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when considering a 2-year time lag. The fish commu-
nity of the shallow Lake Peipsi reacts more strongly 
to temperature changes than marine ecosystems so far 
studied using the MTC.
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Introduction

Fish populations in northern latitude lakes are 
strongly impacted by climate warming (e.g., Jeppesen 
et  al. 2012; van Dorst et  al. 2019). As ectotherms, 
freshwater fish are directly affected by changes in 
water temperature. Moreover, temperature indi-
rectly influences the volume of suitable habitat in a 
lake in addition to its direct physiological effects 
on fish (Tanentzap et  al. 2020). With global warm-
ing, a greater dominance of warm-water fish can be 
expected in fish communities and, consequently, in 
fisheries catch. A signature of such climate change 
effects on global marine fisheries catch was first 
detected by Cheung et al. (2013). These authors pro-
posed an index, the mean temperature of the catch 
(MTC), that is calculated from the average tempera-
ture preference of exploited species weighed by their 
annual catch. The MTC has been widely applied 
to describe warming impacts on fisheries catch in 
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marine ecosystems (e.g., Keskin and Pauly, 2014; 
Liang et  al. 2018; Dimarchopoulou et  al., Identi-
fying fisheries catch response to a warming ocean 
along a latitudinal axis in the western Pacific Ocean, 
in review), but applications to detecting signature of 
warming in freshwater fisheries have been wanting.

Assessing the effects of climate change on fisher-
ies of global lakes is one of the challenges for sustain-
able management of inland waters (Kao et al. 2020). 
For the large shallow Lake Peipsi, Estonia/Russia, a 
recent analysis of how the lake surface water temper-
ature (LSWT) responded to climate change showed 
that, although the average LSWT did not significantly 
increase from 1950 to 2018, it rose rapidly by about 
0.5 °C in the winter seasons of the last decade (Öglu 
et  al. 2020). Ice formation exhibits a delay of about 
15 days since 2007, resulting in a longer open water 
period. Moreover, the winter 2019/2020 was the first 
since 1921 (the beginning of the observation history) 
without permanent ice cover on Lake Peipsi (Estonian 
Environmental Agency, 2020). According to Sharma 
et  al. (2019), lake ice cover will severely diminish 
during the twenty-first century throughout the North-
ern Hemisphere, with many lakes no longer experi-
encing ice cover in winter. These climate change phe-
nomena should strongly affect temperature-sensitive 
native fish in northern lakes such as Lake Peipsi.

The ecological effects of climate change are com-
plex and lake specific and often depend on multi-
ple interacting pressures (Craig et  al. 2017). Many 
emerging changes in lake ecosystems are the result of 
complex interactions among a multitude of climatic 
factors, in addition to human activities and lake char-
acteristics (Woolway et  al. 2020). Current data on 
Lake Peipsi indicate that warm temperature extremes 
and synergistic interactions with continued cultural 
eutrophication have led to radical restructuring of 
fish community (Kangur et al. 2013). Eutrophication 
has caused deterioration of water quality and adverse 
changes in the whole ecosystem (Kangur et al. 2007a), 
e.g., excessive growth of algae, increased cyanobac-
terial 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 (Kangur et al. 2005, 2013).

Lake Peipsi, with a large surface area, is impor-
tant to Estonia because of its unique ecosystems and 
productive fisheries. Fish productivity of Lake Peipsi 

has historically been remarkably high (annual yield of 
about 65  kg per hectare), but currently, fish catches 
are only one-quarter of what they were in the middle 
of the nineteenth century (Tammiksaar and Kangur, 
2020). At present, Lake Peipsi provides 85–90% of 
the total inland fish catch in Estonia, a catch that is 
important to both commercial and recreational fish-
eries (Orru et  al. 2014). Shifts in the abundance of 
exploited species are expected to affect their avail-
ability to fisheries, as already observed in freshwater 
fisheries in Europe (see, e.g., Jeppesen et  al. 2012; 
Sandström et al. 2014). In Lake Peipsi, the effects of 
high water temperatures (e.g., heat waves) in summer 
and extreme ice conditions on the abundance of some 
targeted species, e.g., lake (dwarf) smelt (Osmerus 
eperlanus) (Kangur et al. 2007b) and vendace (Core-
gonus albula) (Kangur et  al. 2020), have been iden-
tified. However, a climate change signature for the 
entire fisheries of Lake Peipsi has so far not been 
detected.

The aim of the present study is to test the appli-
cability of the MTC concept to Lake Peipsi, and 
by extension, to freshwater bodies in general. Spe-
cifically, we posit the hypothesis that the MTC for 
Lake Peipsi fishery catch has increased in the recent 
decades.

Materials and methods

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 
(Fig.  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 (Jaani 
2001). The submeriodionally elongated Lake Peipsi, 
with a maximum length of approximately 150 km and 
a width of 42 km, consists of three limnologically dif-
ferent basins: Lake Peipsi sensu stricto (Lake Chud-
skoe in Russian; mean and maximum depth 8.3 and 
12.9 m, respectively), Lake Lämmijärv (Lake Teploe; 
2.5 and 15.3 m), and Lake Pihkva (Lake Pskov; 3.8 
and 5.3  m). The catchment area (Table  1) consists 
of a flat lowland shared mainly between Estonia and 
Russia. Lake Peipsi’s water level is not regulated, and 
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its water level fluctuations are considerable, with an 
overall range of 3.04 m since 1921 (the beginning of 
the observation history) and a mean annual range of 
1.15 m (Jaani, 2001).

Situated in the north temperate region, in the tran-
sition zone between a maritime and continental cli-
mate, Lake Peipsi experiences variable climatic con-
ditions (Jaagus et  al. 2017). Due to the lake’s large 
surface area and its relative shallowness, waves affect 
the bottom during the ice-free period, and tempera-
ture stratification is therefore usually short and unsta-
ble; stratification may occur only during calm and 
windless days.

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 (Kangur and Möls, 
2008). Cultural eutrophication is still the main envi-
ronmental problem for the transboundary Lake Peipsi 
(Fink et al. 2020).

Lake Peipsi is of great social and economic 
significance due to the importance of the 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 (Kangur et al. 2008); no species have disap-
peared over the past century, and invasion of new 
species has not been recorded. Additionally, there 
have not been important stockings of fish during the 
time period considered here.

Unfortunately, information on Lake Peipsi is 
widely scattered, and consistent, long-term series 

Fig. 1  Location of Lake 
Peipsi and its three basins
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of variable such as summarized in Table 1 are not 
available, thus limiting our ability to rigorously 
study the simultaneous impacts of multiple varia-
bles on its fish community. This also applies to fish-
ing effort; however, long time series of the results 
of that effort, i.e., catches and their taxonomic com-
position, are available.

Commercial fishery statistics

To characterize long-term changes in the key fish 
populations of Lake Peipsi, we analyzed fish spe-
cies composition and relative abundance of different 
fish species in the commercial catches in relation to 
environmental variables. Data on the fish population 
of Lake Peipsi for the time before 1931 do not seem 
to exist. The commercial fisheries statistics of Lake 
Peipsi, collected from fishermen by the state authori-
ties, exist for the periods 1931–1940 (Soviet Union 
and Estonia) and 1950–2020 (Soviet Union, followed 
by Russia and Estonia). The period 1941–1949 is not 
covered due to World War II (WWII). 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. (2007c). The basic fishing gear used in Lake 
Peipsi was the local modifications of fence traps for 
the catch of vendace, lake smelt, and Eurasian perch 
(Perca fluviatilis), supplemented by gill nets for the 

catch of pike-perch (Sander lucioperca), Northern 
pike (Esox lucius), and common bream (Abramis 
brama). Fishing on Lake Peipsi has been intensive 
since historical times and some gears have remained 
the same for nearly the last two centuries (Tammiksaar 
and Kangur, 2020). Neither changes of gear type nor 
effort per gear are likely to have modified the annual 
catches too strongly, and thus that the annual catch is 
still a reliable indicator of fish community changes. In 
the 1930s, large fine-meshed twin-trawls (each towed 
by two motorboats) were used, their number amount-
ing to 18 in 1939 (Pihu and Kangur, 2001).

During WWII, fishing almost ceased in Lake 
Peipsi, but in the 1950s, due to high demand for 
food, trawling was reintroduced. Thirty large pair of 
trawls were used in the lake in the mid-1950s (Pihu 
and Kangur 2001). At the end of the 1950s, trawls 
were replaced by another fine-meshed active fish-
ing gear, Danish (bottom) seines (137 in 1966; Pihu and 
Kangur 2001). The number of bottom seines was 
gradually restricted from 1974 to 40 at present, 20 in 
both states, the Russian Federation and the Estonian 
Republic. Bottom seining is mostly employed for the 
catch of pike-perch and perch. Since 1994, the fishery 
is regulated according to the Estonian–Russian Fish-
eries Agreement (1994) and since 2000, quotas are 
established for commercial species.

Water temperature data

Daily data on LSWT in Lake Peipsi are avail-
able from the Mustvee hydrometric station (Fig.  1; 
58°50ʹN, 26°57ʹE) from 1924 onwards. At the hydro-
metric 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 
(Jaani et al. 2001). Since May 2009, an automatic sta-
tion (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, since 1 June 2013, from the Estonian Weather 
Service of the Estonian Environment Agency.

Computation of the “mean temperature of the catch”

Table  2 shows the preferred temperature esti-
mates that we attributed to each target species. 

Table 1  Selected characteristics of Lake Peipsi. Nutrient (sur-
face water 0–1 m), chlorophyll a (integral sample), and water 
transparency values are presented as arithmetic means with 
minima and maxima (in brackets). All estimates correspond 
to the open water period (May–October) of 2010–2019 (after 
Kangur et al. 2020)

Property (unit) Value

Catchment 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 disk water transparency (m) 1.4 (0.4–3.8)
Trophic status (OECD 1982) Eutrophic
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Fish populations have multiple age classes that are 
responding to temperature in different ways over dif-
ferent timescales (van Dorst et  al. 2019). Thus, the 
midrange of the temperatures where juveniles and 
adults occur was used in most cases. Larvae were 
ignored, as were “lethal” temperatures and the “opti-
mal” temperatures for fast growth or other laboratory-
based indicator. For example, for vendace, the only 
relevant temperature in Table  2 is 7–9  °C. When 
the range is narrow, the arithmetic mean (i.e., the 
midrange, 8 °C for vendace) was taken for the MTC 
computation. When the range was wide, the geomet-
ric mean of the extrema was taken; thus, for Peipsi 
whitefish (Coregonus lavaretus), the geometric mean 
was 11 °C.

For the cold-stenothermal burbot (Lota lota), 
preferred temperature 11.4  °C for juveniles and 
14.2 °C for adults has been proposed (Hofmann and 

Fisher, 2002); the mean would be 12.8  °C. On the 
other hand, burbot spawns in the winter under the 
ice cover, at temperature of under 4  °C (Tiitu and 
Vornanen, 2002; Pihu and Turovski, 2003). Thus, 
the temperature to use to MTC should be around 
10  °C, because the 4  °C estimate is not as well 
founded as the other estimates. Estimates of the pre-
ferred temperature of the species are documented 
in Table 2. For every year, we calculated the mean 
temperature of the catch from:

where Tj is the preferred temperature of species 
j and Cij is the catch of j (i.e., fish biomass in the 
catch) in year i. Then, using the commercial catch 
data by species, we calculated a mean preferred 
temperature of all fish caught in each year, weighted 
by the catch of each species.

MTC =
∑

Tj ∗ Cij∕
∑

Cij

Table 2  Preferred temperature (°C) of the fish species in Lake Peipsi, with the central value in bold. “FishBase” refers to the data-
base available from www. fishb ase. org (Froese and Pauly, 2019)

Species Preferred tempera-
ture (°C)

Optimum range 
(°C)

Remarks and sources

Vendace (Coregonus albula) 7–9
8

7–9 Vendace has a cold-water thermal window 
with a metabolic optimum ~ 7–9 °C 
(Ohlberger et al. 2008a; 2008b; Mehner 
et al. 2010)

Peipsi whitefish (Coregonus lavaretus) 10–11.5
10.75

8–15
4–16

Lehtonen (1996);
FishBase

Lake (dwarf) smelt (Osmerus eperlanus) 5, 14–15
11.3

14–15 Smelt prefer waters with the temperature of 
14–15 °C (Vinni et al., 2004); average air 
temperature at Tiirikoja (near Mustvee) 
was 5.2 °C in 1981–2010 (Estonian 
Weather Service)

Northern pike (Esox lucius) 17–19
18

9–25
10–28

Lethal/stress temperature range 30–34 °C;
Lehtonen (1996); FishBase

Roach (Rutilus rutilus) 15.5–16.5
b

8–25
11–20

Lehtonen (1996)
FishBase

Common bream (Abramis brama) 17–18
17.5

8–28
10–24

Lehtonen (1996)
FishBase

Burbot (Lota lota) 11.4–14.2
10

11.4 °C (juveniles); 14.2 °C (adults)
Hofmann and Fischer (2002)

Eurasian perch (Perca fluviatilis) 16–17.5
16.75

8–27
10–22

Lehtonen (1996)
FishBase

Pike-perch (Sander lucioperca) 14–21
17

12–30
6–22

Lehtonen (1996)
FishBase

Ruffe (Gymnocephalus cernuus) 15–31.5
21.73

28–35
10–20

Lehtonen (1996)
FishBase

http://www.fishbase.org
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Data analysis

We used segmented regressions to test where the time 
series of MTC, which lasted from 1931 to 2019, could 
be described by one or several trend lines, as imple-
mented in the “segmented” package in R Studio from 
https:// cran.r- proje ct. org/ web/ packa ges/ segme nted/ 
segme nted. pdf). Catch data of 80  years (1931–1940 
and 1950–2019) were included in the calculations. 
Also, we cross-correlated the mean temperature of 
Lake Peipsi and the MTC 0, 1, 2, and 3 years later.

Results

Trends in fish catch

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 yields, 
declined to 27  kg   ha−1; and during 2010–2020, 
yields further declined to 15  kg   ha−1. Smelt, ven-
dace, pike-perch, and perch dominated commercial 
landings from Lake Peipsi at different time peri-
ods. In the 1930s, the commercial catches consisted 
mainly of smelt (43% of total catch), roach (16%), 
perch (7%), bream (7%), pike (3%), and vendace 
(2%). In the late 1930s, pike-perch became another 
important commercial fish in the lake. From the 
1950s to 1970s, the catches of pike-perch decreased, 
but, in the late 1980s, the catches of pike-perch 
increased explosively (Kangur et  al. 2020). At that 

time, vendace was of great importance for commer-
cial fishing in Lake Peipsi. During 2010–2019, the 
fish species most targeted for harvest included perch 
(31%), bream (23%), pike-perch (22%), and roach 
(10%).

The main shift in the Peipsi fish community from 
cool-water species such as vendace, burbot, Peipsi 
whitefish, and lake (dwarf) smelt, whose abundance 
has declined markedly, toward more warm-water 
species like pike-perch and bream took place at the 
turn of the 1980/1990 decade (Kangur et al. 2007a, 
b, c; 2020), which coincided with the shift in the 
regional climate regime (Jaagus et  al. 2017). In 
the late 1980s, a sharp decline in cool-water ven-
dace population coincided with a major increase of 
warm-water pike-perch (Figure Kangur et al. 2020).

Changes in MTC since 1930

Figure  2 presents our key result, which is that our 
time series of MTC values can be split into two 
sharply different periods. The first period, from 
1931 to 1986, is characterized by strong, but trend-
less oscillation of MTC around a mean of MTC of 
14.5  °C. The second period, from 1987 to 2019, 
exhibits, in contrast, a significant increase of 
0.085  °C per year, although here as well, there is 
much variation about the main, increasing trend. 
The mean MTC during the second period was 
around 16 °C.

Fig. 2  Segmented regres-
sion of the time series of 
MTC, illustrating that the 
two trend lines (the hori-
zontal 1931–1986 line, and 
the ascending 1987–2019 
line) jointly explain over 
half of the variance in the 
data set (multiple  R2 = 0.53; 
adjusted  R2 = 0.51). The 
dotted line represents the 
means of July to Septem-
ber LSWTs in Lake Peipsi 
which, when shifted back 
2 years, only weakly cor-
relate with the MTC data 
(r = 0.30, d f. = 77)

https://cran.r-project.org/web/packages/segmented/segmented.pdf
https://cran.r-project.org/web/packages/segmented/segmented.pdf
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Correlations between lake temperature and the MTC

The highest correlation between the available tem-
perature data and the MTC was r = 0.30 for the mean 
June to September temperature with a 2-year lag. The 
correlations with 1-year and 3-year lags had coeffi-
cients r = 0.24 and 0.21, respectively.

Discussion

This study shows that short periods of warming and 
cooling prior to the late 1980s have been reflected in 
the fish community composition of Lake Peipsi and 
hence in the MTC values. However, the MTC since 
the late 1980s exhibits a decidedly upward trend, the 
overall picture resembling the hockey-stick figure 
typical of global warming studies (Mann et al. 1998). 
The segment split around the 1990s and the positive 
slope of the catch temperature are probably linked 
to the shift in the regional climate regime in Europe 
(including Estonia) in the late 1980s (Woolway et al. 
2017; Kotta et  al. 2018) which manifested itself in 
Estonia with a sharp warming, mainly from the winter 
of 1988/1989 (Jaagus et al. 2017). This was reflected 
in the fish community of Lake Peipsi by a major shift 
from clean- and cool-water winter-spawning species 
such as vendace, whitefish, and burbot to more pike-
perch and bream, which prefer productive warm and 
turbid waters (Kangur et al. 2007c).

Thus, fish species with a higher temperature pref-
erence (e.g., pike-perch) also dominate at higher 
productivity. Fish community in a large shallow lake 
such as Peipsi responds not so much to a long-term 
slow rise in yearly average water temperature as to 
short-term extreme weather events, e.g., heat waves, 
accompanied by cyanobacterial blooms, anoxia dur-
ing night, and fish kills (Kangur et  al. 2013). An 
abrupt increase in water temperature recorded at 
the end of 1980s was linked to the collapse of ven-
dace population: 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 (Kangur et al. 2020).

Also, other human stressors, such as continued 
eutrophication and overfishing, may affect the fish 
community in Lake Peipsi. Particularly, pike-perch 

is affected because larger specimens are almost 
completely removed and extensive use of fine-
meshed towed fishing gear (e.g., trawls replaced 
later by bottom seines) is killing young specimens 
of this fish in large quantities.

The MTC trend established for Lake Peipsi, of 
0.852  °C·decade−1, appears to be much stronger 
than the MTC trends computed for the world’s Large 
Marine Ecosystems, of 0.19  °C·decade−1 (Cheung 
et  al. 2013), the Aegean Sea, of 0.25  °C·decade−1 
(Keskin and Pauly, 2014), or even the East China 
and Yellow Seas, of 0.55 °C·decade−1 (Liang et al. 
2018).

Our findings suggest that MTC is a good indica-
tor for comparing vulnerability to global changes of 
very different aquatic ecosystems (marine vs fresh-
water ecosystems) and helps to assess their sensitiv-
ity to global climate change. In fact, as suggested by 
Fig.  2, the MTC, which reflects how an entire fish 
community of a larger area responds to a variety of 
water temperature cues, may in some cases be a bet-
ter indicator of warming than temperature itself. One 
explanation may be that climatic conditions in Esto-
nia (situated in the transition area of Atlantic marine 
and Eurasian continental climate systems) are char-
acterized by high spatio-temporal variations and the 
detection of trends and regime shifts in the climatic, 
hydrological, and ecological variables poses a great 
challenge (Jaagus et al. 2017).

Moreover, it well established that it is not elevated 
mean temperatures that impact fish community struc-
ture, but short-term extreme temperature events and 
their changing frequency (Easterling et  al. 2000), 
whose impact may be completely masked when mean 
temperatures are used as explanatory variables. How-
ever, the weak correlation between the mean monthly 
temperature of Lake Peipsi and the MTC still gener-
ated an insight, as it improved slightly when a 2-year 
lag was applied. This is consistent with the fact that 
for a long time, the commercial catch in the lake con-
sisted mainly of smelt, which have a short life cycle 
(Kangur et al. 2007b).

Finally, we note that, compared to marine eco-
systems, the effects of climate change appear to 
be stronger in large shallow northern lakes. Shal-
low lakes are particularly sensitive to short-term 
extreme weather conditions, to which fish respond 
surprisingly quickly (Jeppesen et  al. 2012; Kangur 
et  al. 2013; 2020). This should be considered when 
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designing a management system to ensure sustainable 
fisheries.
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