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Abstract: The population dynamics of fish in northern lakes is strongly influenced by climatic factors.
In this study, we investigated whether there is a link between the late 1980s climate regime shift in
Europe and the collapse of vendace (Coregonus albula) population at the same time in Lake Peipsi.
Until the end of the 1980s, vendace was very abundant in the lake, but then its catches sharply
declined. This decline inspired investigations into the extreme weather events preceding the vendace
collapse using data on daily water temperatures and ice phenology together with commercial fishery
statistics since 1931 and test catch data since 1986. We identified using advanced statistical methods
that the hot summer of 1988, which was accompanied by a severe cyanobacterial bloom and extensive
fish kill, and the subsequent non-permanent ice cover and early ice-offs in 1989 and 1990 in Lake
Peipsi were the main reasons for the disappearance of vendace from catches in 1991. Moreover,
a negative correlation appeared between catches of the predatory pikeperch (Sander lucioperca) and
vendace. Predation pressure as well as fish habitat degradation caused by lake eutrophication may
contribute to the instability of the vendace population too. Our study showed that extreme weather
events such as heat waves in summer and non-permanent ice-cover in winter in consecutive years
may have long-lasting harmful effects on the population abundance of cool-water fish species such as
vendace whose eggs usually develop under an ice cover in north-temperate lakes.

Keywords: climate regime shift; extreme weather events; phenology of lake ice; population dynamics
of vendace; predator–prey interactions

1. Introduction

Declines and collapses of fish populations have frequently been attributed to local human
interventions, including over-exploitation of fisheries [1–4] and habitat loss due to pollution [5].
Additionally, predator–prey interactions [6], parasite infections [7] and climate can trigger the reduction
of fish species. Although natural factors are not frequently reported to cause the collapse of fish
populations [8–10], climate may influence fish populations through a variety of direct and indirect
processes [11,12]. The impact of abrupt climatic shifts on lake ecosystems will likely differ from the
effects of long-term gradual warming [13].

Decline and collapse of fish populations at different geographical scales have been widely reported
in recent decades [2,9,14]. In Europe’s fourth largest lake, Lake Peipsi (Estonia/Russia), vendace
(Coregonus albula) was the dominant fish species and the main target of commercial fishery until the end
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of the 1980s; however, it dramatically declined thereafter. Similarly, vendace abundance has declined
in Finland (e.g., Lake Pyhäjärvi and Lake Puulavesi [15–17]), Sweden (Lake Mälaren [18]) and the
United Kingdom (Lake Bassenthwaite; [19,20]). However, in the northern distribution area of vendace,
such as Finland, the stock has recovered and fish are abundant [21].

Vendace is a typical lacustrine coregonid occurring principally in northern European freshwater
ecosystems [22,23]. It is a small-bodied shoaling pelagic fish that prefers cold water (e.g., [18,24–26]).
Adult vendace avoid areas where the temperature exceeds 18–19 ◦C or the concentration of oxygen
is less than 2 mg L−1 [19,23,27,28]. Vendace has a cold-water thermal window characterized by a
metabolic optimum approximately 7–9 ◦C [29–31]. According to Potapova [32], vendace feeds most
intensively at 15–16 ◦C, and the intensity of its feeding drops when the temperature rises to 18–20 ◦C.
In Estonian waters, vendace spawns in November to December at a temperature of 0.2–3 ◦C and
hatching takes place in the middle of April [33]. In Lake Peipsi, vendace attains sexual maturity at the
age of two years and has a typical lifespan of only 3–5 years [34].

Due to its preference for cold water and its peculiar life history, such as autumn spawning,
short lifespan and early reproduction [26,35,36], vendace populations are very vulnerable to habitat
changes and have substantially fluctuating abundances [16]. The literature reports that high water
temperatures [29,30], low oxygen levels [19,23,28] and variability of ice conditions [18,37] may have
negative effects on vendace populations. Additionally, co-occurring stressors, for instance long-term
eutrophication [38], fishing pressure [36] and predator–prey interactions [39–42], may deepen the effect
of climate change on the year-class strength and population dynamics of vendace [14].

Although many complex interactions may cause reduction in the abundance of species, the potential
effects of such interacting components of the global climate change on biotic communities remain
poorly elucidated [11,43–45]. Moreover, the effects of extreme weather events on ecosystems are much
less understood than the effects of longer-term changes in average environmental conditions [46],
and there is a pressing need to extend current understanding of abrupt changes in ecological systems as
climate warming accelerates [47]. Therefore, analyzing the long-term population dynamics of vendace
and coupling the results with data on climatic factors, water quality and fish community features in
Lake Peipsi could contribute new knowledge about the factors affecting the decline and collapse of fish
populations in the north temperate region.

In the present study, we used vendace as a biological model to study the relationship between
climate regime shift and population collapse. Other sensitive cool-water fish declining in the lake
(e.g., burbot Lota lota and Peipsi whitefish Coregonus lavaretus maraenoides) are longer-lived than vendace
and likely to respond more slowly to environmental change. We used a nearly nine-decade dataset on
vendace commercial catches and lake surface water temperature (LSWT) parameters with the aim of
clarifying the relationships between extreme weather events related to the late 1980s regional climate
regime shift [48,49] and vendace catch dynamics in Lake Peipsi. The specific focus of our study was to
identify the environmental variables most related to the collapse of the vendace population in Lake
Peipsi by the turn of the 1980/1990 decade. We hypothesized that the drastic reduction of the vendace
population and catches was linked to the cumulative effects of warm water temperature extremes and
fish kills during heat waves in summer and the extreme ice conditions in winter during the years before
the disappearance of vendace from the commercial fish catches. We investigated the differences in
environmental conditions between the three consecutive years immediately preceding the collapse and
the “ordinary” years since the 1930s. Additionally, the potential influences of the flourishing pikeperch
(Sander lucioperca) population, the high fishing pressure and continued cultural eutrophication of Lake
Peipsi [50,51] on the vendace stock were discussed.
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2. Material and Methods

2.1. Study Area

Lake Peipsi (57◦51′–59◦01′ N; 26◦57′–28◦10′ E) is the fourth largest lake in Europe, located south
of the Gulf of Finland on the border of Estonia and Russia (Figure 1). Peipsi is a polymictic and shallow
lowland lake (Table 1) with a surface area of 3555 km2 and a mean water level of 30 m above sea level.
In fact, Lake Peipsi, which is elongated more than 150 km in the north–south direction, is a lake system,
consisting of three limnologically different parts: Lake Peipsi s.s. (mean and maximum depth 8.3 and
12.9 m, respectively), Lake Lämmijärv (2.5 and 15.3 m) and Lake Pihkva (3.8 and 5.3 m). Lake Peipsi’s
water level is not regulated; however, natural water level fluctuations are considerable, with an overall
range of 3.04 m over the last 80 years and a mean annual range of 1.15 m [52]. Situated in the north
temperate region, in the transition zone between a maritime and continental climate, Lake Peipsi is
characterized by variable weather conditions. The lake is normally covered with ice from December to
April, but, in recent years, the onset of ice cover and melt-off have varied substantially. The winter
2019/2020 was the first winter since the beginning of the observation history in 1921 when there was no
permanent ice cover on Lake Peipsi [53]. Due to the lake’s large surface area and its relative shallowness,
waves affect the bottom during the ice-free period, and temperature stratification is therefore usually
short and unstable. Stratification may occur only in the case of calm and windless days.
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Figure 1. Location of Lake Peipsi.

Table 1. Selected characteristics of Lake Peipsi at a mean water level of 30 m above sea level (after
Jaani [52]). Nutrient (surface water 0–1 m), chlorophyll a (integral sample) and water transparency
values are presented as arithmetic means with minimum and maximum of measured values (in brackets).
All estimates correspond to the open water period (May–October) during 2010–2019.

Location 57◦51′–59◦01′ N
26◦57′–28◦10′ E

Drainage area (km2) 47,800
Lake area (km2) 3555
Volume (km3) 25.07

Mean depth (m) 7.1
Maximum depth (m) 15.3

Hydrological turnover time (year) 2
Total phosphorus (mg P m−3) 54 (13–220)

Total nitrogen (mg N m−3) 748 (250–2100)
Chlorophyll a (mg m−3) 29 (4–117)

Secchi disc water transparency (m) 1.4 (0.4–3.8)
Trophic status [54] eutrophic
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At present, the whole lake is eutrophic (Table 1), with a clear south–north gradient. The northern
and deeper part is significantly poorer in nutrients than the southern, very shallow part [50]. Differences
in water quality between the northern and southern parts of the lake (polarity) are caused by the
differences in natural environmental conditions and by the anthropogenic impacts of the local human
population [10,51].

Lake Peipsi is of great social and economic significance due to the importance of fishery, which is
a substantial sector of rural employment in the Peipsi region and an essential part of life in its coastal
villages. Lake Peipsi is inhabited by 37 fish species [55]; no species have disappeared over the past
century, and invasion of new species has not been recorded either. Additionally, there have not been
significant stockings of fish during that time period. Lake Peipsi has been historically rich in fish
production [56], but, even though the species composition and inter-annual variations are as before,
the commercial fish catch has over the years declined to about half the size of the catch ninety years
ago [57]. Moreover, there have been shifts in relative abundances of key fish species both in commercial
catches as well as in experimental trawl samples, including the decrease of the vendace population
and the increase of the pikeperch population (Table 2).

Table 2. Species composition and annual commercial catches according to fishery statistics from 1986
and 1998–2012 and average catch per unit effort (CPUE; kg per trawl-hour) of trawl samples taken in
autumn during the same years in Lake Peipsi.

Fish Species
Commercial Catch (103 kg) Trawl Samples Catch (kg)

1986 1998–2012 1986 1998–2012

Pikeperch Sander lucioperca 75 (0.8%) 1542 (25.1%) 5.4 (1.4%) 61.1 (28.5%)
Smelt Osmerus eperlanus 1 556 (15.9%) 860 (14%) 15.9 (4.1%) 1.9 (0.9%)

Common bream Abramis brama 610 (6.2%) 1037 (16.9%) 169.7 (43.7%) 66.0 (30.9%)
Eurasian perch Perca fluviatilis 1 267 (12.9%) 1101 (17.9%) 92.1 (23.7%) 40.3 (18.8%)

Roach Rutilus rutilus 732 (7.5%) 757 (12.3%) 40.5 (10.4%) 17.9 (8.4%)
Ruffe Gymnocephalus cernuus 2 842 (29%) 473 (7.7%) 28.2 (7.3%) 13.2 (6.2%)

Northern pike Esox lucius 426 (4.3%) 232 (3.8%) 6.3 (1.6%) 8.8 (4%)
Burbot Lota lota 113 (1.2%) 48 (0.8%) 1.0 (0.3%) 1.8 (0.8%)

Vendace Coregonus albula 2 084 (21.2%) 16 (0.3%) 26.9 (6.9%) 0.018 (0.007%)
Peipsi whitefish Coregonus lavaretus 106 (1.1%) 15 (0.2%) 1.1 (0.3%) 0.04 (0.02%)

Other fish species 4 (0.0%) 55 (1%) 0.9 (0.2%) 2.8 (1.3%)
Total 9 815 (100%) 6136 (100%) 387.9 (100%) 213.7 (100%)

2.2. Sampling and Dataset

To characterize long-term changes in the key fish populations of Lake Peipsi, we analyzed fish
species composition and relative abundance of different fish species in the commercial catches in
relation to environmental variables. Proper data from fish stocks beyond the past 90 years are lacking.
The commercial fisheries statistics of Lake Peipsi, collected from fishermen by the state authorities,
exist for the periods 1931–1940 (Soviet Union and Estonia) and 1950–2019 (Soviet Union, followed
by Russia and Estonia). The period 1941–1949 is not covered due to World War II. The fish data are
based on catches using a variety of fishing gear in different time periods and localities. Information
on the main changes in fishing gear and fishing effort since the 1930s can be found in the work by
Kangur et al. [58]. The basic fishing gear used in Lake Peipsi was the local modifications of fence
traps for the catch of vendace, lake (dwarf) smelt (Osmerus eperlanus m. spirinchus) and Eurasian perch
(Perca fluviatilis), supplemented by gill nets for the catch of pikeperch, Northern pike (Esox lucius) and
common bream (Abramis brama). Bottom seining is also employed, mostly for the catch of pikeperch
and perch.

Data on experimental trawl samples in Lake Peipsi since 1986 were collected by the authors and
were mainly used for controlling the reliability of the commercial fishery statistics.
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Daily data on LSWT in Lake Peipsi are available at the Mustvee hydrometric station (58◦50′ N,
26◦57′ E) from 1924 onwards. At the hydrometric station the LSWT in the near shore waters was
measured using a Celsius mercury thermometer twice in 24 h at 8 a.m. and at 8 p.m. at a depth of
10 cm [52]. Since May 2009, an automatic station (VAISALA, MAWS110 and water temperature sensor
QMT110) was used every hour for LSWT measurements. Daily values of LSWT in Lake Peipsi were
obtained from the Institute of Meteorology and Hydrology of the Estonian Ministry of Environment
and later, since 1 June 2013 from the Estonian Weather Service of the Estonian Environment Agency.

2.3. Data Analysis

We used the GLM procedure in SAS [59] with a cubic polynomial model to analyze long-term
changes in LSWT. To make calculations simpler without reducing the model prediction accuracy,
the year numbers (1924–2010) were linearly scaled to change between 0.4 and 9 (subtracting 1920 from
the specific year number, e.g., 2010, and thereafter dividing the result by 10). The 95% confidence limits
for the parameter values were estimated, assuming normality of model residuals [59,60]. Altogether
32 temperature parameters were formed to characterize the LSWT pattern of a year. The pre-determined
temperature parameters “lowlevel” and “highlevel” were set to 1 and 17 ◦C, respectively, with 17 ◦C
being chosen as the high temperature limit due to the declining intensity of vendace feeding when
the temperature rises to 18–20 ◦C [32]. Both ice formation and melt-off in Lake Peipsi may last
2–3 weeks but can take up to a month. Therefore, we assumed the duration of the ice-covered period
to be conventionally equal to the number of days when the temperature was <1 ◦C (“lowlevel”).
A year’s LSWT dynamics were characterized using the following parameters: beginning date of the
ice-off period (“ice-off date”, LSWT ≥ 1 ◦C); beginning date of ice-covered period (“ice-formation
date”, LSWT ≤ 1 ◦C); maximum LSWT of a year (“maxtemp”); the first day when LSWT exceeded
17 ◦C (“firsthightempday”); and the number of days when LSWT exceeded 17 ◦C (“highdays”).
Mean LSWT was calculated for the whole ice-free period (LSWT ≥ 1 ◦C); for a high-temperature period
(LSWT ≥ 17 ◦C); and for fixed seasonal time periods (e.g., 1–100, 100–130 Julian days of a year, etc.).

To identify factors possibly related to the changes in vendace abundance, 256 LSWT parameters
of the current year and also of the preceding seven years, covering about twice the average lifespan
of vendace in Lake Peipsi, were used (i.e., altogether 8 years in each year 32 LSWT parameters:
8 × 32 = 256). The most influential LSWT parameters were determined with the stepwise selection
algorithm available in the SAS/REG procedure. We called the LSWT parameters that remained in the
model the key parameters.

After the selection of key parameters, we applied Type 3 mixed ANOVA provided by the
SAS/MIXED procedure to estimate the quantitative effects of selected parameters on vendace catch
ratio (∆) with the maximum likelihood method. The value of ∆ was assigned to the current year:

∆ = log2
vendace catch in the current year
vendace catch in the previous year

Compared to reported fish catches, ∆ is a ratio of catches and therefore less sensitive to occasional
changes in catch registration methods, fishing gear types and fishing intensity. ∆ increases/decreases
by 1 if the vendace catch in the current year is two times larger/smaller than in the previous year.
p-values were increased to take into account the multiple selection procedure of significant LSWT
parameters (Bonferroni correction).

Differences between the LSWT parameters in the three consecutive years (1988–1990) preceding
the collapse of the vendace population and other “ordinary” years since the 1930s were estimated using
ANOVA and Tukey’s test to determine whether these consecutive years with unfavorable conditions
for vendace were an exception.

To analyze the reliability of the commercial catch data, we estimated the agreement between the
commercial and trawl sample data by polynomial regression analysis and considered the logarithmic
commercial catch of different species to be the dependent variable and the corresponding trawl
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sample data to be the predictor variable (factor). The potential influence of other factors such as
continued cultural eutrophication on the collapse of vendace stock was discussed on the basis previous
analyses [9,57].

Finally, the Spearman correlation analysis was applied to correlate the catches of vendace with the
catches of other key fish species (pikeperch, bream, burbot, perch and pike) in the same year and in the
seven previous years in Lake Peipsi. p-values were decreased to take into account multiple analyses
(Bonferroni correction). In the statistical tests, the level of significance (α) was set to 0.05.

3. Results

3.1. Variation of Ice Phenology and Lake Surface Water Temperature

During 1924–2010, the beginning of the ice-covered period (“ice-formation date”) varied by more
than two months, between 311 and 364 Julian days of a year, with a significant trend towards later
ice formation during the last two decades (Table 3). Moreover, there was a significant long-term
downtrend in ice-off dates (LSWT ≥ 1 ◦C) since the 1920s (Table 3 and Figure 2b). Ice-off dates occurred
significantly earlier than had occurred previously. During 1924–2010, the mean “ice-off date” was the
103rd Julian day (early April), and the earliest ice-off dates occurred in 1990 (80th Julian day) and in
1989 (88th Julian day) (Table 3), the two years immediately preceding the disappearance of vendace in
commercial catches in 1991 (Figure 3).Water 2020, 12, x FOR PEER REVIEW 7 of 16 
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Table 3. Statistical characteristics of selected water temperature parameters for the periods 1930–1960, 1961–1985 and 1986–2010 and for the years of vendace collapse
in Lake Peipsi.

Temperature
Parameter

1930–1960 1961–1985 1986–2010 1988 1989 1990 1991

Mean Min Max S Mean Min Max S Mean Min Max S Value Value Value Value

Ice-off date * (Julian day) 107 91 117 \ 100 88 107 – 101 87 121 – 104 88 80 102
Maxtemp * (◦C) 22.7 17.8 28.4 / 25.3 22.3 28.0 – 24.6 20.6 28.8 – 28.8 26.7 25.3 26.4

Firsthightempday (17 ◦C) *(Julian day) 163 127 196 \ 145 128 167 – 156 127 194 – 145 144 155 164
Highdays (≥17 ◦C) *(days) 64 8 107 / 84 46 102 – 79 48 110 – 90 91 81 77

Ice formation date (Julian day) 331 311 361 – 331 311 362 – 333 312 364 / 311 326 325 339
Mean LSWT of 100–130 Julian days * 3.76 0.62 8.42 / 5.96 2.98 9.46 – 5.97 0.0 9.19 – 3.85 9.71 12.8 5.90

Mean, Min and Max–mean, minimum and maximum descriptive statistics for the indicated period; S, regression line slope; “/” and “\” denote a significant parameter increase or decrease
during the period (p < 0.005 after Tukey–Kramer adjustment for multiple comparisons), “–” marks periods when the change cannot be verified; * variables showing significant changes
(p < 10−6) in the form of a cubic polynomial regression over the whole period 1930–2010.
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The LSWT pattern in the ice-free (open water) period showed considerable yearly variations.
However, there was a significant (p < 0.0001) long-term downtrend in the date at which WT ≥ 17 ◦C
was reached in spring since the 1920s (Figure 2c). The duration of the high LSWT period, the number of
LSWT ≥ 17 ◦C days (“highdays”), the maximum LSWT of the year (“maxtemp”) and the average LSWT
in spring (100–130 Julian days) all significantly increased during the observation years (1924–2010;
Table 3). An exceptionally high average LSWT of 1–100 Julian days was observed in 1990 (Figure 2a),
the year before the disappearance of vendace in commercial catches (Figure 3).

During 1924–2010, the mean LSWT during the ice-free (LSWT ≥ 1 ◦C) period was 12.6 ◦C, and the
yearly maximum LSWT displayed large inter-annual variability, differing by more than 10 ◦C (Table 3).
The day of yearly highest LSWT commonly occurred in July, varying from the beginning of June to the
end of August. The summer of 1988 was very hot with the highest LSWT 28.8 ◦C (27 June 1988) in the
whole observation period and with a period of WT ≥ 26 ◦C lasting for two weeks, from 25 June to
7 July. In 1988, the mean LSWT of the ice-free period (LSWT ≥ 1 ◦C) was also the highest (15.0 ◦C)
recorded during the years under investigation. Three years after this extremely hot summer, vendace
disappeared (Figure 3).

According to the ANOVA and Tukey’s test, LSWT parameters in the three-year period (1988–1990)
immediately preceding the collapse of the vendace population differed significantly from the “ordinary”
years since the 1930s. During 1988–1990, the number of WT ≥ 17 ◦C days (“highdays”, 81–91 days)
was significantly higher (p < 0.02, F1,85 = 5.27) and the maximum LSWT was 3 ◦C higher (p < 0.036,
F1,85 = 4.53) than the average values of the “ordinary” years. Moreover, the open water period
lasted approximately 13 days longer during 1988–1990 than the mean open-water period (p < 0.017,
F1,85 = 5.84), and the beginning date of the ice-off period occurred approximately 24 days earlier
(p < 0.04, F1,85 = 4.11) during 1988–1990 than the average ice-off date in the other years under
investigation. This shows that three consecutive years with unusually warm LSWT and early ice-off

are extremely rare and have occurred only once in Lake Peipsi during the observation years.
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3.2. Trends in Fish Catch and Variability of the Vendace Stock

The results of trawl samples displayed the same trends of change in the fish populations as the
commercial fishery statistics, a decline in catches. We found good agreement between the commercial
fish catches and the trawl sample data when using the commercial catches of different fish species as
the dependent variable and the corresponding trawl sample data as the predictor variable (regression
analysis: r2 = 0.77, p < 0.0001). The Spearman correlation coefficient between the two datasets was 0.67
(p = 0.0011).

According to the commercial fishery statistics, in the 1930s the lake’s annual fish yield was
estimated as 33 kg ha−1; in the 1980s average annual yield declined to 27 kg ha−1; and during 2010–2019
yield further declined to 15 kg ha−1. Smelt, vendace, pikeperch and perch have dominated commercial
landings from Lake Peipsi at different time periods. In the 1930s, the commercial catches consisted
mainly of smelt (43% of total catch), roach (Rutilus rutilus) (16%), perch (7%), bream (7%), pike (3%)
and vendace (2%). In the late 1930s, pikeperch became another important commercial fish in the lake
(Figure 3). From the 1950s to 1970s, the catches of pikeperch decreased, but, in the late 1980s, the catches
of pikeperch increased explosively (Figure 3). At that time, vendace was of great importance for
commercial fishing in Lake Peipsi. Its stock and catches increased from the middle of the 20th century
until the late 1980s (Figure 3), reaching 3271 tons (33% of the total annual yield) in 1987. Vendace was
lacking in commercial catches from 1991 to 1994, followed by a small recovery period from 1995 to
2000. From 1998 to 2012, the commercial catches were dominated by pikeperch (25%), perch (18%),
bream (17%), smelt (14%) and roach (12%) (Table 2), while Peipsi whitefish, burbot, European eel
(Anguilla anguilla), rudd (Scardinius erythrophthalmus), ide (Leuciscus idus), tench (Tinca tinca) and white
bream (Blicca bjoerkna) were occasionally recorded in the catches. Since 2001, vendace catches have
declined dramatically. During 2007–2012, the mean catch of vendace was 2.6 tons, and, in the same
period, only a few vendace specimens have appeared in the trawl samples. In the last years, vendace
returned to the commercial catches with an average annual yield of 140 tons (2.5% of the total annual
yield) during 2010–2019. At the same time, the fish species most targeted for harvest included perch
(31%), bream (23%), pikeperch (22%) and roach (10%).

3.3. Water Temperature Parameters Related to Changes in Vendace Catch

The stepwise regression analysis identified five key LSWT parameters to be significantly related
(model r2 = 0.81, p < 0.0001) to the logarithmic vendace catch ratio (∆): high mean LSWT of the first
100 days of a year (of a year and five years earlier), late ice formation, late ice-off date and warm
August. Thereafter, Type 3 mixed ANOVA was applied to identify the relationships between selected
parameters, their co-effect and vendace catch ratio. The relatively high mean LSWT of the first 100 days
of a year (Figure 2a) had a highly significant (estimated slope = −1.23, p < 0.0001) negative effect on the
vendace catch in the subsequent year. Additionally, late ice-off date (estimated slope = 0.44, p = 0.03)
and warm August (estimated slope = 0.53, p = 0.28) were related to increased vendace catches after
two years. Additionally, regression analysis proved that the change in the vendace catch may depend
on these five selected LSWT parameters in general and not only in the exceptional years (Figure 4).
However, the dependence of ∆ on weather conditions is nonlinear (cubic).
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Figure 4. Observed change in logarithmic vendace catch ratio (∆) compared to the change predicted
on the basis of key LSWT parameters. Continuous line (A) fits all the data; dashed line (B) fits data
excluding the years 1991 and 1995. The regression line (continuous line A) fits all the data, including data
points of the years 1991 (collapse of the vendace population) and 1995 (small recovery). Nevertheless,
the dashed line (B) fitted without using the 1991 and 1995 data (p < 0.0001) did not differ practically
from line A.

3.4. Correlations between Fish Species in Catches

A significant increase in the pikeperch population preceded the collapse of vendace (Figure 3).
Correlation analysis revealed a strong negative Spearman correlation of vendace catches with pikeperch
catches in the same year and in seven previous years (Table 4). A significant negative correlation also
appeared between catches of bream and vendace with a time lag of up to five years (Table 4). On the
other hand, a positive correlation appeared between the catches of vendace and burbot, which are
both late autumn and winter spawning cool-water fishes. A small positive correlation with a lag was
also observed between the vendace catch and catches of perch and pike. The catches of vendace in
subsequent years were self-evidently correlated.

Table 4. Spearman correlations between vendace catches and catches of other fish species in the current
and the preceding seven-year period (time lag of 0–7 years).

Time Lag 0 1 2 3 4 5 6 7

N 68 66 64 62 60 58 56 54

Pikeperch −0.67 −0.70 −0.75 −0.75 −0.74 −0.74 −0.75 −0.70
Bream −0.46 −0.48 −0.49 −0.52 −0.53 −0.48 −0.37 * −0.32 *
Burbot 0.64 0.62 0.60 0.61 0.64 0.67 0.62 0.59
Perch 0.41 ‡ 0.40 ‡ 0.38 † 0.33 * 0.28 * 0.21 * 0.06 * −0.02 *
Pike 0.35 † 0.38 † 0.34 * 0.25 * 0.21 * 0.15 * 0.14 * 0.11 *

Vendace 1.00 0.89 0.74 0.59 0.46 ‡ 0.36 * 0.30 * 0.25 *

N is the number of pairs used to estimate the correlation. All correlations are significant at p < 0.0001 except for
those marked by superscripts: * p > 0.01; † 0.001 < p < 0.01; ‡ 0.0001 < p < 0.001. Correlations of vendace with smelt,
roach and whitefish were not significant and are accordingly omitted.

4. Discussion

The results of our study provide strong evidence of a link between a sudden collapse of vendace
in Lake Peipsi in the late 1980s and a regional climate regime shift [13,49] which manifested itself in
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Estonia with a sharp warming in the late 1980s, mainly from the winter of 1988/1989 with coherent shift
in air temperature, snow cover duration and specific runoff [48]. Our findings highlight the role of both
summer and winter environmental conditions in controlling vendace abundance. We show that extreme
weather events in summer (intense heat waves) and winter (extreme ice conditions) in consecutive
years may have long-lasting harmful effects on the population abundance of cool-stenothermal
and oxygen-demanding fish species such as vendace in large shallow lakes in the north temperate
region. Our study indicates that vendace, a small shoaling pelagic fish, reacts strongly and quickly
to environmental extremes. A relatively short lifespan (in Lake Peipsi approximately three years)
together with early reproduction, high fecundity and autumn spawning make the vendace population
unstable and vulnerable to extraordinary changes in the environment. In Lake Peipsi, the highest
LSWT (28.8 ◦C) during the whole observation period was measured in the extremely hot summer
of 1988. Moreover, a two-week period with extraordinarily high LSWT (≥ 26 ◦C) occurred, which
was accompanied by an extensive cyanobacterial bloom dominated by Planktothrix agardhii [61] and
extensive fish kill [57]. During this period, shallow but usually well-mixed Lake Peipsi was probably
an unfavorable habitat for vendace through the combined effects of increased water temperature and
decreased oxygen concentrations leading to absence of cool-water refuges. According to Elliott and
Bell [19], vendace avoid areas with a water temperature > 18 ◦C or oxygen concentration < 2 mg L−1,
and adult fish appear to be particularly sensitive to high temperatures and low oxygen concentrations.
Thus, the extraordinarily high LSWT in 1988 in Lake Peipsi was probably lethal to many vendace
adults. The vendace catch was still quite high in 1989 (Figure 3) probably because the survival of a
large year-class 1988, a situation also described in Lake Puulavesi and other Finnish lakes [16,17].

Our results suggest that the success of the vendace population in Lake Peipsi also depends on ice
conditions during spawning and early development. In 1989 and 1990, ice-off occurred particularly
early, which was probably unfavorable for vendace recruitment. During incomplete ice cover, waves can
reach the bottom and cause burial of vendace eggs in bottom sediments with consequent lack of
recruitment. Our findings are consistent with a view that the temperature requirements for reproduction
is a critical bottleneck in the life cycle of fish [62]. Moreover, diatom bloom and fish kill occurred
immediately after the 1989 ice-off in Lake Peipsi [61]. Therefore, two years unsuitable for spawning
probably decreased the recruitment rate significantly and thereby contributed to the collapse of
vendace population, as the typical lifespan of vendace is only 3–5 years. Thus, we conclude that the
collapse of the vendace stock in Lake Peipsi was probably related to the cumulative effect of extreme
weather conditions in summer and winter in the three consecutive years 1988–1990, characterized by
significantly unfavorable temperature and ice conditions exceeding the tolerance level of vendace.

Warmer springs and summers may also have positive effects on the vendace population due to
advantageous feeding conditions. Our results indicate that the rapid warming of the water after early
ice-off will have positive effects on vendace catch after a time lag. This seems to be related to favorable
conditions for zooplankton development and, thereby, profitable food conditions for vendace fry;
in Lake Peipsi, Daphnia and Bosmina species are particularly positively affected by warm spring water
temperatures [63]. Nyberg et al. [18] suggested possible match between the spring development of
zooplankton and the year-class strength of vendace in Swedish lakes. Similarly, in the Finnish Lake
Pyhäjärvi, Helminen et al. [64] found that warm August temperatures had a positive influence on
the vendace population due to the fact that warmer weather is accompanied by higher zooplankton
abundance and that the food consumption of vendace is highest in August. Although the availability
of suitable prey in spring and summer is an important factor, advantageous food conditions may not
be realized when preceded by unsuccessful hatching or followed by algal bloom-induced fish kill.

Prey–predator relationships also affect the size of vendace populations [36,40–42]. Our findings
are consistent with a view that the long lasting period of vendace scarcity may be related to changes
in fish community structure induced mainly by climatic factors [36]. In Lake Peipsi, a significant
increase in the number of the top pelagic predator, pikeperch, preceded the collapse of vendace. By the
turn of the decade, 1980/1990, a sharp decline in cool-water vendace population coincided with a
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major increase of warm-water pikeperch (Figure 3). Additionally, a strong negative correlation was
found between the landings of pikeperch and vendace in the same and the preceding seven years.
Thus, the pikeperch–vendace relationship might be a direct result of predation, vendace being one of
the dominant prey fish in the diet of pikeperch in the 1960s [65] until its drastic abundance decrease [66].
Later, the share of vendace in the food of pikeperch has been smaller [66,67]. Smelt has been another
important prey fish for young pikeperch in Lake Peipsi [66]. However, in recent years, smelt abundance
has declined [56]. A sharp decline of small, low trophic-level fishes such as vendace and smelt may
have ecosystem-wide impacts through the reduced food supply to larger predator fish.

Over the long term, the fish community of Lake Peipsi has shifted from clean- and cool-water
species such as vendace, whitefish and burbot to more pikeperch and bream, which prefer productive
warm and turbid waters [58]. According to our correlation analysis, bream catches and vendace catches
were negatively correlated, although bream is not a predator of vendace. This may be a reflection of
the opposite temperature optima and habitat preferences of these species [68,69]. Increase of water
temperature, ongoing eutrophication and decrease of water transparency are unfavorable for vendace
but favorable for pikeperch and bream.

Concurrently with the decline in Lake Peipsi, vendace has also declined in some Finnish lakes
(e.g., Lake Pyhäjärvi and Lake Puulavesi [15–17]), in several lakes in the United Kingdom [19]
and in Sweden (Lake Mälaren [18]). Therefore, vendace stocks in a larger area often tend to have
similar dynamics [16], suggesting a relationship with climatic factors common to the whole region,
where vendace habitats are at the extremes of their geographical range [26]. Nevertheless, in several
cases, such as in Finland, the vendace stock has recovered and is abundant [21]. A collapse of the
vendace catch in Lake Peipsi was observed nearly 30 years ago. Although small-bodied fish with
short lifespans supposedly recover quickly after such a collapse [70,71], the abundance of vendace in
Lake Peipsi is still relatively low; in just a few years, its abundance and yields have been somewhat
higher (Figure 3). This can be related to its short lifespan, top-down interactions and continuing high
fishing pressure combined with heat waves, cyanobacterial blooms and low oxygen concentrations
(increasing the deposition of algal remains on the vendace spawning grounds [23]); these are all more
frequently observed phenomena in Lake Peipsi [57,72]. This impairment of spawning areas renders the
recovery of the vendace population uncertain. Moreover, the increased abundance of predatory fish
(e.g., perch and pikeperch) may be a crucial factor preventing vendace recovery. Although vendace
can be a successful invader in northern areas [73,74] and its population may recover in northern
habitats, such as in Finland [21], population recovery in the southern part of its distribution area may
be extremely difficult to obtain, as evidenced in the present study of Lake Peipsi. The data for shallow
Lake Peipsi indicate that the continued cultural eutrophication amplifies the effect of warm temperature
extremes [57]. Eutrophication has caused deterioration of water quality and adverse changes in the
whole ecosystem [75] (e.g., excessive growth of algae, increased cyanobacterial blooms, low oxygen
concentrations in water during night, increased sedimentation on spawning grounds and fish kills).
There have been several fish kills in the hot summers during heat waves in recent years [57,72].
Although vendace stocks may often decline concurrently in a larger area, the recovery process may vary
significantly in different regions and in lakes with different morphometric characteristics (in shallow
and deep lakes).

5. Conclusions

Heat waves in summer and extreme ice conditions during the winter may have profound
detrimental effects on cool-water, autumn-spawning, short-lived fish such as vendace in shallow and
polymictic lakes situated in the north temperate region. In such lakes, there is no cool-water and
oxygen-rich refuge in summer, and wave action can harm fish eggs on the spawning grounds in
mild winters without permanent ice cover. Although our study focused on vendace, our findings
are relevant within the context of conservation of similarly sensitive cool-water adapted fish species,
such as whitefish, burbot and smelt, in a changing climate. We propose that fish species on the edge
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of their southern range in the northern hemisphere are likely the most vulnerable to the predicted
future changes in climate, involving an enhanced frequency and intensity of warm temperature
extremes [76] and less ice cover in lakes [77]. However, for conservation of temperature-sensitive
fish species currently in decline in northern European freshwater ecosystems, we can likely diminish
human pressures (e.g., cultural eutrophication and overfishing) but locally not climate warming.
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