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Abstract The paper describes changing patterns of
commercial fish catch in the downstream part of the Neva
River and the eastern Gulf of Finland and analyzes drivers
of these changes for the period 1929—-1995. We summarize
catch data on 20 species and species groups of fishes and
lamprey, as well as available abiotic data (salinity, tem-
perature and water transparency). Water transparency
gradually decreased during the 20th century being insepa-
rable from a number of non-quantified anthropogenic
factors, thus it can be used as an integral index of
anthropogenic loading on the ecosystem. Because fisheries
statistics were not published regularly, catch data were
extracted from archives and various publications. Fishing
locations, gear and target species changed over time in
relation to each other, reflecting technological develop-
ments in fisheries, commercial demands for fishery
products and the abundance of fish populations. Until the
18—19th centuries, fisheries took place mostly in rivers
where weirs and set nets targeted sturgeon, salmon and
whitefish. By the end of the 19th century, herring and smelt
were the main targets of fixed nets in coastal areas. A
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century later, the main commercial species, herring, was
harvested with pelagic trawls operating offshore in the
Gulf. This evolution in fisheries, along with other anthro-
pogenic activities, caused severe declines in diadromous
species. Spawning migrations that make them easy to
catch, and their high market value, make diadromous fish
more vulnerable than other groups. Canonical correspon-
dence analysis showed that catches of most diadromous
species decreased with increasing transparency, which may
reflect their response to anthropogenic pressure. Marine
and freshwater fish suffered from anthropogenic pressure,
but to a lesser extent probably because of a wider distri-
bution and dispersal, and more capital-intensive fishing
methods. Catches of marine species, except herring, sig-
nificantly increased in the 1970-1980s when salinity was
comparatively high. We found no correlation of fish cat-
ches with temperature.

Keywords Baltic Sea - Gulf of Finland -
History of fisheries - Historical ecology

Introduction

Information about past ecosystems and the changes they
underwent allows us to predict how they will look in the
future and how we might change them in a direction we
would like. Fisheries statistics are an important source of
knowledge about past ecosystems because these data usu-
ally pre-date many other types of ecosystem information.
Thus they attract attention from aquatic historical ecolo-
gists. Because catches reflect not only population
abundance but also fishing effort, catch data are not easy to
interpret in terms of ecosystem changes. Nevertheless, they
are often used in historical studies despite, or perhaps
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because of, the fact that fishing effort is difficult to quantify
(Haidvogl et al. 2014). To fully use their potential, fisheries
data must be sufficiently detailed to quantify environmental
variables that may influence population abundance.

In estuaries, fish abundance and community structure is
affected by a strong gradient of natural environmental
factors. In addition, estuarine organisms are subjected to
serious human-induced effects: contamination from
domestic and industrial discharges, alterations resulting
from agricultural, industrial and engineering projects, and
overfishing (Haedrich 1983). Studies with a long-term
perspective on processes occurring in fish communities in
estuarine areas increasingly attract the attention of
researchers (Cabral et al. 2001; Potter et al. 2001; Shan
et al. 2013).

The eastern part of Gulf of Finland and the Neva River
estuary are situated downstream on the Neva River near St.
Petersburg, with five million inhabitants, one of the largest
cities in Europe. The economic situation in this area has
been quite unstable during the last few decades, which has
noticeably changed human-induced pressure on ecosys-
tems. Hydrological conditions also exhibit high natural
variability (Alenius et al. 1998). The fish community,
which includes 54 species (Kudersky 1996), is quite het-
erogeneous and includes marine, freshwater and
diadromous components. Therefore, changes in this com-
plex fish community are driven by multiple exogenous
factors interacting with each other and causing both direct
effects on species and indirect effects via factor interaction.

With such high complexity, identifying factors and
mechanisms that cause change in ecosystems is difficult.
Yet this knowledge is essential for forecasting future
conditions and promoting sustainable use. Identifying
ecosystem drivers is much easier using longer time-series
because, in shorter time-series, noise and the greater con-
tribution of non-control factors confound the signal. As a
result, studies of long-term ecosystem change using his-
torical approaches have become more common. The Baltic
Sea ecosystem has received scrutiny (MacKenzie et al.
2002, 2011; Eero et al. 2007, 2008), as have fishes in the
Gulf of Finland, particularly in the eastern part (Ilienkova
et al. 1978; Kudersky 1999; Lajus et al. 2013).

Ilienkova et al. (1978) revealed the effect of temperature
and river discharge on the abundance of major commercial
fishes in Neva Bay during the period from the 1960s (in
some cases from the 1930s) to the 1970s. The authors
identified two groups of species which responded differ-
ently to hydrometeorological processes. Kudersky (1999)
focused on changes in fish catches and communities from
the mid-1940s to mid-1990s and found that the declines in
fish populations in the area were mostly caused by fishing as
well as pollution and altered spawning grounds in Neva
Bay. These studies, however, were to a great extent
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descriptive because of lack or only simple statistical anal-
yses, which considerably limits formal data interpretation.

Recently, we summarized the available sources on
changes in fish populations in the Neva region from the
15th—early 20th century, most from historical archives
(Lajus et al. 2013), but analytical possibilities for very old
catch data are limited due to its fragmentary nature. Con-
tinuous long-term time series of catches and environmental
variables would strengthen interpretations of historical data
and better explain processes currently occurring in this
ecosystem. Here, the objective was to describe changes in
abundance and distribution of fish in the eastern Gulf of
Finland and the Neva River estuary in the 20th century and,
using statistical analysis, to reveal which environmental
factors are correlated with population abundance.

Materials and methods
Study area

Gulf of Finland extends in length 420 km from east to
west, its width grows from 70 km in the east to 130 km in
the west. This results in a surface area of 29,500 kmz, and
water volume of 1,120 km® (Alenius et al. 1998). The
Gulf‘s hydrological regime is determined by its connection
to the Baltic Sea and inflow from the Neva River. It is
common to consider the eastern part of the Gulf of Finland
as a separate region for political reasons. In the 17th cen-
tury this area belonged to Sweden, and between World War
I and 1II its northern coast belonged to Finland. Otherwise,
the eastern Gulf of Finland extending from the Neva River
to include Koporye, Luga and Narva bays has been Russian
since the Middle Ages and belongs entirely to Russia today
(Fig. 1). Administratively, it is part of the Leningrad oblast
administrative division. Near Seskar Island, the width of
the Gulf increases considerably, which slows the Neva’s
current and increases local sedimentation. Thus it is a
buffer for pollutants transported down the Neva River,
which flows through the heart of St. Petersburg.

The coastal zone of the eastern Gulf of Finland is usu-
ally shallow with bottoms consisting of sand, sandy silt and
clay. A constant current runs through the Gulf due to river
outflow. Before the St. Petersburg dam’s construction
completed in 2011, current velocity near Kotlin Island
ranged from 10 to 32 cm/s (Smirnov 1973). The Neva is
the largest river flowing into the Gulf of Finland (average
annual discharge = 2,400 m3/s), and the second largest is
the Narva River (discharge = 357 m3/s). These two rivers
provide more than 70 % of the total river inflow into the
Gulf of Finland.

Ice usually covers the eastern Gulf of Finland from
November to May. Near the mouth of the Neva the frozen
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Fig. 1 Study area—the eastern Gulf of Finland. Asterisks designate stations with salinity time series (/, 2 and 3 designate 2, 3 and 4,
respectively, from Davidan and Savchuk 1997). Dash line designates current border of Russia

period lasts from 141 to 185 days (Alenius et al. 1998),
and ice thickness varies from 30 to 100 cm (Smirnov
1973). Average surface temperature in August, the
warmest month, fluctuates between 15 and 20 °C; below
30-50 m depth, temperature varies from 2 to 4 °C during
the year.

Overall, salinity increases westward from completely
fresh water to 3—4 PSU at the surface and 67 PSU on the
bottom near Gogland Island. Changes in salinity depend
upon saltwater inflow from the North Sea to the Baltic, and
relate to general atmospheric circulation, fluctuations in
river flow and moisture exchange. Nonetheless, salinity
values are still below the critical threshold for freshwater
organisms, 5-8 PSU (Khlebovich 1969), thus the area is
inhabited by freshwater and migrating fish species typically
found in the Neva River, as well as some marine species
that tolerate low salinity.

Environmental variables

Temperature data were obtained from the ICES web site
(https://www.ices.dk). Because data for the study period,

1929-1995, and study area, east of 25°E, were not avail-
able, we used data from the closest areas—in most cases
from the northwestern part of the Gulf of Finland. Only
surface temperatures were used. When multiple data points
were available for the same day, we averaged them, and
then determined the monthly mean based on available daily
data. Data for the warmest month, August, and the coldest
month, February, were used. Salinity data were obtained
from work by Davidan and Savchuk (1997) by averaging
integral values from surface to bottom (40-60 m) from
three stations situated in the eastern Gulf of Finland
(Fig. 1). Since salinity records for 1944-1952 and
1994-1995 were absent from this dataset, missing data
were estimated via calculations that assumed a constant
ratio with salinity values from the ICES database from the
locations described above (average between winter and
summer salinity). Information on water transparency
measured as annual average Secchi depth was obtained
from the Helsinki Commission web site (https:/www.
helcom.fi). Because data were presented only in the form of
a graph, the program UTHSCSA ImageTool (available
online from https://www.uthscsa.edu) was used to trace the
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graph and obtain numerical values. Data on environmental
variables are presented in Fig. 2.

Catch data

In this study, we used catch data for the period from 1929
to 1995 because later data became unsatisfactory due to the
crash of the Soviet fisheries statistics system. Catch data
were obtained from published papers and unpublished
reports of the State Lake and River Fishery Research
Institute in St. Petersburg (GosNIORKh). Most documents
refer to Sevzaprybvod, a state agency responsible for col-
lecting fishery statistics, as the source of data, although a
few authors do not specify their source (Tiurin 1949;
Bykova 1960).

In total, we obtained data on 17 individual species and
on 3 species groups: (a) salmonids, including Atlantic
salmon (Salmo salar), and anadromous brown trout
(S.trutta), with salmon dominating (see Lajus et al. 2013);
(b) tiddler, which included roach (Rutilus rutilus), sichel
(Pelecus cultratus), ruff (Gymnocephalus cernuus), bleak
(Alburnus alburnus), juveniles of common perch (Perca
fluviatilis), bream (Abramis brama), pikeperch (Sander
lucioperca), and; (c) sticklebacks, including two species—
three-spined stickleback (Gasterosteus aculeatus) and
nine-spined stickleback (Pungitius pungitius).

Telegin (1944) provided total annual catches from 1929
to 1939, as well as the average ratio of individual species
for this period. Assuming a constant ratio, we calculated
the catch of each species in each year if data from other

sources were not available. This was the case for vendace
[data for 1936-1943 from Bykova (1960)], and lamprey
(Lampetra fluviatilis) [data for 1935 and 1936 from Tiurin
(1949)]. Telegin (1946) provided only pooled data on pike,
burbot, ide and vimba bream (Vimba vimba). Individual
catches of these species were estimated based on the ratios
of these species within catches from adjacent periods found
in other sources. When only averaged data for a five-year
period were available, we used the average for each indi-
vidual year during that period (eel (Anguilla anguilla) and
burbot (Lota lota) catches for 1946-1970 and flounder
(Pleuronectes flesus) for 1966—1985, which is about 7 % of
all catch data. When different papers by the same authors
for the same year gave different data (for instance, Popov
et al. 1982; Popov 1983), preference was given to the latest
data of publication. Tiurin (1949) provided pooled catch
data on river lamprey from 1933 to 1944, which suggested
that fishing occurred each year. Given the absence of
regular fishing in Leningrad (now St. Petersburg) during
the Siege (1941-1943), we assumed that all catch was
obtained in the years 1933-1939 and 1944. With this
assumption, the results coincided with data from other
sources (Telegin 1946; Kudersky 1999). Absence of data
was interpreted as zero catches since any significant cat-
ches would have been reflected in the fishery statistics.

Statistical treatment

For statistical analysis, we used only data from 1944 to
1995 to avoid the gap between 1941 and 1943 caused by
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World War II. Although some fishing is known to have
occurred during the war, information on landings during
that period was unsatisfactory. The period 1929-1940 was
excluded because data were not available for the northern
coast, which belonged to Finland at that time.

R programming language (R Core Team 2014) was used
for all data processing. We used R-package “vegan”
(Oksanen et al. 2013). Prior to statistical analysis, all catch
values were log-transformed. To explore the effect of
environmental factors on catches, we performed canonical
correspondence analysis, CCA (ter Braak 1986; Legendre
and Legendre 2012). The matrix of catch values of each
particular species was considered as a dependent data and
matrix of environmental variables as independent predic-
tors. The significance of the analysis was assessed by
permutation method as described in Legendre and Legen-
dre (2012).

For the analysis of general trends in catch composition,
individual species and species groups were considered as
variables and years as samples, and a matrix of Bray-Curtis
dissimilarity (BCD) coefficients comparing each pair of
samples was calculated (Clarke and Gorley 2006). To
reveal trends, we used a model-matrix technique (Clarke
and Gorley 2006; Legendre and Legendre 2012). Briefly,
this analysis includes the calculation of a gradient model-
matrix—a matrix of Euclidean distances (ED) between
points evenly distributed along a line (in fact, we calculated
an ED matrix between years, i.e., for example, 1944 vs
1945 or 1995 vs. 1971). This gradient model matrix was
compared with the BCD matrix using a Mantel correlation,
the significance of which was assessed through 999 per-
mutations of the initial matrix (Legendre and Legendre
2012).

To address variables which are not controlled in the
study and thus are not accounted for in the CCA model, but
could also affect catches, we performed analysis of resid-
uals. For that, we calculated a matrix of Euclidean
distances between years based on residuals for each spe-
cies. This matrix was used for multidimensional scaling
(MSD) ordination.

Results

Temperature during our study period did not show clear
trends, whereas salinity showed two spikes, one around
1960 and a larger one around 1980 (Fig. 2). Winter and
summer temperature did not correlate with each other.
Salinity across different locations (stations 1, 2 and 3,
Fig. 1) showed, positive correlations (average r = +0.669),
while transparency (Fig. 2) was very highly correlated with
year serial number (r = 0.936, P < 0.01).

Catches of 20 species and species groups are provided
in Table 1. Figure 3 shows long-term changes in catch
size and in composition of principal species and species
groups.

Evidence of a strong trend in temporal changes of catch
composition was provided by comparing the BCD matrix
with the gradient model matrix. The Mantel correlation
between BCD matrix and gradient model matrix was 0.72
(permutation p level <0.01).

Canonical correspondence analysis showed that con-
strained ordination of objects in four canonical
correspondence axes (CCA) explained 31.5 % of the total
variance of catches (in terms of inertia). The two first CCA
were significant (Fcca; = 12.36; Fecaz = 8.34, permuta-
tion p value <0.05 in both cases, 199 permutations). Two
of four environmental variables showed significant effects
on constrained object ordination—water transparency and
salinity (Table 2). At the same time, almost 70 % of catch
variation was explained by variation of factors that were
not quantified. Some of them may be estimated qualita-
tively and will be addressed in the Discussion section. As
in three species, we had only average data for some periods
(see “Materials and methods” section) which may result in
false correlations due to pseudoreplication, we also per-
formed an analysis excluding these three species.
According to this analysis, four CCA explained 29.5 % of
total catch variance, which we considered to be a very
similar result and in future analyses use of the entire
dataset.

The ordination of species in the space of two first CCAs
showed clear association of most marine species with the
Salinity axis, and migratory species, except smelt and
lamprey, with the Transparency axis (Fig. 4). Other spe-
cies, excluding sticklebacks did not show strong correlation
with environmental variables.

The ordination in constrained CCA revealed an obvious
pattern: points corresponding to different years changed
their position gradually. They moved along the Transpar-
ency axis at the end of the study period (after 1985)
(Fig. 5). For the whole period, there was a large loop in
direction of the Salinity axis in the 1950-1980s (Fig. 5),
which showed high dependence of catch composition on
salinity.

MSD ordination of residuals (Fig. 6) showed that most
years cluster together with quite uniform residuals. How-
ever, years from 1973 to 1977 form a loop which
considerably deviates from other years. This period coin-
cides quite well with peak catches for a majority of species
over the entire period of our study (Table 1). Analysis of
trends performed in a similar way as with the CCA
model showed absence of any trend—Mantel correlation
was = —0.07 (permutation p level >0.05).
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Fig. 3 Annual catch size of
different species and species
groups during different periods,
with circle sizes proportional to
landings. Data for 1870-1879
are based on Lajus et al. (2013)

1930-1939

1870-1879

9

Table 2 Permutation test for significance of effect of environmental
variables used in canonical correspondence analysis

Term in model df Chi F Number of  P-level
square permutations

Winter temperature 1 0.0097 2.8126 99 0.08

Summer temperature 1 0.001 0.29 99 0.95

Transparency 1 0.0344 10.0178 99 0.01

Salinity 1 0.029 8.4471 99 0.01

Residual 47 0.1614

Discussion

The Baltic Sea is an inland sea with a large river inflow and
a weak exchange with the ocean, conditions that have
redoubled centuries of anthropogenic pressure and con-
siderably transformed the environment (Lotze et al. 2006).
Now increasing international efforts seek to improve the
situation, and some successes are already evident (HEL-
COM 2010). However, limited data on Gulf of Finland are
an obstacle to the management of ecosystems in this area.

Quantification of environmental variables

Many authors have attributed changes in fish abundance
and catches to natural or anthropogenic factors (Koliushev
and Podarueva 1969; Ilienkova et al. 1978; Popov 1983;
Kudersky et al. 2008), however, these conclusions usually
are not supported by statistical analyses. In order to reveal
relationships between catch sizes and environmental vari-
ables in a more formal way, in this study, we applied
multivariate statistical techniques. For that, it was neces-
sary to quantify environmental variables. The most
important environmental variables influencing catch vari-
ation in the eastern Gulf of Finland were water

@ Springer
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transparency and salinity (Fig. 5). Temperature did not
influence catch composition notably. This might be
because during the study period temperature only slightly
fluctuated around the mean without clear trends (Fig. 2). In
our analysis, we had to use temperature data from a loca-
tion situated about 200 km to the west from the area of our
research, where relevant temperature data were not avail-
able. Temperature regime can differ between the more
shallow and brackish eastern part of the Gulf and deeper
western part, which is closely connected to the Baltic
proper. These differences are especially pronounced in
warm periods due to coastal upwellings caused by cumu-
lative wind stress (Uiboupin and Laanemets 2009). This,
however, probably does not influence notably conclusions
of the study because results of statistical analyses are based
on correlations and thus depend not on absolute tempera-
ture, but on its year-to-year dynamics. Because surface
water temperature strongly depends on air temperature
which is usually quite uniform on the scale of thousand km,
according to typical length of extratropical cyclones
(Holton 1979), and there are no topographically-isolated
water masses in the gulf (Alenius et al. 1998), dynamics of
temperature must be similar in our study area and the
western part of Gulf of Finland.

Transparency gradually decreased during second half of
the 20th century (Fig. 2). In the Baltic Sea, it showed a
positive and very high correlation with chlorophyll a, thus
it proved to be a good eutrophication indicator (HELCOM
2009). Detailed analysis of long-term trends in transpar-
ency and its relation to loading of phosphorus and nitrogen
in Gulf of Finland is provided by Hakanson (2011). While
our study did not quantify human-induced factors such as
pollution, fishing effort, and habitat degradation that
increased over time and thus being statistically inseparable
from transparency, they are correlated with serial number
of a year. These factors are, however, known to influence
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fish populations and we, where possible, will take into
consideration qualitative data while interpreting the results.
Similarly, Lappalainen et al. (2000) who studied spatial
heterogeneity of fish communities along the northern coast
of the Gulf of Finland, were unable to relate observed
differences to eutrophication. The authors concluded that

CCA1

the abundance of fish is determined by fishing pressure
rather than by eutrophication.

Cumulative effect of various environmental factors on
populations very much depend on their interaction, espe-
cially given that in the Gulf of Finland fish often live near
tolerance levels, especially in terms of salinity. In
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Fig. 6 Multidimensional
ordination of years based on %80 Stress=0.04
Euclidian distances of residuals
from CCA model for individual 5000 -
species for period 1944—-1995
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particular, hazardous substances may cause extra stress on
organisms which live close to their low- or high- salinity
limits; their effect may be modified also by predicted
increase of temperature (Heugens et al. 2001). Moreover,
eutrophication depends not only on the input of biogenes,
but also on their distribution, which may be strongly
modified by salinity. It is known that inflow of saline
waters causes stratification, which results in hypoxia in
lower layers resulting in increases of sediment phosphorus
release. This leads to further eutrophication (HELCOM
2009). At the same time, stratification and anoxia may
prevent release of pollutants from sediments (HELCOM
2009). All these effects are highly non-linear and thus are
very difficult to capture by statistical analyses.

Catch dynamics of particular species and species
groups

Herring (Clupea harengus) is the most important com-
mercial fish in the region and comprises 63.8 % of total
catch for the period from 1929 to 1995. Herring catches
were already higher than any other species in the 1870s

@ Springer

(Lajus et al. 2013). Absolute catches grew about 23-fold
during the next six decades and reached more than 70-fold
by the 1990s. This was a greater return than that of all other
fisheries in the region (Fig. 3). One reason for increased
catches was higher fishing effort due to improved gear and
intensified fishing pressure. Herring were mostly fished
with gillnets and winter herring seines before World War
I, and with fixed nets during spawning season in the 1950s.
Bottom trawls first appeared in 1953, but were replaced by
pelagic trawl in the 1960s; now pelagic trawls are the most
widely used herring gear (Telegin 1955; Popov 2006a).
With changing gear, fishing areas expanded and moved
from coastal regions to open parts of the Gulf.

Herring, being a marine species, avoid salinity below 2
PSU in the Gulf of Finland (Shirokov et al. 1982).
Decrease in salinity reduced herring abundance due to
unfavorable conditions for the early stages of ontogenesis,
and to a change in the composition of the plankton species
they consume (Antonov 2007). At the same time, herring,
differently from other marine fishes, do not show high
loading on Salinity axis (Fig. 4). It is probably because
herring is a rather euryhaline species and may tolerate
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brackish waters (Svetovidov 1952). Moreover, due to high
commercial importance and regulation, herring catches to a
large extent depend on social factors determining fishing
effort, which was not quantified in this study and may
confound the effect of salinity.

Other marine species—sprat (Sprattus sprattus), stick-
leback, cod (Gadus morhua), flounder, eelpout (Zoarces
viviparus)—comprise 15.3 % of total catch (among them,
9.6 % sprat and 5.2 % stickleback). Their catch sizes were
highest during periods of higher salinity in the 1970s and
early 1980s, resulting in positive loadings of marine spe-
cies (except stickleback) on Salinity axis (Fig. 4). Increases
of salinity in this period were caused by a major inflow of
saline waters from the North Sea to Baltic (Alenius et al.
1998). Except for herring, marine species were not listed in
commercial catches in earlier periods (Lajus et al. 2013).
Only flounder were reported in the Neva River in the early
20th century (Shimansky 1921). This is probably because
in early periods, fishing was located in coastal areas,
whereas marine fish preferred more open sea. Moreover, it
is known that sprat catches were not always separated from
herring before WW II (Telegin 1944).

Sticklebacks, represented in catches mostly by the three-
spined stickleback (Prokopenko 1983), differed from other
marine species in their position in Fig. 4. They are much
more euryhaline, thus less dependent on salinity. Stickle-
back are very tolerant to pollution which makes them a
popular bioindicator (Katsiadaki 2007; Sturm et al. 2000).
Comparatively high tolerance to pollution may explain
their positive association with the Transparency axis
(Fig. 4). Sticklebacks were mostly fed to livestock,
although during the Leningrad Siege (1941-1944), they
played an important role as human food and as a source of
oil for medical purposes. In the town of Kronshtadt, on
Kotlin Island, this fish was memorized with a small mon-
ument on an embankment. With the beginning of the
economic crisis in the early 1990s, the market for stickle-
back crashed, resulting in a drop in catches, i.e. catches of
this species, like herring, were regulated by fishing effort
rather than natural variables.

Diadromous species comprised 11.0 % of total catch,
and 92.7 % of this amount is smelt (Osmerus eperlanus).
Pattern of smelt catch dynamics is similar with that of
herring and do not show dependence on environmental
variables, in particular, smelt catches are not associated
with the Transparency axis as most of other migrating fish
(Fig. 4). Absolute smelt catches from the 1870s to the
1980s increased almost 30-fold, but its proportion of total
catch was remarkably constant over more than a century,
ranging from 10 to 15 %. Until the 1950s, fishing methods
for smelt did not change much—this species was mostly
fished with special traps and beach seines in the down-
stream sector of the Neva River, and catch increased

through intensified fishing pressure. Gillnet fishing in the
Gulf at that time did not provide higher catches (Popov
2006b). However, the introduction of fixed nets and larger
traps in coastal areas resulted in notable increases of cat-
ches (Table 1). A maximal number of smelt fixed nets was
used in 19741975 (Popov et al. 1987). In the 1980s, only
about 10 % of the smelt catch came from the Neva River,
whereas 20-30 years before this figure was 31 % (Popov
2006b). The evident smelt decline took place in the early
1990s and, in addition to overfishing, was caused by
degraded spawning grounds and deteriorated feeding con-
ditions (Sendek and Korolev 2010). Higher abundance and
lower commercial value of smelt in comparison with most
of other migratory species is a likely explanation of their
decline later than other migratory species.

High positive loadings of other diadromous species
(except lamprey) on CCA2 (Fig. 4) reflect a decline in their
catches due anthropogenic factors, in particular fishing.
Salmonides, whitefish (Coregonus lavaretus), vimba bream
and eel played only a minor role in the 20th century.
Catches of vendace (Coregonus albula) were quite signif-
icant in some years but usually were not large. With the
exception of vendace and lamprey, which are still fished in
Neva River, other diadromous species continued declines
already evident in the early 20th century (Lajus et al.
2013), and by 1995 had completely lost their significance.
Trout and whitefish were even moved to regional redlists.

Unlike other diadromous species with distinct local
populations, eel form only one population in Europe (Palm
et al. 2009; Als et al. 2011). The dynamics of eel catches in
the area under study is generally similar to global trends for
this species, according to ICES statistics (https://www.ices.
dk). Eel catches increased in the Eastern Gulf of Finland
and globally during the 1930s, but a decline became evi-
dent everywhere after the early 1970s. Now this species is
considered critically endangered (http://www.iucnredlist.
org/details/full/60344/0). Despite the overall similarity
between eel catch trends in the eastern Gulf of Finland and
other regions, patterns are somewhat different. In particu-
lar, we observed a several-fold decrease in catches in the
eastern part of Gulf of Finland after World War II
(Table 1), whereas in other areas no such drastic decline
took place. This decline was caused either by a decrease in
fishing effort or changes in fisheries statistics. Similar
patterns were observed for ide (Leuciscus idus) perch and
vimba bream in our study (Table 1).

Catches of lamprey do not show clear long-term trends
and have low loadings on canonical axes (Fig. 4). Neither
were trends observed for lamprey in the 19th century
(Lajus et al. 2013). We have no statistical reason to asso-
ciate lamprey catch dynamics with known anthropogenic
factors, although some authors assume an association
(Kudersky 1999). Abakoumov (1957) links lamprey
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spawning migration with weather conditions (wind, water
level, difference between river and sea temperature). These
variables are difficult to directly relate to those we are
dealing with, but an association is possible. Vendace show
very high variability of catches, it was highly abundant
only in the 1870s and in the late 1950s; at other times they
did not have large commercial significance, but in general
this species showed patterns similar with other diadromous
species.

Freshwater fish comprise 9.9 % of total catches for the
period of our study. Their catches grew about seven-fold
from the 1870s to the 1980s, i.e., less than marine or
diadromous fish. Therefore, their contribution to total cat-
ches was reduced 4 to 5-fold over the century (Fig. 3).
Among freshwater fish, the most important were bream
(Abramis brama) and pikeperch (Sander lucioperca) with
ratios of 1.2 and 0.7 % of total catch, respectively. Their
catch dynamics show moderate positive association with
the Transparency axis (Fig. 4). Hence, we assume that their
catch variation is explained primarily by anthropogenic
factors, showing some increasing trend during the study
period. In the 1870s, pikeperch and bream supported the
second and third largest fisheries, respectively, constituting
16.9 and 13.8 % of total catches. Contribution of these
species dropped about 10 to 20-fold during the century
(Table 1). Interestingly, from the 1870s to the 1930s,
absolute catch of pikeperch and bream decreased about a
quarter, then catches increased during the next half-century.
Expanded fishing area and improved fishing gear caused the
increase in pikeperch (Ilienkova 1977), and this was also
probably true for bream, reflecting general trends in regio-
nal fisheries in this period. It is not clear what caused the
catch decrease in the late 19th century and early 20th cen-
tury. Most likely, natural factors played the greatest role
because catches of other species grew during this period,
and overfishing is improbable because later catches and
fishing pressure were much higher than in that period.

Other freshwater fishes had lower commercial value and
supported marginal commercial fisheries. Tiddler, which
pooled several small species, made up 69.2 % of freshwater
fish catch. A by-product of coastal fisheries for smelt,
bream, pikeperch—tiddler was mainly used for animal feed.
Other freshwater fish like burbot, ide, pike (Esox Lucius)
had quite low abundance (0.1 % of total catch or less for
each species) and were usually harvested with other species.
The same is true for perch which, although comparatively
abundant (0.9 %), is not considered valuable in Russia.
These species were ordinated closely to zero CCA values
(Fig. 4) thus their catch is not clearly regulated by the
factors in consideration. This may be because a majority of
freshwater species were not directly targeted and catches
were quite low (Table 1); thus random and not accounted
for factors may play a larger role in determining catch size.
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This suggestion is likely confirmed by analysis of
residuals from the CCA model (Fig. 6). Departure of
residuals in mid-1970 s from trend predicted based on
controlled variables shows that there are other factors
causing the increase of catches in this period. Although
freshwater species do not comprise a significant proportion
of total catch, number of their species is rather large, thus
they may notably affect the overall picture. According to
Ilienkova et al. (1978), an increase of abundance of several
freshwater species such as bream, pikeperch, perch, roach,
ruffe, and also smelt in mid-1970 s might be due to an
increase of water discharge of the Neva River and negative
temperature anomalies in the spawning period. Authors
suggest that such effects are mostly indirect and explained
by availability of forage organisms. They also note that
fluctuations of abundance are associated with 11-year
cycles of sun activity, which we, however, did not observe
in our data. Increase of fishing effort in mid-1970 reported
by Popov et al. (1987) for smelt (see above) was likely the
case also for other species, for which respective data are
not available. This might result in larger catches and thus in
departure from the CCA model.

General dynamics of catch composition

Statistical treatment identified several periods in the gen-
eral dynamics of catch composition: (a) 1944 to the late
1970s, (b) the 1980s, and (c) the first half of the 1990s. In
the first period, regional fisheries quickly developed until
the mid-1960s, reflecting postwar recovery and eventual
rapid fisheries development characterized by expanding
fishing area and modernization of gear. By the late 1970s,
catches of many species were high, and marine species
abundance increased due to high salinity. Great market
demand resulted in high collateral catches of species with
low commercial value such as tiddler and sticklebacks.
Notably, the salinity increase in the early 1960s did not
have as strong an effect on catch composition as the peak in
late 1970s-early 1980s. Then, continuing intensive fishing
of diadromous species resulted in critical declines in their
catches (except for lamprey). Eel, vimba bream and
whitefish eventually disappeared from fishery statistics.
During the second period, we observe a return to a situation
similar to the mid-1950s, probably caused by a decrease of
salinity. Drastic drop of catches during the third period
were driven by:

e The economic crisis that drastically reduced catch of
abundant, but cheap species such as tiddler, stickleback,
perch;

e The decrease in officially reported catches, particularly
for marginal fisheries. Diadromous and freshwater
species practically disappeared from fishery statistics
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(except lamprey and smelt). This may result from
considerable misreporting due to the crash of the Soviet
fisheries statistics system (Kudersky et al. 2008), or
from drastic population declines caused by overfishing
and other human-induced factors;

e The decrease of salinity that adversely affected marine
species. Economic changes coincided with regime
shifts in the Baltic Sea caused by climate change, in
particular, change in atmospheric circulation that took
place in the late 1980s (Karaseva et al. 2007).

Conclusions

Earlier interpretations of fish population dynamics in the
eastern Gulf of Finland did not employ quantitative data. In
our study, we generated a detailed time series of catch for
20 species and species groups and used four environmental
variables—summer and winter temperatures, salinity and
water transparency. Also, in our interpretations, we used
qualitative information on fishing effort and other anthro-
pogenic factors. Overall, trends in fisheries and changes in
fish populations that we observed in data from the 15 to
20th centuries (Lajus et al. 2013) continued through the
20th century as well. Fishing areas, fishing gear and target
species changed over time in relation to one another,
reflecting technological development and commercial
demands for fishery products. We found no correlation of
fish catches with temperature, which, however, does not
deny importance of this factor in general, rather it is
explained by absence of pronounced temperature trends in
the area during the study period.

Until the 18—19th centuries, fisheries took place mostly
in rivers where weirs and set nets targeted sturgeon, sal-
mon and, whitefish. By the end of the 19th century,
herring and smelt were the main targets of fixed nets in
coastal areas. A century later, the main commercial spe-
cies, herring, was harvested with pelagic trawls operating
offshore in the Gulf. This evolution in fisheries, along
with other anthropogenic activities, caused severe declines
in diadromous species. Spawning migrations that make
them easy to catch and their high market value make
diadromous fish the most vulnerable in comparison with
other groups. Statistical analysis showed that catches of
most diadromous species decreased with increasing
transparency, rather reflecting their correlation with fish-
ing pressure and other anthropogenic factors which are
inseparable from transparency as all these variables cor-
relate with serial year number. Marine and freshwater fish
suffered from anthropogenic pressure, but to a lesser
extent probably because of a wider distribution and dis-
persal, and more capital-intensive fishing methods.

Catches of marine species, except herring, considerably
increased in the 1970-1980s when salinity was compar-
atively high.
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