 -1 -1 -1 -0.7 -0.9

C. sphaericus -0.9 -1 -1 -1 -0.8 -0.9
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smaller ones (rs = 0.4; N = 504; P\ 0.005), and the

importance of M. leuckarti decreased (rs = –0.3;

N = 504; P\ 0.005) as pikeperch fry grew in

Lake Peipsi. Similarly, in Lake Võrtsjärv, the number

of M. leuckarti decreased (rs = –0.4; N = 95; P\
0.005) as pikeperch fry grew. The main prey of

pikeperch fry of 4–7 cm long in Lake Võrtsjärv was

M. leuckarti and L. kindti. In larger specimens of

pikeperch (8–9 cm long), the importance of L. kindti

in the diet increased.

Growth and onset to piscivory

In autumn, the length of juvenile pikeperch varied

between years and lakes. At the end of the first

growing season in Lake Peipsi, the average length of

0? pikeperch was 7.3 ± 0.4 cm and in Lake Võrtsjärv

6.15 ± 0.8 cm (2007 cohort) (Fig. 3). The average

autumn length in the 2008 sample was 6.6 ± 0.5 cm in

Lake Peipsi and 6.1 ± 0.9 cm in Lake Võrtsjärv. The

differences in 0? pikeperch length were statistically

significant (P\ 0.005) between Lake Peipsi and Lake

Võrtsjärv in both year samples as well as between 2007

and 2008 in Lake Peipsi. The autumn length of prey

fishes like ruffe, roach, perch and bream was approx-

imately the same as juvenile pikeperch length. The

smallest 0? perch, bream and roach caught in autumn

2007 in Lake Peipsi were 7, 6 and 6 cm in length,

respectively. In the next year at the same time, the

minimum size of different juvenile fish was as follows:

Fig. 2 The relative

importance (IRI%) of

different prey items in the

diet of juvenile pikeperch

depending on the length of

the fish in Lake Peipsi

(a) and Lake Võrtsjärv (b):
2007 and 2008 year

pikeperch cohort, whereas

n marks the number of

fishes in each group
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ruffe 4 cm, roach 6 cm and perch 5 cm in length. The

smallest 0? fish caught in autumn 2007 in Lake

Võrtsjärv were ruffe 5 cm, bream 5 cm and roach

5 cm, but in 2008 at the same time, minimum length

was 4, 5 and 4 cm, respectively. The diet shift to

piscivory was seldom observed at the age of 0? in both

lakes. Piscivory of pikeperch fry (2007 cohort) from

Lake Peipsi was first observed in May 2008, at the

mean length of 9.3 ± 0.9 cm, but in Lake Võrtsjärv in

June 2008, at the length of 8.2 ± 0.3 cm. The first sort

of fish eaten by pikeperch were 2–3 cm roach and

3–5 cm ruffe in Lake Peipsi and 2–3 cm ruffe and

3–5 cm pikeperch in Lake Võrtsjärv. When the

pikeperch diet shifted from invertebrates to fish, their

stomach content weight increased considerably

(P\ 0.005) (Fig. 4).

Discussion

To reach the piscivorous niche, pikeperch needs

adequate food, i.e. high food density and continues

availability of food sizes (Persson &Brönmark, 2002).

The type of food consumed by juvenile pikeperch

depends mostly on the availability of zooplankton

species (Frankiewicz et al., 1997). This study showed

that there were significant dissimilarities in the diet

and growth of 0? pikeperch in large shallow lowland

lakes Peipsi and Võrtsjärv. In both lakes, 0? pikeperch

feed mostly on large predatory zooplankters. How-

ever, variations in pikeperch fry diets in the two lakes

included differences in the average weight of the

stomach content, in the average number of different

food items in stomachs, in the taxonomic composition

and in the size range of food eaten and in the

dominance of particular food items. Discrepancies

between the trophic status and food resources of these

lakes (Kangur et al., 2003) were probably the main

cause of such variations. According to Haberman et al.

(2007), in the course of eutrophication the food

supplies of juvenile fish decrease. In strongly eutro-

phic Lake Võrtsjärv, food conditions are not good for

pikeperch fry due to low density of large zooplankters

like Eudiaptomus gracilis (Sars), Bosmina berolinen-

sis Imhof, Daphnia spp., and L. kindti (Haberman

et al., 2007; Zingel & Haberman, 2008).

The prominence of various prey groups in the diet

of 0? pikeperch differed between seasons, according

to which prey was more common in the pikeperch

environment—cladocerans dominated in the pike-

perch fry stomachs in summer and at the beginning of

September, but copepods dominated in autumn and

spring. Additionally, the prominence of various prey

groups varied during pikeperch’s ontogenesis. Sim-

ilar to our results, Peterka et al. (2003) and Specziar

(2005) recognized that smaller 0? pikeperch indi-

viduals feed mainly on M. leuckarti and E. gracilis,

but the prominence of cladocerans increased in the

diet of bigger individuals. Similarly to the studies

undertaken by Dörner et al. (2007), we found that the

range of prey size eaten increased as pikeperch

grew—bigger individuals ate large as well as small

copepods and cladocerans. However, it is likely that

zooplankters did not provide adequate energy for the

0? pikeperch in autumn; therefore, limiting the

pikeperch population’s ability to reach the piscivo-

rous niche. This is shown by the relatively small

length of 0? pikeperch (mean 6–7 cm) in the late

autumn in both lakes.

If suitable prey fish are available, 0? pikeperch

may reach the piscivorous niche whilst still only

2 cm (SL) long (van Densen, 1985). Being gape

limited, 0? pikeperch can feed on prey fish up to

50% as large as they are. However, smelt with its

slender and elongated body is more easily caught and

pikeperch fries are capable to predate on smelt of

Fig. 3 The average standard length attained by 0? pikeperch

at the end of first growing season in Lake Peipsi and Lake

Võrtsjärv. The box shows interquartile range, line inside the
box indicates the median. Whiskers show the 95% range of

observed data and points are outliers. N marks the number of

fishes in each group
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more than 50% of its own length (van Densen, 1985;

Persson & Brönmark, 2008). The shortage of the

potential prey fish generally delays the food shift to

piscivory (Frankiewicz et al., 1996; Mehner et al.,

1996). In recent times, the smelt populations have

collapsed in both Lake Peipsi (Kangur et al., 2007a;

Krause & Palm, 2008) and in Lake Võrtsjärv (Järvalt

et al., 2004). Furthermore, our research data shows

that ruffe, roach, bream and perch fries had approx-

imately the same mean length in autumn as the

pikeperch fry. Therefore, the shortage of the potential

prey fish delayed the diet shift to piscivory. Pike-

perch’s usual autumn shift from planktivory to

piscivory in the first fall was seldom observed in

Lake Peipsi and Lake Võrtsjärv. Unable to transition

to the piscivorous niche, they continued to feed on

zooplankton (or zoobenthos) till the next summer.

It is claimed that, when other suitable food is in

short supply, chironomids become important food

objects for pikeperch fry because they reduce the

ontogenetic bottleneck (Peterka et al., 2003; Specziar,

2005; Persson & Brönmark, 2008). Several studies

into 0? pikeperch diet have revealed the appearance of

chironomids in the diet of juvenile pikeperch. This has

proven in Lake Balaton (Specziar, 2005), in Lake

Tjeukemeer (Verreth & Kleyn, 1987), in Rimov

reservoir (Peterka et al., 2003) and in Wloclawek

reservoir (Kakareko, 2002). Similarly in Lake Peipsi,

where bottom invertebrates were abundant, C. plumo-

sus was frequent food object for the 2007 pikeperch

cohort. Regardless, our study found that despite the

increased mean length of the pikeperch fry that ate

zoobenthos (C. plumosus), the ontogenetic diet shift to

piscivory still did not occur in the first autumn in Lake

Peipsi. However, in Lake Võrtsjärv, the high number

of benthophagous fish is already putting pressure on

zoobenthos (Kangur et al., 2003) and thus the avail-

ability of zoobenthos in the lake is low (Kangur et al.,

Fig. 4 The mean stomach

content weight of pikeperch

feeding on different prey

items (zooplankton (ZP),

zoobenthos, fish) in Lake

Peipsi (a) and Lake

Võrtsjärv (b) in 2007 and

2008, whereas n marks the

number of fishes in each

group
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2004); therefore, 0? pikeperch rarely feed on benthic

invertebrates.

Comparing our recent results to the previous

studies on 0? pikeperch diet in lakes Peipsi and

Võrtsjärv carried out in 1952–1958 by Erm (1961)

has shown significant changes. In the late 1950s,

smelt was abundant in both lakes and most 0?

pikeperch reached the piscivorous stage in midsum-

mer, and all of them had done so by the beginning of

September (Erm, 1961). In recent years, the pike-

perch population have postponed their shift to

piscivory and the length of individual fish has

reduced. Ontogenetic diet shift is an important part

of growth acceleration and any delay may seriously

affect the pikeperch’s population size because the

mortality due to starvation and predation is size

related (Werner & Gilliam, 1984; van Densen, 1985;

Frankiewicz et al., 1997; Specziar, 2005).

In the case of delayed ontogenetic diet shift 0?

pikeperch stays in the role of zooplanktivorous fish

significantly longer. According to Laugaste et al.

(2007), large amount of pikeperch fry may influence

cladocerans community. Our study showed a selec-

tivity of pikeperch fry for large zooplankters. Like-

wise several authors have indicated (Herzig, 1995;

Mehner & Thiel, 1999) the feeding pressure of 0?

pikeperch on zooplankton in Lake Peipsi and Lake

Võrtsjärv was especially strong in late summer and

autumn. Although, 0? fish eats more than three times

as much large zooplankton than adult zooplanktivo-

rous fish do (Mehner & Thiel, 1999), the early

feeding stages may be troublesome for specialized

piscivores like pikeperch, because they are poorly

adapted to both planktivory and benthivory (Persson

& Brönmark, 2008).

Conclusions

Due to the collapse of smelt population, the diet shift

of pikeperch fry to piscivory was seldom observed at

the end of the first growing season in lakes Peipsi and

Võrtsjärv. Also feeding on bottom invertebrates in

the absence of suitable prey fish was not common.

The delayed ontogenetic diet shift may seriously

affect the recruitment into adult stage, as smaller fish

are more susceptible to starvation and predation,

especially in winter. Likewise, the postponed shift to

a piscivorous diet may influence the balance of the

lake ecosystem. However, the cascading effect of

pikeperch on lower trophic levels is not fully known,

thus, is a challenge for further investigations.
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temperature in the population dynamics of smelt Osmerus
eperlanus eperlanus m. spirinchus Pallas in Lake Peipsi

(Estonia/Russia). Hydrobiologia 584: 433–441.

Kangur, K., Y.-S. Park, A. Kangur, P. Kangur & S. Lek, 2007b.

Patterning long-term changes of fish community in large

shallow Lake Peipsi. Ecological Modelling 203: 34–44.

Kangur, P., A. Kangur & K. Kangur, 2007c. Dietary importance

of various prey fishes for pikeperch. Sander lucioperca (L.)
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Encyclopaedia Publishers, Tallinn: 89–101.

90 Hydrobiologia (2011) 660:79–91

123



van Densen, W. L. T., 1985. Piscivory and the development of

bimodality in the size distribution of 0? pikeperch

(Stizostedion lucioperca L.). Journal of Applied Ichthy-

ology 1: 119–131.

Verreth, J. & K. Kleyn, 1987. The effect of biomanipulation of

the zooplankton on the growth, feeding and survival of

pikeperch (Stizostedion lucioperca) in nursing ponds.

Journal of Applied Ichthyology 3: 13–23.

Werner, E. E. & J. F. Gilliam, 1984. The ontogenetic niche and

species interactions in size-structured populations. Annual

Review of Ecology and Systematics 15: 393–425.

Windell, J. T. & S. H. Bowen, 1978. Methods for study of fish

diets based on analysis of stomach content. Methods for

Assessment of Fish Production in Fresh Waters: 219–228.

Zingel, P. & J. Haberman, 2008. A comparison of zooplankton

densities and biomass in Lakes Peipsi and Võrtsjärv
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ABSTRACT 
Analysis of historical and recent data is essential to understand how eutrophication and/or climate change might trigger 
shifts in the feeding mode of fish and trophic dynamics of shallow lakes. To assess long-term changes in the diet and 
growth of juvenile pikeperch (Sander lucioperca), the prey selection and growth of pikeperch fry from Lake Võrtsjärv 
was investigated in 2007 - 2010 and compared with data from 1920 to 1970. Over the observed period, larger cladocer-
ans have become less frequent in the diet as eutrophication has altered the zooplankton community. Furthermore, cli-
mate change has triggered a mismatch between the predator and its prey: the smelt population has collapsed but other 
fish fries are too large for YOY (young-of-the-year) pikeperch. However, the mean length of fish has decreased mainly 
due to the postponed diet shift. 
 
Keywords: Climate Change; Eutrophication; YOY Pikeperch; Long-Term Changes; Diet Shift; Stomach Content 

Analysis 

1. Introduction 
Predator–prey interactions play a major role in aquatic 
ecosystems and thus can affect the whole biological 
community [1]. In this respect, the diet and ontogenetic 
dietary shift of juvenile pikeperch, Sander lucioperca 
(L.), have been studied quite extensively in many north 
temperate waters [2-9] as the size and structure of pike- 
perch populations are strongly dependent on their success 
at the juvenile stage [5,10]. However, due to eutrophica- 
tion and climate change complex modifications in the 
feeding modes of fish are expected to take place [11]. 
Thus, there is a heightened need to research into long- 
term and developmental changes in diet, as pikeperch 
have a quite rigid ontogenetic feeding pattern [10] that is 
very sensitive to environmental changes, particularly to 
those influencing food web components. Nevertheless, 
there are only a few long-term data series on pikeperch 
fry diet and prey community that could be used as basis 
to study how eutrophication and/or climate change di- 
rectly or indirectly might influence the diet, diet shift and 
growth of juvenile pikeperch. 

The diet and growth of juvenile pikeperch have been 
studied several times since 1920 in a large shallow Lake 
Võrtsjärv [12-17]. Moreover, the probability of major 

shifts in the feeding modes of fish is especially high in 
shallow lakes [11] such as Lake Võrtsjärv. Therefore, 
Lake Võrtsjärv can be taken as a model for other shallow 
north temperate lakes under high anthropogenic and 
natural pressures to analyse the possible factors influ- 
encing the diet, diet shift and growth of juvenile pike- 
perch and hence the success of pikeperch populations. 

Lake Võrstjärv has suffered a series of dramatic changes 
since 1950s, including human induced eutrophication, 
overfishing, warming and drastic water level fluctuations 
due to climate changes. As a consequence, its biota has 
altered and, therefore, also alterations in the diet and 
growth of pikeperch in the lake can be assumed. Ac- 
cording to Tuvikene et al. [18], Lake Võrtsjärv has been 
under high anthropogenic pressure, primarily eutrophica- 
tion, since the 1960s. In the 1980s, the discharge of nu- 
trients into the lake by rivers increased steadily. However, 
from the 1990s onwards the loadings of nitrogen and 
phosphorus into the lake have decreased substantially. In 
consequence, changes in total phosphorus and total ni- 
trogen concentration in water and water transparency 
have changed since the 1950s (Table 1). Additionally, 
the water temperature in Lake Võrtsjärv has increased 
significantly over the past half a century [19,20]. One 
result of these changes is the great difference in the food 
resources for the zooplanktivorous pikeperch in the lake. *Corresponding author.
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From the 1950s many large zooplankton species favored 
by oligo-mesotrophic conditions such as Bythotrepes 
longimanus Leydig, Leptodora kindti (Focke), Diaphano- 
soma brachyurum (Lieven), Bosmina berolinensis Imhof,
Cyclops kolensis Lilljeborg and Eudiaptomus gracilis 
(Sars) completely or nearly disappeared from this water 
body [21,22]. Currently only small zooplankton species 
favored by eutrophic conditions like Bosmina longi- 
rostris (Müller), Chydorus sphaericus Müller, Meso- 
cyclops leuckarti (Claus) and rotifers co-dominate [22- 
24]. Moreover, during recent decades the fish fauna of 
Lake Võrtsjärv has undergone several changes [25,26].  

In the 19th century smelt (Osmerus eperlanus eper- 
lanus m. spirinchus (Pallas)), which is considered to be 
the primary first prey fish for pikeperch [10,27], was 
rather common in Lake Võrtsjärv [28]. Before the mid- 
20th century, as a result of heavy fishing pressure [29], 
smelt disappeared from the lake. It was reintroduced 
from the nearby Lake Peipsi in 1950 - 1954 [16], how- 
ever, according to Kangur et al. [25,30], climate change 
has continued to trigger a decrease in smelt populations. 
On the other hand, the abundance of ruffe (Gymno- 
cephalus cernuus (L.)) and roach (Rutilus rutilus (L.)) is 
high in Lake Võrtsjärv [26] and their abundance in- 
creases consistently along a gradient of increasing pro- 
ductivity [31]. 

The purpose of this study was to explore if there has 
been a shift in prey selection and growth of juvenile 
pikeperch in a changing Lake Võrtsjlärv. In addition, an 
attempt was made to identify possible factors influencing 
the success of the pikeperch population in large shallow 
lakes. Therefore, studies since 1920 [12-17] on the diet, 
ontogenetic diet shift and growth of juvenile pikeperch 
were analysed to understand the long-term nature of 
pikeperch fry diet. This investigation concentrated on 
four different time periods: the 1920s, 1950s, 1960s - 
1970s and 2007 - 2010, as there have been significant  

shifts in living conditions and food supplies of juvenile 
pikeperch during those time periods. Furthermore, as 
there are no data on prey-predator length relationship 
since the 1950s, an additional investigation was carried 
out to obtain vital information for analysing diet shifts. 

2. Materilas and Methods 
2.1. Study Site 
Lake Võrtsjärv, situated in the central part of Estonia 
(Figure 1), has a surface area of 270 km2 and is the sec- 
ond largest lake in the Baltic region. It is a very shallow, 
turbid water body with a mean depth of only 2.8 m and a 
maximum depth of 6 m. Its water level is not regulated 
and fluctuates on average by 1.4 m each year [32]. The 
mean total phosphorus (TP) concentration in the lake 
water is 50 μg P·l–3 and the mean concentration of total 
nitrogen (TN) has been approximately 1.4 mg N·l–3 for 
the last decade [20]. Based on nutrient concentrations, 
the central part of the lake can be considered to be eu- 
trophic, whereas the narrow and sheltered southern part 
is hypertrophic [33]. 
 

 
Figure 1. Location of lake Võrtsjärv. 

 
Table 1. Changes in total phosphorus (TP), total nitrogen (TN) concentration in water and water transparency (Secchi depth) 
[18, 20] and shifts in zooplankton [21, 22] as well as in fish community [13, 16, 26] in Lake Võrtsjärv since 1950s. 

 1950s 1980s 2007 - 2010 

TP, μg·l–3 Undetectable 53 50 

TN, mg·l–3 0.1 1.6 1.4 

Secchi depth, m  1.29 1.1 <1 

Dominant zooplankton species 
by biomass 

D. cucullata, B. berolinensis, E. 
gracilis, L. kindti, B. c. coreconi B. c. coreconi, C. sphaericus C. sphaericus, B. longirostris, B. 

c. coreconi, M. leuckarti  

Dominant fish species Perch, ruffe, roach, bream Ruffe, perch, bream, smelt, vendace Roach, ruffe, bream, pikeperch 

OECD classification [33]. mesotrophic eutrophic eutrophic 
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2.2. Data Set 
The historical data set on the diet and growth of juvenile 
pikeperch in Lake Võrtsjärv comprise three different 
time periods: the 1920s [12], 1950s [13] and 1960s - 
1970s [14-16]. The publications by Erm [13,14] and 
Haberman et al. [16] give an overview of the diet of YOY 
pikeperch in Lake Võrtsjärv in summer and autumn. The 
autumn length data of pikeperch fry in Lake Võrtsjärv 
were published by Schneider [12], Erm [13,14], Kangur 
[15] and Haberman et al. [16]. Altogether, the historical 
data set includes information on the diet of 551 and 
growth of 410 juvenile pikeperch. The samples for the 
growth and diet analysis were gathered with similar 
methods—monthly during the ice-free period from the 
pelagic zone of the lake using a bottom trawl. For growth 
analysis the standard length (SL) and the total mass (W) 
were measured. For the diet analysis only qualitative 
methods were used as the index of frequency of occur- 
rence (FO) of different prey items was calculated: 

% 100 ip
FO

p
            (1) 

In this Equation (1) ni represents the number of fish  

with i prey species consumed and n is the total number of 
fish examined [34]. 

The data set of the recent period (2007 - 2010) com- 
prises results of the diet analysis in 2007 - 2008 [17] and 
of an investigation conducted in 2009 - 2010. To enable 
comparison of earlier data with the recent period, similar 
methods were used in sampling as described in publica- 
tions since the 1950s. Pikeperch samples were collected 
in the summers and autumns of the years from 2007 to 
2010 (Table 2) using a bottom trawl (height 2 m, width 
12 m, 10 - 12 mm knot-to-knot mesh size at the cod-end). 
The trawl was towed by a ship for 15 min per haul at a 
speed of 5.5 - 6.2 km·h–1. Trawl catches were carried out 
at noon, every sampling day one haul was carried through. 
Sampling was conducted in the pelagic zone of the lake, 
always in the same location. After capture, the pikeperch 
samples were frozen. In the laboratory, the SL and the W 
of each pikeperch individual were measured. The age 
was estimated from the length frequency distribution of 
the YOY and YAO (year-and-older) age groups (Figure
2). Each fish was dissected, the stomach contents were 
analysed under microscope and the food items were 
identified and counted.  

 
Table 2. The number, age, standard length (SL) and weight (W) (± standard deviation) of examined juvenile pikeperch from 
Lake Võrtsjärv. 

Sampling date Number of individuals (n) Age SL (cm) W (g) 

8 Aug 2007 18 YOY 5.34 ± 0.61 1.74 ± 1.69 

15 Aug 2007 37 YOY 5.47 ± 0.94 1.97 ± 2.56 

3 Sept 2007 19 YOY 5.68 ± 0.31 1.9 ± 2.89 

6 Nov 2007 11 YOY 6.18 ± 1.07 2.59 ± 2.23 

30 June 2008 38 YAO 8.36 ± 0.41 6.49 ± 1.19 

5 Aug 2008 4 YOY 4.2 ± 0.41 0.68 ± 0.31 

29 Sept 2008 5 YOY 5.63 ± 1.39 2.19 ± 0.49 

20 Oct 2008 6 YOY 6.39 ± 1.43 3.45 ± 1.43 

13 Aug 2009 113 YOY 5.17 ± 0.38 1.46 ± 0.35 

11 Sept 2009 30 YOY 5.29 ± 0.77 1.54 ± 0.32 

20 Oct 2009 28 YOY 5.76 ± 1.49 1.87 ± 0.74 

10 Nov 2009 35 YOY 5.20 ± 0.24 1.45 ± 0.15 

4 May 2010 5 YAO 5.5 ± 0.31 1.27 ± 0.96 

7 June 2010 5 YAO 9.32 ± 2.54 12.7 ± 9.21 

13 July 2010 17 YOY 3.83 ± 0.31 0.71 ± 0.17 

7 Sept 2010 5 YOY 5.83 ± 1.04 2.29 ± 1.41 

27 Sept 2010 5 YOY 5.33 ± 0.29 1.54 ± 0.32 
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Figure 2. The Catch Per Unit Effort (CPUE individuals per 
trawl hour) of juvenile pikeperch in Lake Võrtsjärv in 
2007-2009 in autumn months. 
 

For the diet analyses the index of frequency of occurrence 
(FO) was used. This index in itself is not a robust indica- 
tor of dietary changes, as the most common prey does not 
mean being the dominant. However, FO was the only 
basis on which diet comparison of historical and recent 
data could be conducted as it was the only parameter that 
was used to describe the diet of juvenile pikeperch in the 
1950s [13]. To assess the potential prey community, 1673 
juvenile fish, including bream (Abramis brama (L.)), ruffe, 
roach and perch (Perca fluviatilis L.)) collected with the 
same trawl as pikeperch fries, were measured and 
weighed in 2009 and 2010 in the current investigation. 
Additionally, the prey–predator length relationship was 
calculated. 

2.3. Data Analysis 
Firstly, a logistic analysis was used to compare the diet of 
zooplanktivorous pikeperch in two investigated periods: 
the 1950s and the present (2007 - 2010). With the logistic 
analysis odd ratio (the ratio of the probability of occurrence) 
was found. Odds ratio shows the estimated difference in 
probability of a certain prey item occurring in the pikeperch 
diet in two investigated periods. Secondly, the ANOVA 
model was used to test the effect of different investigation 
periods—periods with abundant smelt population (1920s, 
1960s - 1970s) and periods with no smelt (1950s and 

from 1980s up to now)  on the standard length of the 
pikeperch fry. In the statistical tests, the level of significance 
( ) was set to 0.05. For statistical analysis, the programme 
R, version 2.11.0 was used [35]. 

3. Results 
3.1. The Diet of Zooplanktivorous Pikeperch 
In the 1950s the number of different species of zooplank- 
ton counted in YOY pikeperch stomach was 14 [13]. By 
the recent period (2007 - 2010), the number of prey spe-
cies had decreased to seven. By then B. longimanus, 
Alona spp., Alonopsis spp., Sida crystalline (Müller),
Acroperus elongatus (Sars), Diaptomus spp., Achteres 
spp. and E. gracilis had disappeared from the diet. In 
2007-2010, the most common food object was M. 
leuckarti. This species occurred on average in 87% of the 
stomachs at the end of summer and in autumn (Figure 3).  
 

 
Figure 3. The average frequency of occurrence (%) of dif-
ferent prey items in the diet of juvenile pikeperch from 
August till October in different periods: the beginning of 
the 1950s [13], the 1960s [14, 16] and 2007-2010 (authors 
data).
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Compared to the 1950s, the probability that M. leuckarti 
occurs in the diet of juvenile pikeperch had increased 
significantly (Logistic analysis n = 521, P < 0.001): the 
odds ratio was 34.8, meaning that the estimated probabil- 
ity that M. leuckarti occurs in the diet in the recent period 
is 34.8 times higher than previously. At the beginning of 
the 1950s, the most common food object was L. kindti 
(FO 85%), however, recently the frequency of occur- 
rence of this organism was found to be on average only 
52%. The difference in the levels of FO of L. kindti was 
statistically significant (Logistic analysis, n = 521, P < 
0.001) and the odds ratio was 7.6. In the 1950s Bosmina 
spp. and Chydorus spp. occurred in 4% and 9% of the 
YOY pikeperch stomachs, respectively. In 2007 2010 
Bosmina spp. occurred in 25% and C. sphaericus in 15% 
of the stomachs. However, the only statistically signify- 
cant (Logistic analysis, n = 521, P < 0.001) increase was 
for Bosmina spp., where the odds ratio was 3.6. Daphnia 
cucullata Sars was one of the subdominants in the 1950s 
in the diet of YOY pikeperch, when its FO was 15%. In 
the recent period the FO of D. cucullata was approxi- 
mately 7%, whereas the decrease was significant (Logistic 
analysis, n = 521, P < 0.001).  

3.2. Growth and the Ontogenetic Diet Shift 
In the 1950s the standard length of pikeperch fry varied 
from 5.2 to 6.2 cm (Table 3) and 4.5% of juvenile pike- 
perch shifted to piscivory in their first autumn (Figure 4) 
as their potential prey fish was 86–91% of YOY pike- 
perch length (Table 4). However, the prey predator 
length relationship decreased towards autumn and pike- 
perch was able to shift to piscivory in spring, being 7.6 - 
8.5 cm in length [13]. 

In 2007 and 2008 the average autumn length (±standard  

deviation) of pikeperch fry was 6.2 ± 0.8 cm and 6.1 ± 
0.9 cm, respectively [17]. In 2009 and 2010 it was 5.5 ± 
1.1 cm and 5.6 ± 0.8 cm, respectively (Table 3). The 
autumn length of possible prey fishes was in the autumn 
of 2009 as follows: ruffe 4.2 ± 1.4 cm, roach 4.7 ± 0.3 
cm, perch 5.5 ± 0.3 cm, bream 5.3 ± 0.9 cm (Figure 4) 
and in the autumn of 2010 ruffe was 5.3 ± 0.7 cm, roach 
6.2 ± 0.4 cm, bream 6.3 ± 0.7 cm in length. Prey fishes 
were on average greater than 75% of the length of the 
pikeperch standard length (Table 4). The prey to predator 
length ratio increased towards autumn and did not 
change significantly in the spring of 2010. The diet shift 
to piscivory was not found among YOY in 2007, 2008 
[17] and 2010. In the summer of 2009, 7% of YOY 
pikeperch had shifted to piscivory, however, in the au- 
tumn of the same year pikeperch samples did not com- 
prise piscivorous individuals. In spring 2010, pikeperch 
fry as small as 5.4 cm were caught. Thus, the shift to 
piscivory can take place in the following summer: the 
2007 year cohort shifted to piscivory at the end of June 
2008, at a length of 8.4 ± 0.4 cm [17] and the 2009 year 
cohort at the beginning of June 2010, at a length of 9.3 ± 
2.5 cm. In the recent period, the first fishes eaten by 
pikeperch were ruffe and pikeperch. 

In the 1920s and in the 1960s - 1970s YOY pikeperch 
gained length up to 12 cm in autumn as they started to 
eat fish (primarly smelt) already in their first midsummer, 
being only 3.5 cm in length [13]. Comparing periods 
with abundant smelt populations (1920s, 1960s - 1970s) 
with periods with no smelt (1950s and from 1980s up to 
now) discrepancy in the autumn length of pikeperch fry 
can be observed. Furthermore, the differences in those 
investigation periods were statistically significant – 1.5- 
fold increase in pikeperch length during periods of 
abundant smelt (ANOVA, n = 589, P < 0.001). 

 
Table 3. The average standard length (SL) and total mass (W) of juvenile pikeperch for October and November in lake 
Võrtsjärv [12-17], whereas n marks the number of fishes in each group. 

1920 1950 1951 1953 1954 1966 1968 1969 1970 2007 2008 2009 2010 

SL (cm) 12.0 5.2 4.9 5.2 6.2 10.5 12.1 10.7 9.8 6.2 6.1 5.5 5.6 
W (g)  1.46 1.25 1.3 3.4 15.9 24.2 15.6 14.0 2.15 2.7 2.1 1.91 

n  40 48 50 7 186 28 7 44 30 11 64 10 

 
Table 4. The average (± standard deviation) potential prey and pikeperch length relationship (%) in 1954 [13], 2009 and 2010 
(author’s data). 

Food object 1954 
Aug 

1954 
Oct 

2009 
Aug 

2009 
Oct 

2009 
Nov 

2010 
May 

2010 
June 

2010 
Sept 

Ruffe 85.9 84.6 78.2 ± 6.4 75.5 ± 5.8 86 ± 7.9 83.9 ± 5.2 55.1 ± 3.7 95.3 ± 12.2 

Perch 91.3 88.6 96.8 ± 4.9 96.8 ± 10.3 100.7 ± 4.4  79.8 ± 5.4  

Roach 91.3  82.9 ± 6.7 79.6 ± 5.9 90.6 ± 13.3 94.4 ± 0.7 57.9 ± 4.1 110.1 ± 6.25 

Bream   82 ± 8.3 107.6 ± 18.6 90.9 ± 2.4 104.6 ± 6.5 60.5 ± 4.7 112.4 ± 14.1 
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Figure 4. The autumn length of juvenile fish in Lake Võrts- 
järv in August, October and November 2009. The box shows 
interquartile range, line inside the box indicates the median, 
whiskers show the 95% range of observed data and points 
are outliers, n marks the number of fish in each group. 

4. Discussion 
The diet, growth and recruitment to piscivory of juvenile 
pikeperch in Lake Võrtsjärv in four different time peri- 
ods with dissimilar living conditions and food resources 
varied significantly. Comparison of the diets of juvenile 
pikeperch in Lake Võrtsjärv and in other shallow eutro- 
phic European lakes [2,6,8-10] indicates that the diet of 
zooplanktivorous pikeperch in Lake Võrtsjärv was some- 
what more similar to that in other lakes in 1950s than in 
the recent period. The type of food consumed by juvenile 
pikeperch is argued to depend mostly on the availability 
of zooplankton species [2]. According to Haberman et al. 
[23], in the course of eutrofication the food supplies of 

juvenile fish decrease. In Lake Võrtsjärv feeding condi- 
tions for pikeperch fry have been worsened by eutrophi- 
cation as it has triggered the decrease of large zooplank- 
ters like E. gracilis, B. berolinensis, Daphnia spp. and L. 
kindti [23,24]. Thus, discrepancies between the trophic 
status and food resources of Lake Võrtsjärv in different 
time periods can evoke variations in the diet of juvenile 
pikeperch. Therefore, similar shifts in the diet of juvenile 
pikeperch may occur in other north temperate lakes in the 
case of ongoing eutrophication. Nevertheless, despite the 
variation in the diet and slight difference in growth, there 
were no differences in recruitment to piscivory. This, 
however, might indicate adaptation to the changed condi- 
tions caused by eutrophication or there is simply a 
threshold size in pikeperch growth that can be reached on 
zooplankton diet.   

In years when the slender-bodied cold-water species 
smelt was abundant in Lake Võrtsjärv, YOY pikeperch 
did start to consume fish as early as in their first mid 
summer and the average length of YOY pikeperch was 
1.5 times longer than in the years of postponed diet shift. 
In 2009 - 2010 the potential prey fish were found to 
make up on average more than 75% of the pikeperch’s 
own length at the end of the first growing season. Fur- 
thermore, the prey to predator length ratio increased to- 
wards autumn and in the following spring; differently 
from the 1950s when the feeding opportunities were 
somewhat better and the prey to predator length ratio 
decreased towards spring. Consequently, pikeperch was 
not able to switch to piscivory before the second summer. 

Sutela and Hyvärinen [36] point out that in the north- 
ern edge of pikeperch’s distribution range juvenile pike- 
perch does not shift to piscivory even when smelt is pre- 
sent (Figure 5), as the summers are cool and pikeperch 
does not hatch before early June and prey fish are given a 
head start. Vice versa, in the southern part of its distribu- 
tion area, pikeperch is able to predate on even YOY ruffe, 
perch, roach, bleak (Alburnus alburnus (L.)), pumpkin- 
seed sunfish (Lepomis gibbosus (L.)) and monkey goby 
(Neogobius fluviatilis (Pallas)) in its first growing season 
[4,8,37] as there seems to be no mismatch between 
predator and its prey.  
 

 
Figure 5. Possibilities for the diet shift in the first growing 
season for juvenile pikeperch in different latitudes and in 
changing climate [8,13,14,16,36-38]. 
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The mean air temperature in Estonia [39] and the water 
temperature in Lake Võrtsjärv have increased signify- 
cantly [19,20]. Thus, it is most likely that climate warm- 
ing influences the recruitment success of juvenile pike- 
perch as warmer climate has already seriously affected 
the prey community structure. However, prey to predator 
size ratio depends not solely on the water temperature, 
but also on the rate at which water temperature increases 
during spring and early summer as pikeperch are shown 
to spawn later than most of their possible prey fish (smelt, 
ruffe, roach) [40]. Namely, if the water temperature rises 
gradually, pikeperch will have less size advantage to be 
able to capture the fry of prey fishes spawning at lower 
water temperatures. But if the water temperature rises 
rapidly, there will be a shorter gap between the hatching 
times of pikeperch compared to prey fishes. Thus, if the 
temperature rises rapidly, juvenile pikeperch may be ca- 
pable of starting predation on ruffe, perch, roach etc. 
already in their first summer like in the southern part of 
pikeperch’s distribution areas. On the contrary, when the 
temperature increases gradually in spring, pikeperch 
populations may seriously suffer due to shortage of suit- 
able prey.  

The growth of YOY pikeperch varied between periods 
with different prey communities: 1) period with abundant 
smelt population, 2) period with no smelt but high num- 
bers of larger cladocerans and 3) period with no smelt 
and low numbers of larger cladocerans. The presence of 
suitable prey fish, e.g. smelt, rather than the presence of 
larger cladocerans, is the main factor influencing growth 
at the juvenile stage in Lake Võrtsjärv. Although it has 
been claimed that pikeperch growth depends largely on 
the availability of different prey items [10,41], particu- 
larly on the abundance of large-bodied cladocerans [2,5, 
42], the length of individual fish in Lake Võrtsjärv has 
shown a reduction solely due to the postponed diet shift. 
Therefore, investigating long-term processes in one cer- 
tain lake enriches results that can be gained from different 
study sites. 

Pikeperch fries smaller than 6 cm SL do not survive 
their first winter [26,43]. Owing to climate changes win- 
ters have become warmer and wetter in Estonia [19,38, 
44] and thus, as the current research demonstrated, juve- 
nile pikeperch can survive the winter despite the growth 
acceleration triggered by ontogenetic diet shift and be- 
come piscivorous in their next summer. Similarly, with a 
warmer climate there will be an increase in fish winter 
survival [11,45]. Currently, populations of the first suit- 
able prey fish, smelt, have collapsed due to the warmer 
climate, but juvenile pikeperch are able to survive only 
thanks to the changed environment, becoming the top- 
predator in their second growing season in Lake Võrts- 
järv. Hereby, pikeperch fries are now zooplanktivorus 
considerably longer than previously and become pis- 

civorous a year later. 
In conclusion, there have been significant changes in 

the diet and growth of juvenile pikeperch in Lake Võrts- 
järv since the 1950s. Furthermore, these changes are 
most probably related to eutrophication and climate 
change as these trigger changes in food supplies and liv- 
ing conditions. However, further research is needed to 
assess the exact effects of shifts in the environment on 
the population of pikeperch, the most important com- 
mercially fished species in the lake.  
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Summary

In Lake Võrtsjärv pikeperch was observed not to shift to

piscivory in their first autumn of life, although juvenile stages
of a variety of fish species were abundant in the lake. It was
hypothesized that the diets of predator and prey fish fry

overlap and that coarse fish species are important food
competitors for juvenile piscivores and thus, pikeperch and
perch fry do not shift to piscivory during their first growing

season. To discover the possible linkages in this pattern, in
2009 the feeding relationships of pikeperch, perch, ruffe and
roach fry were analysed. The stomach content analyses showed
that in the summer period, Mesocyclops leuckarti was the most

frequent prey for perch and ruffe, pikeperch consumed
Leptodora kindti in large quantities, and roach ate mostly
plant material. Towards autumn, M. leuckarti was the most

abundant prey for all percids. However, average stomach
content weight and the number of prey items eaten by
ruffe were considerably higher than for other fish fry. Since

the feeding opportunities of fish fry are considered poor in the
examined lake, the prey has the potential to restrict the
recruitment to piscivory of their predators, as prey fish seem to
have better abilities to persist in this ecosystem. Furthermore,

supposed competition in the juvenile stage may result in a
reduced top-down effect on coarse fish.

Introduction

Dissimilarity in body size is a major means by which species

avoid direct overlap in resource use (Werner and Gilliam,
1984; Persson, 1988; Mittelbach and Persson, 1998). However,
as predators in size-structured communities typically undergo

a number of size-specific shifts, a predator can occupy the
same trophic position as its prospective prey during some part
of its ontogeny (Werner and Gilliam, 1984). Thus, species that
undergo dramatic niche shifts (van Densen, 1985) often face

trade-offs, e.g. the early feeding stage is troublesome for
piscivores as they are poorly adapted to planktivory (Werner
and Gilliam, 1984; Persson and Greenberg, 1990; Persson and

Brönmark, 2008). In this case the prey has the potential to
restrict the recruitment to piscivory of their predators through
interspecific competition (Werner and Gilliam, 1984), but the

population dynamics of the piscivorous fish depend heavily on
the success of the diet shift (van Densen, 1985; Persson and
Brönmark, 2002, 2008; Schleuter and Eckmann, 2008).

Perch (Perca fluviatilis) and pikeperch (Sander lucioperca)
undergo ontogenetic dietary shifts during their life cycles. They
feed on zooplankton ⁄ zoobenthos during their early stages
and, if suitable prey fish are available, pikeperch and perch can

reach their piscivorous niche in their first growing season (van

Densen, 1985; Borcherding et al., 2000; Rezsu and Specziár,

2006; Schleuter and Eckmann, 2008). On the other hand, ruffe
(Gymnocephalus cernuus) and roach (Rutilus rutilus) are species
of smaller adult sizes that do not undergo notable ontogenetic

dietary shifts and are considered more efficient planktivores
than are perch and pikeperch (Werner and Gilliam, 1984).
Although some authors (e.g. Rezsu and Specziár, 2006;

Schleuter and Eckmann, 2008; Peterka and Matěna, 2009)
suggest that these four species predate on different groups of
zooplankton, other authors (e.g. Bergman, 1988, 1990; Berg-
man and Greenberg, 1994; Byström et al., 1998; Persson et al.,

2000; Kahl and Radke, 2006; Peterka, 2006; Estlander et al.,
2010) have observed similar preferences for zooplankton prey
taxa by pikeperch, perch, ruffe and roach. The data from

different individual study sites infer that there may be heavy
interspecific competition.
According to recent studies carried out in Lake Võrtsjärv

(Ginter et al., 2011), pikeperch do not shift to piscivory in their
first autumn. As pikeperch is a gape-limited predator (van
Densen, 1985), their prey fishes are too large to be suitable
prey. Nevertheless, no attempts have been made to assess

either the abundance of juveniles of different fish species in
Lake Võrtsjärv, or interspecific competition between species
during their zooplanktivorous stage. However, competition

and consequent changes in the food web may significantly
influence the individual success of pikeperch fry in transferring
between feeding stages. As species have differing capabilities to

persevere in changing ecosystems, many local food webs may
undergo radical restructuring (Perkins et al., 2010). This is
especially true for Lake Võrtsjärv, as the probabilities of major

shifts in fish communities are considered high in large shallow
lakes (Jeppesen et al., 2010). Moreover, the water temperature
in Lake Võrtsjärv increased and has been under high anthro-
pogenic pressure over the past half century (Ahas and Aasa,

2006; Nõges et al., 2010). Thus, even stronger competition can
be assumed as the effects of higher temperature and increased
total phosphorus concentration have a positive influence on

any competitive effects (Schlosser et al., 2000; Jansen and
Hesslein, 2004; Lappalainen and Soininen, 2006; Heino et al.,
2009; Olin et al., 2010). To provide information on interac-

tions between juvenile fish and their prey, the stomach contents
and diet overlap were studied. New information may clarify
how the present fish community precisely influences the diet
shift of pikeperch fry, and how that may affect the amounts

and size distribution of adult pikeperch.
The aim of the study, therefore, was to elucidate the feeding

relationship between juveniles of different fish species in Lake

Võrtsjärv, to understand why the diet shift of juvenile
pikeperch is postponed. Specifically, the investigation was
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focused on the following questions: (i) What are the interspe-
cific similarities and differences in the diet of juvenile

pikeperch, perch, ruffe and roach? (ii) How large is the diet
overlap among the species being investigated? (iii) Is there any
relationship between season and the extent of the diet overlap?

(iv) Is it possible that coarse fish species are important food
competitors for juvenile piscivores? To answer these questions,
the abundance of juvenile stages of different fish species, the
diet composition of pikeperch, perch, ruffe and roach, as well

as the diet overlap were investigated.

Materials and methods

Study site

Lake Võrtsjärv, situated in the central part of Estonia (Fig. 1),
has a surface area of 270 km2 and is the second largest lake in

the Baltic region. It is a very shallow, turbid water body with a
mean depth of only 2.8 m, and a maximum depth of 6 m, with
a water level fluctuating by an average 1.4 m each year (Järvet

et al., 2004). Based on nutrient concentrations, the central
parts of the lake can be considered highly eutrophic, whereas
the narrow and sheltered southern part is hypertrophic. The
mean phosphorus concentration in the lake water is

54 mg P m)3 and the mean concentration of total nitrogen
for the last decade has been approximately 1600 mg N m)3

(Nõges et al., 2010).

Zooplankton abundance in Lake Võrtsjärv fluctuates
between 173 000 and 2 226 500 ind m)3 during the year, the
average being 757 000 ind m)3. The biomass ranges from 0.1

to 2.1 g m)3 for the year, with an average of 0.9 g m)3

(Haberman and Virro, 2004). The metazooplankton is dom-
inated by species that are characteristic for eutrophic waters,
the most abundant being Chydorus sphaericus and Bosmina

longirostris. However, the share of predatory zooplankters

(e.g. Leptodora kindti, cyclopoids) in the total biomass is only
8% (Zingel and Haberman, 2008). Compared with nearby

Lake Peipsi, the zooplankton abundance is rather high as
small zooplankters dominate, whereas the biomass is moder-
ate. Additionally, the mean weight of zooplankters is lower

than in Lake Peipsi, which so far has a high number of large
zooplankter (Haberman et al., 2008; Zingel and Haberman,
2008). Thus, the zooplankton is a poor energy transformer in
Lake Võrtsjärv, which also influences fish production

(Haberman and Virro, 2004).
Similarly, the abundance and biomass of zoobenthos is

considerably lower in Lake Võrtsjärv than in Lake Peipsi

(Kangur et al., 2004, 2008). The bulk of zoobenthos consists
mostly of Chironomidae and Oligochaeta (Kangur et al.,
2004). The average abundance of zoobenthos is 804 ind m)2

and with a 6.5 g m)2 biomass. However, as there is a high
number of benthophagous fish in the lake (Kangur et al., 2003)
there is a heavy pressure on zoobenthos species (Kangur et al.,
2004).

In Lake Võrtsjärv, eel (Anguilla anguilla), pikeperch, pike
(Esox lucius), bream (Abramis brama) and perch are commer-
cially fished. Roach, ruffe and burbot (Lota lota) rate second in

interest (Kangur et al., 2002; Järvalt et al., 2004). According to
the experimental trawling, ruffe and roach co-dominate in the
water body; bream is also quite abundant.

Sampling and laboratory analyses

Fish were collected in 2009 using a bottom trawl (height 2 m,
width 12 m, 10–12 mm knot-to-knot cod-end mesh size) towed
by a ship for 15 min per haul at a speed of 5.5–6.2 km h)1.
One haul was carried out on each sampling day at 12.00 hours

once a month in the same location from August to November
(Table 1) of the pelagic zone in the central part of Lake
Võrtsjärv (Fig. 1). All fishes caught were identified and

measured. After capture, a randomly chosen subset of exam-
ined fish was selected for diet analyses. In the laboratory
standard length (SL) and total weight (W) of each individual

was measured. Food analyses were carried out according to
Hyslop (1980) on a total of 536 fish. Age of the caught fish was
determined from the length-frequency distribution (Fig. 2),
because random scale sampling has determined that the length-

frequency distribution gives the most reliable results. Prey
items were identified and counted; however, for macrophytes
only the occurrence was stated. The stomach content mass was

weighed in the laboratory, however the weights for specific
prey items were deduced from the long-term research on the
mean weights of zooplankton (Haberman et al., 2007) and

zoobenthos specimens in Lake Võrtsjärv (Kangur and Tuvikene,
1998).
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Fig. 1. Location of Lake Võrtsjärv. *Experimental trawling area

Table 1
Number fish examined (n) and standard length (SL) ± standard deviation of juvenile pikeperch, perch, ruffe and roach, Lake Võrtsjärv, summer
and autumn 2009

Sampling date

Pikeperch Perch Ruffe Roach

n SL (cm) n SL (cm) n SL (cm) n SL (cm)

13 August 2009 113 5.17 ± 0.38 21 4.97 ± 0.25 31 4.07 ± 0.27 31 4.25 ± 0.23
11 September 2009 30 5.29 ± 0.77 20 5.35 ± 0.57 31 4.26 ± 0.35 28 4.39 ± 0.25
20 October 2009 28 5.76 ± 1.49 31 5.61 ± 0.59 36 4.43 ± 0.34 29 4.53 ± 0.19
10 November 2009 35 5.20 ± 0.24 21 5.24 ± 0.29 31 4.61 ± 0.39 20 4.69 ± 0.59
Total 206 93 129 108
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Data analyses

To determine which prey species were the most important in
the diet, the frequency of occurrence (FO) was calculated

(Hyslop, 1980) using the percentage of all fish examined (n), in
which named prey species (i) occurred (ni): FO %ð Þ ¼
100 �P ni=

P
n:

Diet similarity among different species of fish fry was
investigated using Schoener�s niche overlap index (O) (Scho-
ener, 1970): O ¼ 1� 1=2

P jpx;i � py;ij; where pxi and pyi are
the proportions by number of prey type (i) in the diets of two

groups x and y, respectively. Index values range from 0 to 1;
they approach 0 for species that share no prey types and
approach 1 for species pairs that have completely identical

prey. According to Wallace (1981), values ‡0.6 represent a
biologically significant overlap in the use of resources.
For statistical analyses, the procedures provided by pro-

gramme R version 2.11.0 were used (R Development Core
Team, 2010). Firstly, the Mann–Whitney U test was used to
test the differences in the number of prey items and stomach

content weights of fish. Secondly, a Kruskal–Wallis one-way
analysis of variance by rank was used to study the diet of
juvenile individuals of different fish species. Both the Mann–
Whitney U test and the Kruskal–Wallis test were chosen, as

they do not assume a normal distribution. Subsequently, a
Mantel test was performed, as in Maes et al. (2003), to test if
there is a difference in diet overlap between seasons. The

significance of the correlation coefficient r between two
matrices was evaluated using a Monte Carlo procedure. In
the statistical tests the level of significance a selected was 0.05.

Results

Abundance and growth of juvenile fish

Pelagic fish catches from 2009 consisted of juvenile pikeperch,
perch, roach, ruffe, bream and smelt. According to the autumn
trawls (September–November), ruffe fry were more abundant
than any other fish fry (Fig. 2); their relative abundance (Catch

per Unit Effort) was 1326 individuals per trawl hour; hence,
ruffe fry constituted approximately 44% of all juvenile
individuals of various fish species. The second most abundant

juvenile fish in Lake Võrtsjärv was roach, and approximately

34% of all juveniles of different fish species; its relative
abundance was 1050 individuals per trawl hour. The juveniles
of piscivorous fishes such as perch and pikeperch combined
constituted up to only 7% of all juvenile fish. In addition, the

open water zone consisted of only a relatively small proportion
of bream and smelt juveniles. The standard lengths of all
juvenile individuals caught with the bottom trawl in autumn

were between 3 and 8 cm (Fig. 3), whereby ruffe measured
4.5 ± 0.6 cm, roach 6.6 ± 0.4 cm, perch 5.5 ± 0.5 cm, pike-
perch 5.5 ± 1.1 cm, smelt 7.5 ± 0.25 cm, and bream

5.3 ± 1.9 cm in length.

Diets of juvenile fish

The diets of juvenile individuals of different fish species varied
significantly between species and seasons (Kruskal–Wallis test,
P < 0.05) when the diets of ruffe, roach, perch, pikeperch were

tested together. On average, perch consumed mostly
M. leuckarti, which was its most frequent prey item in summer
(Fig. 4a, Table 2). However, cladocerans such as Bosmina spp.

Daphnia cucullata, L. kindti and C. sphaericus were also
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frequently present. In autumn, the number of L. kindti and
C. sphaericus in the perch diet decreased considerably (Krus-
kal–Wallis test, P < 0.05). A diet shift to zoobenthos species
or fish was not observed in their first growing season.

The diet of ruffe consisted of zooplankton and benthic
macroinvertebrates, however M. leuckarti dominated in num-
ber in both summer and autumn (Table 2). In summer, benthic

macroinvertebrates co-dominated in the diet; also Bosmina
spp. (mainly B. longirostris) was a quite frequent food
(Fig. 4d). However, in autumn the number of B. longirostris

and Bosmina coregoni coregoni in ruffe stomachs rose (Krus-
kal–Wallis test, P < 0.05) and the number of chironomids
decreased significantly (Kruskal–Wallis test, P < 0.05). Addi-

tionally, in the autumn the ruffe diet consisted of a consider-
able number of C. sphaericus specimens.
Differently from perch and ruffe, pikeperch fry consumed

L. kindti in high numbers in the summer period (Kruskal–

Wallis test, P < 0.05). However, in autumn M. leuckarti was
numerically the dominant food object, similar to the other
percids (Table 2). Other food categories were seldom present –

on average the FO (frequency of occurrence) of D. cucullata,
Bosmina spp., L. kindti and C. sphaericus was 14, 6, 4 and 1%,
respectively (Fig. 4b). Pikeperch stayed in the zooplanktivo-
rous niche for the entire growing season, as no diet shift to

either macroinvertebrates or piscivory was observed.
The roach diet consisted only of macrophytes in the summer

(Fig. 4c, Table 2); however, towards autumn the number of

zooplankters rose (Kruskal–Wallis test, P < 0.05). In autumn,
Bosmina spp. dominated in the juvenile roach diet by number,
with FO of 84%. At the same time M. leuckarti co-dominated,

as its FO was 59%. Unlike the summer months, the FO of
macrophytes in the diet of juvenile roach was only 40% in
autumn.

The diet overlap of juvenile individuals of the four inves-
tigated fish species was significantly different between species
and seasons (Mantel test, P < 0.05). In summer, the diet
overlap was greatest for perch and ruffe (O = 0.9) (Fig. 5) but

lower for ruffe–pikeperch and pikeperch–perch (O = 0.1);
there was no diet overlap for roach and other investigated
juvenile individuals (O = 0). However, in autumn the diet
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overlap was significant with pikeperch, perch and ruffe
(O > 0.6).
In summer the diet of juvenile stages of different fish species

consisted of large cladocerans (pikeperch), chironomids (ruffe)

and ⁄ or plant material (roach) and thus the stomach content
weight was higher in summer than in autumn for all of these
species (Mann–Whitney U test, P < 0.05); on the other hand,

the number of prey items in the stomach increased towards
autumn. In summer, when roach consumed a large amount of
plant material, the stomach content weight was significantly

higher (Mann–Whitney U test, P < 0.05) than for pikeperch
and perch. However, ruffe average stomach content weight and
the number of prey items eaten were higher than for the other

juvenile stages of fish species, even though all of the fish fry
were approximately the same length. Furthermore, these
differences were statistically significant (Mann–Whitney U
test, P < 0.05).

Discussion

According to the present study there are large numbers of
juvenile fish in the highly eutrophic Lake Võrtsjärv, and the
community of fish fry is similar to those found in many other

eutrophic waters (Willemsen, 1980; Persson et al., 1991;
Jeppesen et al., 2000). Juvenile perch and pikeperch numbers
were low in Lake Võrtsjärv; on the other hand, the numbers of
ruffe and roach fry have been found to be very high in the

investigated lake as the abundance of ruffe and roach increases
consistently along a gradient of increasing productivity (Pers-
son et al., 1991). As there is a high density of so-called coarse

fish and relatively few top predators, the feeding relationships
of the juvenile individuals of different fish species can be
altered.

Stomach content analyses conducted in this study revealed
several similarities in the diets of juvenile fish in Lake
Võrtsjärv. The diets of perch, pikeperch, ruffe and roach fry

all included zooplankton, mostly copepods and smaller
cladocerans. Additionally, significant diet overlap was detected
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õ
rt
sj
ä
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among the fish species studied. The diet overlap was generally
low in summer but was significant for all percids in the

autumn. Nevertheless, similarities in the diet and the diet
overlap might not imply high competition; on the contrary, it
may be plausible that competition is rather low, allowing

competitors to feed on the most profitable prey (Bergman,
1988, 1990; Bergman and Greenberg, 1994; Byström et al.,
1998; Persson et al., 2000; Kahl and Radke, 2006; Peterka,
2006; Estlander et al., 2010). However, analyses of the number

of different prey items in the stomachs revealed no common
pattern of preference for food categories for the four species
investigated. Moreover, the feeding opportunities of fish fry

are considered to be poor in Lake Võrtsjärv: there is a low
number of large cladocerans and already heavy pressure on
zoobenthos (Kangur et al., 2004; Zingel and Haberman, 2008).

As there is a large number of juvenile fish in the lake, the
potential for competition between coarse fish and young
piscivores may be high. Thus, the prey can postpone the diet
shift of their predators, a situation previously reported by

Werner and Gilliam (1984) and Byström et al. (1998).
The results indicate that, despite the supposed competition

in the zooplankton niche, pikeperch and perch remained

zooplanktivorous in their first year in Lake Võrtsjärv. Several
studies (Persson and Greenberg, 1990; Bergman and Green-
berg, 1994; Peterka et al., 2003; Specziar, 2005; Persson and

Brönmark, 2008) have demonstrated that increasing food
competition can result in an earlier diet shift, forcing juvenile
piscivores to predate on zoobenthos or increase the consump-

tion of less preferred prey items, e.g. zooplankton. Hence,
perch and pikeperch fry appear to be �sandwiched� between
niches in Lake Võrtsjärv: poor feeding conditions in their
zooplanktivorous stage, high competition in the zoobenthos

niche, and no suitable prey fish.
This study suggests that coarse fish can be considered more

successful in the current conditions. According to Haberman

and Virro (2004), the biomass and abundance of zooplankton
in the lake begin to decline towards autumn. However, the
individual fish�s metabolism rate increases exponentially with

the environmental temperature (Brown and Gillooly, 2003)
and thus the metabolic needs are high at the end of summer
(Persson and Greenberg, 1990). This is period when roach
consume plant material and ruffe macroinvertebrates. Hence,

roach and ruffe were well adapted in their first year feeding
stage as they were able to withstand periods with high
energetic needs despite the beginning of food deprivation.

However, pikeperch and perch diets consisted of only zoo-
plankters. As they were less able to look for alternative food
objects, their stomach content weights were lower than for

ruffe and roach in Lake Võrtsjärv. Moreover, the lengths of
juveniles of different fish species were approximately the same.
The results of this study confirm that the potential effect of

competition from a prey fish on the recruitment to piscivory of
a piscivorous fish may be significant in Lake Võrtsjärv. Neither
pikeperch nor perch were piscivorous at the end of their first
growing season in 2009; moreover, a diet shift had not been

detected in previous years (Ginter et al., 2011). However, it is
known that both perch and pikeperch may shift to piscivory at
age 0+ when there is an abundance of suitable prey fish (van

Densen, 1985; Borcherding et al., 2000). According to
the prey–predator length relationship analyses (K. Ginter,
K. Kangur, A. Kangur, P. Kangur, M. Haldna, unpubl. data),

the prey and pikeperch length relationship was always higher
than 50%; thus, no small prey fish were available, and there
were no potential predators large enough to shift to piscivory.

Although it may be assumed that the smallest prey fish are
eaten by 1+ pikeperch, results published by Kangur et al.

(2007) indicate that 1+ individuals predate on larger prey fish.
Therefore, the possible competition in the early life stage can
trigger the absence of suitable prey fish. Moreover, it delays

any possible diet shift to piscivory and thus seriously affecting
the sizes of the pikeperch and perch populations, as mortality
due to starvation and predation is-size related (Werner and
Gilliam, 1984; van Densen, 1985; Frankiewicz et al., 1997;

Specziar, 2005).
According to the investigation the possible competition in

the juvenile stage may influence the entire lake ecosystem, as

the numbers of pikeperch and perch recruited to a piscivorous
stage in their first growing season was found to be minimal in
Lake Võrtsjärv. According to Persson and Brönmark (2002),

the strength of the pikeperch population is mainly dependent
on the timing of their diet shift. Thus there are probably only
weak and small year classes of piscivores in the lake, and
therefore low numbers of adult piscivores. This in turns

reduces the potential for pikeperch and perch to regulate
coarse fish density, and any top-down effect of piscivorous fish
species is weaker. Additionally, as ruffe and roach were

capable of growing almost as fast as piscivores, the extent of
predation is lower because they are too large for piscivores of
similar length. However, large numbers of coarse fish (e.g.

ruffe) may be considered as a serious threat to the delicate
predator–prey balance of the ecosystem, as stated by Gunder-
son et al. (1998). The different feeding strategies, together with

the competitive interactions between the juvenile stages of the
fish species investigated, may thus result in a shift from a
dominance of percids to a dominance of cyprinids associated
with increasing productivity of lakes (Persson et al., 1991).

Changes in the interactions of fish communities are suggestive
of the effects triggered by eutrophication, and may even
intensify the eutrophication effects (Jeppesen et al., 2010);

however, fisheries can remediate such situations. Due to the
heavy commercial fishing pressure on Lake Võrtsjärv only
valuable game fish are captured, thus the pressure on coarse

fish is weak. Although the current investigation was limited to
one growing season, the results are valuable for discussion
since, according to state monitoring data, the year 2009 cannot
be considered an unusual growth season in the lake.

To conclude, ruffe and roach in Lake Võrtshärv used
alternative food resources at times when energetic demands
were highest. Furthermore, stomach content weights of ruffe

and roach were found to be always higher than of juvenile
piscivores, and were approximately the same size as piscivo-
rous fish juveniles. Under such conditions, pikeperch and

perch did not shift to piscivory. This may result in the low
numbers of piscivores, as mortality due to starvation and
predation is size-related (Werner and Gilliam, 1984; van

Densen, 1985; Frankiewicz et al., 1997; Specziar, 2005). A
decline in piscivorous fish may intensify the effects of eutro-
phication. However, further investigations are needed that
involve smaller size-classes of fish fry, different lakes and more

years of investigation, to assess the combined effects of fishing
pressure and climate change on food competition and thereby
on the freshwater ecosystem as a whole.
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ABSTRACT  25 

The recent fish kill in Lake Peipsi during the extraordinarily hot summer of 2010 triggered an 26 

investigation into the effects of environmental extremes and eutrophication on the fish 27 

community of the lake. Current data on Lake Peipsi indicate that temperature extremes and 28 

synergistic interactions with eutrophication have led to radical restructuring of the fish 29 

community. Lake smelt, Osmerus eperlanus eperlanus m. spirinchus (Pallas), the previous 30 

dominant species in the fish community, have decreased dramatically since the 1920s, these 31 

declines being coupled with summer heat waves that coincide with low water levels.  Gradual 32 

decline in smelt stock and catches was significantly related with a decline of near-bottom 33 

oxygen conditions and with a decrease of water transparency by Secchi disc. The first 34 

documented fish kill in 1959 occurred only in the southern, most shallow and eutrophicated 35 

lake part (Lake Pihkva). Recently, summer fish kill events have become more frequent, 36 

involving wider areas of the lake. In addition to the cold-water species, e.g. smelt and vendace 37 

Coregonus albula (L.), bottom-dwelling fishes such as ruffe Gymnocephalus cernuus (L.) and 38 

juvenile fish have been seriously affected by hypoxia and warm water temperatures. 39 

40 
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1. INTRODUCTION 41 

 42 

The stability and resilience of lake ecosystems have recently begun to attract considerable 43 

scientific attention because lake ecosystems are now considered to be less predictable than 44 

previously assumed (Parmesan, 2006; Moss, 2007; Dobiesz et al., 2010). The loss of 45 

predictability in these ecosystems poses a risk to biodiversity, ecosystem function and 46 

services. Moreover, sudden shifts in the ecosystem related to climate change may result in a 47 

decline and even total collapse of fish populations (Lehtonen, 1996; Jeppesen et al., 2010a; 48 

Jeppesen et al., 2012). This is especially evident in the case of large lakes, like the shallow 49 

northern temperate Lake Peipsi, that have been the centre of human activities for centuries. As 50 

fishing is an important sector of the rural economy in the Peipsi region and an essential part of 51 

the lifestyle in the coastal villages, it is clear that local communities are extremely interested 52 

in the stability of the fish resources of this transboundary lake. However, social and cultural 53 

issues also hamper attempts to manage the fisheries in a sustainable way (Dobiesz and Hecky, 54 

2011).  55 

The decline and collapse of fish populations have been frequently attributed to local human 56 

interventions, including over-exploitation of fisheries, habitat loss and degradation (Allan et 57 

al., 2005). However, in addition to these local human impacts, several environmental factors 58 

(e.g. weather and ice conditions, natural water level fluctuations) are at the same time 59 

structuring these water ecosystems and influencing their development (Lehtonen, 1996; 60 

Kangur et al., 2007; Hart and Calhoun, 2010; Elliott and Bell, 2011). Although such natural 61 

factors have less frequently been associated with the decline and collapse of fish populations, 62 

Perkins et al. (2010) and Jeppesen et al. (2010a) suggest that dramatic biotic responses to a 63 

factor such as warming can arise in freshwater bodies, even to relatively small temperature 64 

gradients of just a few degrees. Furthermore, climate change, whether or not induced by 65 

human activity, is considered a determinant factor, with serious implications for the stability 66 

of lake ecosystems and freshwater food webs (Durant et al., 2007; Heino et al., 2009; Perkins 67 

et al., 2010; Thackeray et al., 2010). However, the different components of climate change 68 

(e.g. temperature, hydrology and atmospheric composition) not only have effects on multiple 69 

levels of biological organization, but also may interact with many other stressors to which 70 

fresh waters are exposed (Clarke, 2009; Woodward et al., 2010b). As in many shallow lakes, 71 

eutrophication remains the most serious environmental problem for Lake Peipsi, triggering 72 

changes in the entire ecosystem (Kangur and Möls, 2008; Mäemets et al., 2010; Buhvestova 73 

et al., 2011; Kangur et al., 2012). However, climate change is accentuating the symptoms of 74 
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eutrophication in fresh waters, especially in shallow lakes (Jeppesen et al., 2010b; Moss et al., 75 

2011). 76 

Additionally, owing to the complexity of large lakes, ecosystem reactions to co-existing 77 

stressors can be nonlinear, time-lagged and partially unpredictable (Reynolds et al., 2000). 78 

Thus, complex interactions among different stressors can hamper efforts to develop accurate 79 

and precise predictions (Hart and Calhoun, 2010). Some synergies among these components 80 

of change have already been recognised (Giller et al., 2004; Woodward et al., 2010a), but 81 

overall the potential effects of interacting components of global climate change on biotic 82 

communities remain poorly understood (Durant et al., 2007; Clarke, 2009; Woodward et al., 83 

2010b). Owing to the complexity of a large lake ecosystem, elucidation of the combined 84 

effects of environmental extremes and synergic factors on fish community structure is a 85 

challenging task. As these multiple stressors are often acting simultaneously, analysis of long-86 

term fishery datasets, coupled with hydrometeorological and water quality data, is useful for 87 

understanding the factors underlying recent developments in the fish population dynamics in 88 

Lake Peipsi.  89 

The present study aimed to discover how extreme weather events might have affected key 90 

species of the fish community of Lake Peipsi alongside the concurrent eutrophication-related 91 

degradation of lake water quality. We concentrated on lake (dwarf) smelt Osmerus eperlanus 92 

eperlanus m. spirinchus (Pallas), a small pelagic cold-water fish, which dominated for a long 93 

period the fish community of the lake. We predicted that drastic reduction of the smelt 94 

population could be strongly linked to heat waves and summer temperature increases. The 95 

present study revisits an eight-decade dataset of smelt commercial catches and seeks to 96 

discover relationships between summer water temperatures and this species’ population 97 

dynamics. Specific objectives of the study were to: 1) examine the fish community structure 98 

before and after the latest fish kill in Lake Peipsi in the extremely hot summer of 2010; 2) 99 

analyse differences in environmental conditions between years of “fish kill” and other years 100 

under analysis; 3) examine the co-effect of temperature extremes and eutrophication on smelt 101 

population dynamics and 4) analyse the extent to which the relative abundance of fish species 102 

in commercial catches can be related to hydrological and meteorological and water quality 103 

conditions.   104 

 105 

 106 

 107 

 108 
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2. METHODS 109 

2.1. Study site 110 

Lake Peipsi (57°51��59°01� N; 26°57��28°10� E, Fig. 1), situated on the Estonian/Russian 111 

border, has a surface area of 3 555 km2 (at the mean water level of 30 m a. s. l.). It is a 112 

polymictic and shallow lake with a mean depth of 7.1 m, a maximum depth of 15.3 m and a 113 

hydraulic retention time about 2 years (volume = 25 km3). The catchment area is 47 800 km2 114 

(including the lake surface). Lake Peipsi is elongated in the north-south direction more than 115 

150 km and consists of three limnologically different parts: Lake Peipsi s.s. (proper), the 116 

largest and deepest northern part; Lake Lämmijärv, the middle strait-like part; and Lake 117 

Pihkva, the southern and most shallow part, although together they form a single water body 118 

(Tab. 1). Lake Peipsi’s water level is not regulated; however, natural water level fluctuations 119 

are considerable: an overall range of 3.04 m over the last 80 years, with a mean annual range 120 

of 1.15 m (Jaani, 2001). Situated in the north temperate region, Lake Peipsi is characterised 121 

by variable weather conditions, normally covered with ice from December until April, with 122 

the onset of ice cover and melt-off varying considerably in recent years.  123 

Lake Peipsi is eutrophic, with mean total phosphorus (TP) and total nitrogen (TN) 124 

concentrations of 48 mg P m−3 and 784 mg N m−3, respectively, during the ice-free periods 125 

from 2006 to 2010. There is a clear south-north gradient in the lake’s water quality – the 126 

nutrient concentrations are significantly lower in the northern and deepest part, Lake Peipsi 127 

s.s., than in the southern part, Lake Pihkva (Tab. 1), which receives inflow from the Velikaja 128 

River (with a catchment area of 25 600 km2). The growing difference in P concentrations 129 

between the northern and southern parts of the lake shows that the input of P from the south is 130 

increasing (Kangur and Möls, 2008).  131 

Lake Peipsi is inhabited by 37 fish species (Kangur et al., 2008). Over the past eighty 132 

years, not one species has been lost from the lake; on the other hand, there is no information 133 

about invasion of any new species into the fish community. Fish stocks of the lake have been 134 

remarkably high, which makes it economically important for both commercial and 135 

recreational fishermen. However, sporadic fish kills have been registered repeatedly in the 136 

lake since 1959 (Semenova, 1960) during cyanobacterial blooms in warm summers.  137 

 138 

2.2. Experimental fish surveys 139 

Fish kill is a sudden death of a large number of aquatic animals including fish (Fish kill…, 140 

2004). To assess the effect of summer fish kill on fish populations, the length-frequency 141 

distributions of ruffe Gymnocephalus cernuus (L.), pikeperch Sander lucioperca (L.), 142 
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Eurasian perch Perca fluviatilis L. and roach Rutilus rutilus (L.) were analysed in one 143 

occasion only using data from trawling samples collected before (autumn 2009) and after 144 

(autumn 2010) the most recent fish kill in summer 2010. The age of juvenile fish was 145 

estimated from the length frequency distribution of the 0+ and 1+ age groups. We also 146 

analysed the Catch Per Unit Effort (CPUE, individuals per trawl hour) of fish species and 147 

their relative proportions (%) of the total catch in the autumn trawls (September and October) 148 

in Lake Peipsi in 2009 (12 samples) and 2010 (9 samples). To sample the fish, a bottom trawl 149 

(height 2 m, width 12 m, 10–12 mm knot-to-knot mesh size at the cod-end) was towed by a 150 

ship for 15 minutes per haul at a speed of 5.5–6.2 km h-1. The trawl catches were carried out 151 

at noon at the pelagic zone of Lake Peipsi. Sampling took place over several days in 152 

September and October of both years, with each sampling excursion consisting of several 153 

trawl catches (3–4) collected at multiple locations. 154 

 155 

2.3. Commercial catch data  156 

Fish communities and their relationships with their habitats are complex and therefore need 157 

large and longstanding datasets to be usefully interpreted. To characterize long-term changes 158 

in the fish community of Lake Peipsi, species composition and fish relative abundances in 159 

commercial catches were analysed in relation to environmental parameters. Proper data from 160 

fish stocks beyond the past 80 years are lacking. Commercial fisheries statistics for Lake 161 

Peipsi, collected from fishermen by state authorities, were available for the periods 1931–162 

1940 (Soviet Union and Estonian), and 1950–2010 (Soviet Union, followed by Russian and 163 

Estonian). Data were unavailable for the period 1941 to 1949 due to World War II. The fish 164 

data are from a variety of fishing gear used during different time periods and localities. The 165 

basic fishing gear used in Lake Peipsi represents local modifications of fence traps for 166 

smelt and perch as well as gill nets for pikeperch, pike and bream. Bottom seining is used 167 

mostly for pikeperch and perch. 168 

 169 

2.4. Environmental data 170 

Data on the surface water temperature in Lake Peipsi, collected by the Estonian Institute 171 

of Hydrology and Meteorology, mainly in the Mustvee weather station (58 °50´N, 26°57´E), 172 

are available for the period 1924–2010. Limnological data for some water quality variables 173 

(e.g. water transparency as Secchi disk depth, dissolved oxygen (O2) concentrations, water 174 

pH) are available from the 1950s. Eutrophication is characterized by changes of TP and 175 

chlorophyll a (Chl-a) concentrations in different parts of the lake (data available from the 176 
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1980s only). Published data from previous studies on cyanobacteria blooms (Laugaste et al., 177 

2001) and fish kills (Semenova, 1960; Kangur et al., 2005) were also considered. The specific 178 

methodologies used in limnological studies are well described in published papers (Laugaste 179 

et al., 2001; Starast et al., 2001; Kangur et al., 2002, 2003; Kangur and Möls, 2008); 180 

accordingly, we have given below only a brief overview of the methods used. Most studies 181 

since 1992 have been made in the Estonian part of the lake. However, joint Estonian–Russian 182 

expeditions to cover the entire Lake Peipsi have been arranged regularly since 2001. 183 

Depending on the year, the number of sampling sites monitored has varied between 3 and 41 184 

(Kangur et al., 2002). Monthly (or seasonal) water samples for routine hydrochemical 185 

analysis were obtained from both the surface layer of 0.1–1.0 m and the near-bottom layer of 186 

water (0.5 m above bottom), using a Ruttner sampler. The methods used in hydrochemical 187 

analysis are described in detail in published papers (Starast et al., 2001; Kangur and Möls, 188 

2008). 189 

 190 

2.5. Data analysis 191 

The frequency of fish species in test catches before (in autumn 2009) and after (in autumn 192 

2010) the summer fish kill in 2010 was examined using the chi-square (�2) test (R 193 

Development Core Team, 2010).  194 

For testing and estimating the changes in percentages of different length classes of fish in 195 

test catches before and after the fish kill, the SAS generalized linear models (GENMOD) 196 

procedure with binomial distribution and logit link function was used (SAS Institute Inc., 197 

2008).  198 

To estimate the long-term changes in water pH and transparency of Lake Peipsi, a large 199 

regression model, using the SAS/STAT package (SAS Institute Inc., 2008) was developed 200 

based on a general model tailored for Lake Peipsi and Lake IJsselmeer that has been tested 201 

previously for an advanced analysis of long-term hydrochemical and hydrobiological data 202 

(e.g. Möls, 2005; Lammens et al., 2007). The GLM procedure (F-test) was used to test the 203 

long-term trends of limnological parameters and the relationships between fish catches and 204 

water quality parameters.  205 

Long-term changes in parameters of water temperature were analysed using the GLM 206 

procedure in SAS with a cubic polynomial model. The 95% confidence limits for the predicted 207 

values of parameters were estimated using standard statistical methods (SAS Institute Inc., 208 

2008; Möls, 2005) assuming normality of model residuals. The pre-determined temperature 209 

parameters ‘lowlevel’ and ‘highlevel’ were set at 1 and 20ºC, respectively. Both ice formation 210 
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and melt off in Lake Peipsi usually take 2–3 weeks but can last up to a month. Therefore, the 211 

duration of the ice-free period was taken conventionally as equal to the number of days when 212 

the temperature was > 1°C (‘lowlevel’). Water temperature dynamics of a year were 213 

characterised using the following parameters (Tab. 2): duration of open water (‘openwater’, ≥ 214 

1°C), maximum °C of a year (‘realmaxtemp’), the 1st day when temperature exceeded 20°C, 215 

‘highlevel’ (i.e. ‘firsthightempday’), the number of days when temperature exceeded 20°C 216 

(‘highdays’) and the number of degrees > 20°C (degree-days), calculated for each day and over 217 

the year (‘Qsum>20°C’). Differences between the water temperature parameters in the years 218 

of “fish kill” and other years under analysis were estimated using ANOVA Tukey test. In the 219 

statistical tests the level of significance (�) was set to 0.01. 220 

 221 

3. RESULTS  222 

3.1. Fish community structure before and after the fish kill in 2010 223 

The mean abundance of fish species (CPUE – individuals per trawl hour) and their relative 224 

proportions (%) in the autumn experimental trawl catches differed significantly before and 225 

after the latest fish kill (Tab. 3). In 2010, the summer fish kill had no significant effect on 226 

roach but decreased significantly (p < 0.001) the number age 0+ pikeperch, perch and ruffe 227 

relative to the previous year data (Fig. 2): ruffe – from 71% to 26% (p < 0.0029), pikeperch – 228 

from 89% to 0% (p < 0.0001), perch – from 28% to 0% (p < 0.0026). The numbers of adult 229 

ruffe (8–15 cm) also decreased significantly (p < 0.001). Similarly, according to the �2 test 230 

roach showed the smallest decrease in catch per unit effort values, whereas considerable 231 

decreases were observed in 0+ pikeperch (≈ 47�), perch (31�) and ruffe (10�), with an 232 

approximate 2� decrease in the CPUE of adult ruffe. 233 

 234 

3.2. Trends in commercial catch and shift in fish community 235 

Commercial fishery statistics reveal remarkable changes in the fish community composition 236 

in Lake Peipsi since the 1930s, with the mean commercial fish catch declining (R2 = 0.36, 237 

F1,68 = 37.56, p<0.0001) from 11 650 tons (33 kg ha-1) in 1931–1940 to 5 408 tons (16 kg ha-238 
1) in 2005–2010. This decline in total catch is positively correlated (Pearson correlation R = 239 

0.65, p<0.0001) with a decline in the smelt catch (R2 = 0.32, F1,68 = 31.84, p<0.0001). Smelt 240 

has been the main planktivore and the most important commercial catch species by weight in 241 

Lake Peipsi (Fig. 3). In recent years, smelt abundance has declined and since 2007, smelt have 242 

not occurred in catches. Substantial changes in species abundance were noted in the catches 243 
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(Fig. 4), which in the 1930s were dominated by smelt (43% of total catch), roach (16%), 244 

perch (7%) and common bream Abramis brama (L.) (7%), but in 2005–2010 consisted mainly 245 

of pikeperch (27%), perch (24%), bream (20%), and roach (14%). This concurrent increase in 246 

piscivores and decrease in planktivores in the total catch (Fig. 4) reflects a shift away from 247 

cold-adapted, typically oligotrophic, species (smelt, vendace Coregonus albula (L.), Peipsi 248 

whitefish Coregonus lavaretus maraenoides Poljakow, burbot Lota lota (L.)) towards warm-249 

adapted, eutrophication-tolerant species (pikeperch, bream) as the fish habitat has changed. 250 

 251 

3.3. Deterioration of fish habitat 252 

Limnological time-series data from the 1950s to 2010 indicate deterioration in lake water 253 

quality and fish habitat. Indeed, the mean water transparency by Secchi disc in the open water 254 

period (April–November) has decreased considerably (R2 = 0.54, F1,58 = 67.48, p<0.0001) in 255 

the past five decades, from 2.3 m (90% tolerance limits 1.2–4.5 m) in 1950–1955 to 1.4 m 256 

(90% tolerance limits 0.6–3.4 m) in 2006–2010 in Lake Peipsi. Similarly, mean O2 257 

concentrations between May and October in the near-bottom water (0.5 m above the 258 

sediment) have decreased significantly (R2 = 0.18, F1,59 = 12.98, p < 0.001) from 10.4 mg l-1 259 

(90% tolerance limits 7.1–15.3 mg l-1) in 1950–1955 to 8.1 mg l-1 (90% tolerance limits 2.7–260 

23.9 mg l-1) in 2006–2010, with a corresponding, and even greater, decrease (R2 = 0.35, F1,59 261 

= 31.82, p < 0.0001) in the near-bottom minimum O2 concentration (from 7.1 to 0.6 mg l-1) 262 

during the same intervals. In line with this, mean pH during the ice-free period (April–263 

November) in Lake Peipsi increased significantly (R2 = 0.39, F1,58 = 37.21, p<0.0001), from 264 

8.17 (90% tolerance limits = 7.83–8.52) to 8.45 (7.89–9.02) for the same intervals, with water 265 

transparency decreases and pH increases most noticeable in Lake Peipsi s.s., the cleanest part 266 

of the lake (Fig. 5). Changes in water quality are reflected in the long-term dynamics of smelt 267 

population. Decline in smelt stock and catches was significantly related with a decline of 268 

near-bottom oxygen conditions (R2 = 0.18, F1,57 = 12.27, p < 0.0009) and with a decrease of 269 

water transparency by Secchi disc (R2 = 0.17, F1,57 = 11.44, p < 0.0013) whereas an increase 270 

of water pH had limited influence (R2 = 0.12, F1,58 = 7.92, p < 0.0067) on stock dynamics. 271 

The ongoing eutrophication of Lake Peipsi is evident from the prominent lake-wide 272 

gradients of nutrient concentrations: Lake Peipsi had a significantly lower nutrient load than 273 

Lake Pihkva (Tab. 1). TP concentrations have increased ≈ 2� (from 61 to 115 mg P m-3 274 

between 1985 and 2010), but Chl-a concentrations increased 3� (from 20.5 to 62.7 mg m-3; 275 

1985–2010), reflecting an increase in the trophic level of Lake Pihkva over the last two 276 

decades. During the same interval, TP concentrations increased in Lake Lämmijärv from 54 to 277 
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67 mg P m-3 and in Lake Peipsi from 30 to 37 mg P m-3. In accordance with this lake-wide 278 

eutrophication gradient, the first fish kill occurred only in the southern, most shallow and 279 

eutrophicated lake part (Lake Pihkva). However, the later fish kills expanded to the whole 280 

lake. 281 

 282 

3.4. Trends in summer water temperature 283 

Water temperature during the open water period was highly variable over the long-term (Tab. 284 

2), though the length of the open water period did not change significantly, even though the 285 

ice-melt dates have occurred earlier. In spring ‘firsthightempday’ advanced significantly (p < 286 

0.0001) over the past eight decades, even though early warming in spring was more common 287 

from 1960 to 1980 (Tab. 2). The number of ‘highdays’ and ‘Qsum>20°C’ both increased (Table 288 

2; Fig. 4). Furthermore, extraordinarily hot summers (water temperatures >20 °C) for long 289 

periods (up to 110 days in 2002) have become more frequent. The highest summer 290 

‘realmaxtemp’ and Qsum>20°C values coincided with mass fish mortalities (Fig. 4). Although 291 

the yearly maximum water temperature in summer has increased over the long-term, the year-292 

to-year variability in temperature parameters is high and may exceed 8°C. In some years, 293 

water temperature in Lake Peipsi barely reached 20 °C, but the highest water temperature 294 

during 1924–2010 was 28.8°C on 27 June 1988. In the most recent summer fish kill (2010), 295 

maximum water temperature in Lake Peipsi was 26.3°C, in contrast to 22.1°C in 2009 (Fig. 296 

6). The patterns of summer water temperature indicate that the years of "fish kill" differ 297 

significantly from other years. In the years of “fish kill”, the maximum summer water 298 

temperature was on average 3.2°C higher (p < 0.0002), ‘highdays’ lasted on average 24.6 days 299 

longer (p < 0.002), and accordingly, ‘Qsum>20°C was 138 degree-days higher than in other 300 

years under analysis.  301 

 302 

3.5. Co-effects of temperature extremes and eutrophication on the fish community 303 

The data indicate that eutrophication amplifies the effect of temperature extremes. In hot 304 

summers (water temperature up to 26–28ºC) with calm weather, cyanobacterial blooms and 305 

fish kills co-occurred during the past five decades (Fig. 3). Although mass growth of 306 

cyanobacteria has been documented in Lake Peipsi since the 19th century, the eutrophication 307 

appears to have increased biomass of cyanobacteria and algal bloom intensity (Laugaste et al., 308 

2001) with accompanying fish kills. In summer 1959, the first large-scale smelt mortality was 309 

described during a bloom of Aphanizomenon sp. (Semenova, 1960), which was restricted to 310 

the southern, most shallow, and eutrophied part, Lake Pihkva (Table 1). The next massive 311 
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smelt kill occurred in summer 1972, during a calm, warm period due to cyanobacteria 312 

blooming affecting the entire lake. In the following years (1973–1974), no smelt were caught 313 

(Fig. 3), this was followed in the next 2–3 years by a quick recovery in the smelt population, 314 

but thereafter the smelt population suffered from long-term negative effects due to 315 

subsequent hot summers with cyanobacterial blooms. Data from trawl samples in recent 316 

years have revealed smelt abundance to have declined to a historically low level, with few 317 

specimens captured (Table 3) and smelt have also disappeared from commercial catches 318 

(Fig. 3). Furthermore, after the extreme weather and fish kill events in 1988 (Fig. 3), the 319 

vendace population collapsed and this has not yet returned to its previous levels. 320 

Recently, summer fish kill events have become frequent, involving wider areas of Lake 321 

Peipsi. During the latest fish kills in the summers of 2002 and 2010 (Fig. 3), in addition to 322 

adult cold-water fish (smelt, vendace), also juvenile fish and other fish species, especially 323 

bottom-dwelling fish such as ruffe, were seriously affected by hypoxia and warm water 324 

temperatures. During the most recent fish kill, we measured one of the lowest dissolved 325 

oxygen concentrations of 1.4 mg O2 l-1
 (10 August 2010) in the near-bottom water. In the 2002, 326 

the lowest O2 concentration in the open water (2 mg O2 l-1) was recorded during a heat wave in 327 

the early morning of 16 August 2002 just before sunrise (Kangur et al., 2005). Mass fish kills 328 

have followed the same pattern as diminishing O2 concentrations, these occurring mainly at 329 

night or during the early morning hours. Other evidence for hypoxia in Lake Peipsi was 330 

abnormal fish behaviour. Ruffe, which usually dwell on the bottom, were ascending from the 331 

bottom to the surface water, moving slowly and gulping for air. In both summers of 2002 and 332 

2010, thousands of dead fish, mostly ruffe, but also some other fish species (pikeperch and 333 

perch) were observed on the shore.  334 

 335 

4. DISCUSSION 336 

According to the current investigation, environmental extremes and concurrent eutrophication 337 

can stimulate radical restructuring of the fish community in large shallow lakes like Peipsi. 338 

These coexisting stressors can influence the recruitment of fish: after the extremely warm 339 

weather and fish kill events in 2010, the number of age 0+ fish was significantly lower in test 340 

catches than in the previous year.  However, there may be also other reasons for decrease in 341 

the number of age 0+ fish, and therefore further long-term studies are needed. Importantly, 342 

any abrupt increase or decrease in juvenile fish numbers can significantly affect the whole 343 

lake ecosystem through cascading effects of predation (Carpenter and Kitchell, 1993; Ginter 344 
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et al., 2011), and this is especially true in cold-temperate lakes (Danger et al., 2009; Jeppesen 345 

et al., 2010a). Moreover, as juveniles of pikeperch and perch have been influenced, the 346 

populations of adult piscivores may be seriously affected, because the size and structure of 347 

their populations is strongly dependent on their success at the juvenile stage (van Densen 348 

1985; Persson and Brönmark, 2008).- 349 

During the most recent decades the fish habitat in Lake Peipsi has considerably changed, 350 

as both nutrient concentrations and summer water temperature have increased while oxygen 351 

level has decreased. Thus, an allied attack by climate change and eutrophication (Moss et al., 352 

2011) can be expected to continue in this shallow lake. Abundance changes in the fish species 353 

populations have gone in opposite directions for cold-adapted as compared with warm-354 

adapted species, which is, according to Parmesan and Yohe (2003), a diagnostic fingerprint of 355 

climate change impact. Lake Peipsi is no longer a suitable habitat for smelt, vendace, 356 

whitefish and burbot, all of which prefer colder oligotrophic water richer in oxygen. As Lake 357 

Peipsi is shallow and usually well mixed in summer, there is no cool-water refuge for these 358 

cold-water fish. However, the new conditions are suitable for pikeperch and bream, which are 359 

generally classified as warm-tolerant species favoured by eutrophic conditions (Lehtonen, 360 

1996; Jeppesen et al., 2000). According to the current study, roach and bream have been the 361 

least affected by the temperature extremes. Therefore, cyprinids may be favoured at the 362 

expense of coregonids in Lake Peipsi, as has been found in many other European lakes 363 

(Lehtonen, 1996; Lammens, 2001). As the warming trends are projected to intensify (IPCC, 364 

2007), major shifts in the fish community are expected. 365 

Continued climate change is projected to weaken the resilience of many ecosystems 366 

(including lakes) leading to sudden re-organizations of communities (Scheffer and Carpenter, 367 

2003). In Lake Peipsi, the effects of eutrophication have increased dramatically in hot and dry 368 

summers, when water level have decreased sharply and all the usual water quality parameters 369 

(e.g. water transparency, nutrients and dissolved oxygen concentrations) have indicated the 370 

worsening of the lake’s ecological health (Kangur et al., 2003, 2005). Hence, its status can 371 

shift abruptly in response to drought, causing unexpected catastrophes for its biota, e.g. fish 372 

kills. Recent warming in summer time (together with severe heat waves) and nutrient 373 

enrichment of Lake Peipsi are acting in the same direction: both are increasing cyanobacterial 374 

blooms and the probability of fish kills, both of which have occurred in wider areas of the 375 

lake, including the deepest parts. Thus, eutrophication and temperature extremes may have 376 

amplified the effect of each other in shallow lakes. 377 
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Environmental extremes and concurrent eutrophication has led to the extinction of smelt, 378 

the previous dominant and key species in the fish community of Lake Peipsi. Our study 379 

indicates that smelt, a small shoaling surface fish reacts strongly and quickly to environmental 380 

extremes. Its abundance has fluctuated periodically, within a gradual decline on a long-term 381 

scale. This pattern follows that of increasing summer mean and maximum water temperatures, 382 

which are acting in concert with eutrophication-related decline of oxygen content. The decline 383 

of smelt has been particularly high in the years with heat waves. Using regression analysis 384 

Kangur et al. (2007) have found a strong negative effect of high water temperature (≥20ºC) on 385 

the abundance of the smelt population with a lag of 1 and 2 years. A relatively short life span 386 

(in Lake Peipsi mainly about two years in duration), together with early reproduction, and 387 

high fecundity make the smelt population very unstable and vulnerable to changes in the 388 

environment. Our results confirm that small cold-tolerant and short generation time species 389 

like smelt will suffer most from increasing exposures to summer heat (Pörtner and Peck, 390 

2010; Thackeray et al., 2010) while large-sized and long-lived species are generally deemed 391 

to be more resilient when exposed to unpredictable environments (Woodward et al., 2010b). 392 

Moreover, if current conditions prevail, the recovery of the smelt population is quite unlikely 393 

in Lake Peipsi. Similarly to smelt, other cold-stenothermal specialists are also close to their 394 

physiological limits and may be squeezed out as temperatures continue to rise (Jeppesen et 395 

al., 2010a; Perkins et al., 2010; Woodward et al., 2010b). Thus, extreme weather events and 396 

concurrent eutrophication can cause long-lasting and perhaps irreversible changes in the fish 397 

community of shallow lakes. 398 

Recently, besides the effects on cold-water fish (smelt, vendace), also benthic fish such as 399 

ruffe were seriously affected by hypoxia and suboptimally high water temperatures during 400 

heat waves and cyanobacterial blooms. Similarly, Arend et al. (2011) found that among fish 401 

species, the effect of hypoxia on annual habitat quality was more pronounced for cold-water 402 

species and for highly benthic species. The number of ruffe have decreased substantially 403 

because the recent fish kills have involved the entire Lake Peipsi and bottom dwelling fish 404 

have had no refuge from the deoxygenation occurring on still, warm summer nights.  405 

 406 
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Table 1  562 

Selected morphometric (Jaani, 2001), chemical and phytoplankton characteristics of Lake 563 

Peipsi and its three parts (Lake Pepsi s.s., Lake Lämmijärv and Lake Pihkva). Water quality 564 

variables are presented as geometric means and 90% tolerance limits are given in brackets. 565 

These estimates correspond to the open water periods (Julian days 100–310 within each year) 566 

between 2006 and 2010. 567 

Characteristic Lake 

Peipsi s.s. 

Lake 

Lämmijärv 

Lake 

Pihkva 

Whole Lake 

Peipsi  

Surface area, km2 2611 236 708 3555 

Maximum depth, m 12.9 15.3 5.3 15.3 

Mean depth, m 8.3 2.5 3.8 7.1 

Water volume, km3 21.79 0.6 2.68 25.07 

TP, mg P m-3  

 

37.5 66.7 115.5 48.3 

(17.1�82.0) (31.9�139.6) (53.1�250.8) (16.7�140.2) 

PO4-P, mg P m-3 

 

5.8 10.5 26.5 8.3 

(1.1�32.7) (2.0�54.9) (7.0�101.0) (1.2�51.5) 

TN, mg N m-3 

 

703 896 1143 784 

(417�1188) (573�1401) (829�1577) (439�1400) 

*DIN, mg N m-3 

 

122 127 96 121 

(31�470) (30�532) (48�194) (32�458) 

Chlorophyll a 

content, mg m-3  

 

17.9 33.3 62.7 23.7 

(5.9�53.9) (13.6�81) (26.2�149.6) (6.4�88) 

Secchi depth, m  

 

1.8 0.95 0.7 1.4 

(1.0�3.2) (0.6�1.5) (0.4���0) (0.5�3.4) 

OECD (1982) 

classification 

eutrophic eutrophic/ 

hypertrophic 

hypertrophic eutrophic 

 568 

*DIN is the sum of ammonium ion, nitrate ion and nitrite ion concentrations569 
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Table 3  578 

The mean abundance of fish species (CPUE – individuals per trawl hour ± standard 579 

 error) and their proportion (%) of the total catch according to the autumn trawls 580 

(September and October) in Lake Peipsi in 2009 and 2010. 581 

 582 

* Esox lucius L. 583 

  584 

Fish species 2009 

CPUE                    % 

2010 

CPUE                   % 

Ruffe 3078.3±770.8 64.1 532.0±152.2 18.0 

Eurasian perch        684.9±217.4 14.2 1201.4±147.1 40.7 

Pikeperch 965.9±510.9            20.1 689.5±197.9 23.4 

Roach 29.0±15.6 0.6 45.6±9.5 1.6 

Common bream 39.1±12.7 0.8 468.7±85.0 15.9 

Lake smelt 2.6±1.3 0.1 1.2±1.2 0.0 

Northern pike* 2.2±0.7 0.0 6.2±1.3 0.2 

Burbot 2.7±1.5 0.1 5.2±1.7 0.2 

Peipsi whitefish               1.3±1.0 0.0 0.4±0.4 0.0 

Total catch 4802.0±986.5 100 2950.7±304.7 100 
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 Fig. 1. Location of Lake Peipsi. 585 

 586 
 587 

Fig. 2. The Catch Per Unit Effort (CPUE, individuals per trawl hour) of ruffe (a), perch (b), 588 

pikeperch (c) and roach (d) in autumn 2009 (black bars) and in autumn 2010 (white bars). 589 

 590 
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Fig. 3. Changes in commercial catches of smelt (a) and the sum of water temperature degree-591 

days over 20°C during a year in Lake Peipsi from 1925 to 2010 (b). Fish kills during the 592 

hottest summers are marked with asterisks. 593 

 594 
Fig. 4. The proportion of different trophic groups of fish species in commercial catches from 595 

Lake Peipsi: benthivores (common bream, ruffe), planktivores (Peipsi whitefish, smelt, 596 

juvenile fish) and piscivores (pikeperch, Northern pike Esox lucius L., Eurasian perch, 597 

burbot). 598 

 599 
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Fig. 5. Changes in water transparency (m) (a) and water pH (b) in Lake Peipsi from 1955 to 600 

2010 according to the GLM model, whereas the dotted lines show the confident limits of the 601 

model. 602 

 603 
Fig. 6. Water temperatures (ºC) in Lake Peipsi in 2009 and 2010.       604 

 605 
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