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Abstract: A highly productive coastal zone plays an important role in various stages of fish life cycles,
e.g., spawning migrations, fish reproduction, larval development, juveniles growing, etc. Therefore,
coastal biotopes significantly contribute to commercial fish species recruitment. Although the eastern
Gulf of Finland is rich in shallow coastal water, its coastal fish communities and the influencing
environmental variables are still significantly understudied. We investigated the composition and
distribution of coastal fish species and the impact of abiotic and biotic environmental factors in the
eastern Gulf of Finland during field surveys in 2011–2017. In total, 34 fish species were recorded at
shallows. The coastal fish community demonstrates a low degree of heterogeneity despite a highly
heterogeneous environment. Five freshwater species are widely distributed and the most frequent in
the area. Three key environmental variables influencing the coastal fish community of the eastern
Gulf of Finland were: (i) salinity, (ii) filamentous algae presence, and (iii) macrophytes presence. Fish
community structure was also influenced by the sampling season. Discriminating and typifying taxa
were performed for each environmental variable. We suggest that obtained results might be useful
for future environmental studies in the region and fish community modeling.

Keywords: Holarctic; fish assemblage; coastal shallows; brackish waters; ecology; habitat; macrophytes;
filamentous algae; salinity gradient

1. Introduction

Shallow coastal waters are the unique zone of the Baltic Sea with high spatial and
temporal variation in hydrology and geomorphology that contributes to the high diversity
of underwater landscapes and biocenoses [1]. Shallow coastal waters are usually (not
only in the Baltic Sea) treated as littoral and sublittoral, or a surf zone with depth up to
1.5 m [2–4]. This depth is characterized by a special set of habitats along the coastline [5],
which can include shallow sandy beaches, rocky bottoms, sheltered bays with significant
accumulation of silts in bottom sediments, etc. [6]. In addition, this area is highly influenced
by wind and surf waves mixing water and submerged sediments [1,7]. The majority
of coastal aquatic vegetation develops mainly at 1.5 m depths [4] due to optimal light
conditions. The combination of these factors makes the coastal shallow water the most
productive zone, which plays an important role in the life cycle of fishes [8], as coastal zones
are important reproduction and nursery habitats for many commercial fish species [4,9].

The shallow coastal waters of the eastern Gulf of Finland (eGoF) are very extensive in
both a length along the shore (more than 520 km) and areal coverage (distance from coast-
line to the 1.5 m depths may reach 0.5–1.0 km). At the same time, eGoF’s shallow waters
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are characterized by a high heterogeneity [10]. In particular, habitats often have a unique
combination of environmental variables—such as the composition and abundance of vege-
tation, different bottom substrates, wind-wave exposure, etc. Since the features of coastal
habitats may directly determine the characteristics of the fish community [11], knowledge
on the influence of the environment in this specific area on fish fauna is very important.

Approximately 60 fish species occur in the Gulf of Finland coastal waters, but only
15–20 species are commercial while others are small in size or rare species [12]. Main
commercial species in the eGoF are herring Clupea harengus membras (Linnaeus, 1761)
(1168–3697 tons annually between 2005–2013); smelt Osmerus eperlanus (Linnaeus, 1758)
(115–433 tons annually in the same period); pike perch Sander lucioperca (Linnaeus, 1758)
(15–49 tons); and bream Abramis brama (Linnaeus, 1758) (61–168 tons) [13]. Annual catches
of such ordinary fishes as perch Perca fluviatilis Linnaeus, 1758, roach Rutilus rutilus (Lin-
naeus, 1758), and ruff Gymnocephalus cernua (Linnaeus, 1758) in the same period were
83–136, 102–181, and 149–289 tons, respectively [13]. The total catch between 2005 and
2013 varied from 2228 to 6317 tons [13]. Catches of herring and pike perch decreased
while catches of smelt, bream, ruff, perch, and roach increased according catch statistics.
European perch and roach are the dominant species in most coastal areas of the Baltic Sea
as well as in the Gulf of Finland [14].

Unfortunately, the Gulf of Finland has been strongly affected by intense anthropogenic
impacts during recent decades. Structural damage of habitats, chemical pollution, increased
eutrophication, and vegetation’s expansion strongly affect the structure and composition of
the fish community [15,16]. For shallow-water communities, one of the most important
threats is the degradation of key habitats during dredging or construction in the coastal zone
that results in fish reproduction habitat destruction that are accompanied by an increase of
water turbidity, bottom silting, and degrading of vegetation in the adjacent areas [9,17–19].
Eutrophication and the hypertrophied increase of filamentous algae and expansion of the
reedbeds are among other impacts provoked by the human activity in the region [18,20].
Changes in currents after the construction of the Saint Petersburg Flood Prevention Facility
Complex (SPb FPFC) dam resulted in a massive emergence of reeds in the Neva Bay
and adjacent areas [21]. Taking into account the continuous transformation of the coastal
habitats in the eGoF, knowledge on the relationships between the fish community and the
environmental factors affecting its structure is highly needed to predict changes in the local
fish assemblages in the Gulf of Finland.

The purpose of this research is to study the impact of the environmental variables
(salinity, water temperature, turbidity, type of bottom substrate, presence of filamentous
algae and macrophytes, etc.) on the composition and distribution of coastal fish species in
the eastern Gulf of Finland.

2. Materials and Methods
2.1. Study Site, Sampling and Laboratory Analysis

The investigation of coastal fish community of the eGoF was conducted during
2011–2017. In total, 41 locations (Figure 1) were sampled at depths of up to 1.2 m; 151 beach-
seine catches were collected. Fishes were caught in the Neva Bay (loc. 20–26), Inner Estuary
area (loc. 11–19 and 27–31), Luga Bay (loc. 37), Koporye Bay (loc. 32–36), Narva Bay (loc.
38–41), Vyborg Bay, and the northern coast of the Outer Estuary (loc. 1–10).

The sampling was performed during ice-free season from May to November. All
samples were sorted to spring (till June 15), summer (from 15 June to the 15 September),
and autumn (from 15 September) periods. Sampling periods were not equal to calendar
seasons due to sampling often occurring in alternating months. For example, samples
made in late August and early September in the same temperature and weather conditions
were combined.
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Figure 1. Study area and sampling locations in the eastern Gulf of Finland (2011–2017).

The fishes were captured with a hand-towed beach-seine (length 10 m, wings 1.5 m
high, the bag 3 m in length, a mesh-size 10 mm in the wings, and 0.5–4 mm in the cod end).
Caught fish were anesthetized with clove oil and then preserved with 4% formaldehyde.

Investigation of samples and taxonomical determination of fish specimens were con-
ducted in the laboratory. Life stages of fish specimens (adult, juvenile) were estimated by
the means of standard length (SL, mm). Ecological guilds (freshwater, marine, anadromous,
estuarine fish species, etc.) are given in accordance with Thiel et al. [22,23]. Species compo-
sition, species richness, occurrence (V), and density (D) of different species were estimated
for each catch.

Species richness was equal to the number of fish species in the sample.
Frequency of occurrence (V; %) was estimated according to:

V = 100 × A
a

(1)

where A is a total number of samples and a is a number of samples where certain species
was caught. The species was identified as a “core” fish species by means of V ≥ 50%; such
species most frequently occurred in the samples. A species was considered as “secondary”
if it was recorded in 25–49% of samples, “rare” if the V was from 8 to 24%, and “sporadic”
for V ≤ 7% [24].
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Density (D; ind./100 m2) was estimated as number of fish individuals (Ni; ind.) per
100 m2 of the sampled area (Ssmpl; m2) [25]:

D = 100 × Ni
Ssmpl

(2)

where, Ssmpl was estimated as hauling distance (25–90 m) multiplied by mouth width of the
beach seine while sampling (around 6 m). Hauling distances were measured using optical
laser distance meter Sturman LRF 400 with the accuracy of 1 m at the start of each hauling.

2.2. Measurement of Environmental Parameters

Environmental variables were measured each time and in each location where fishing
was conducted. Water salinity and temperature were measured with Hanna HI98130
Combo tester (see Table A1). Turbidity, bottom substrates composition, and vegetation
abundance were estimated as ranked parameters and overviewed below (Table 1). Ranks
or indices are commonly used to describe habitat heterogeneity in ecosystem studies [11].
Salinity was estimated both in absolute values and ranked for the aim of the analysis, which
demands the ranked data. Ranking was based on classification of water masses and salinity
“barriers” [26–28]. In case of turbidity estimation at the shallows, Secchi disk was useless
due to transparency was commonly more than depths on the sampling site.

Table 1. Ranks of environmental variables estimated during the coastal samplings in 2011–2017.

Variable Value Description

Salinity ranges 0 <0.5‰; fresh water
1 0.5–1.9‰; oligohaline barrier “δ-horogalinicum”
2 2.0–2.9‰; oligohaline water
3 ≥3.0‰; oligohaline water

Bottom substrate 1 pure sand
2 stones prevail
3 mixed sand and stones

Macrophytes 0 absent
1 submerged vegetation present

2 semi-submerged and submerged vegetation are present
and abundant

Filamentous algae 0 absent
1 present, not abundant
2 abundant

Turbidity 0 clear water; bottom is visible in the deepest point of
hauling, lack of suspended sediments

1 moderate turbidity; bottom is visible in the depth
0.5–1.0 m at least, suspended sediments are visible

2 high turbidity; bottom is invisible in the depth around
0.5 m, abundant suspended sediments

2.3. Statistical Analysis

Statistical analyses were based on the density data (D) of the fish species in samples.
To avoid the overwhelming influence of high abundance species, the raw data were trans-
formed using fourth root transformation. The site/species matrix, where each site has the
set of environmental and seasonal variables, was analyzed using canonical correspondence
analysis (CCA). CCA is a weighted-averaging method for directly relating community data
(abundance of species) with environmental and seasonal conditions by constraining the
species ordination to a pattern that correlates maximally with designated variables. The
analysis was carried out using an algorithm of Legendre and Legendre [29] implemented
in Past 4.03 [30].
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Statistical significance in the abundance and occurrence of fish species between groups
of sampling locations, classified on the basis of seasonal factors and environmental variables
(see Table 1), were estimated using ANOSIM [31]. The analysis was calculated based on
Bray–Curtis distance. The sequential Bonferroni correction was applied for significance
estimation. ANOSIM was performed using Past 4.03.

Discriminant Function Analysis (DFA) of abundance data was performed using STA-
TISTICA 10.0.1011 (StatSoft, Tulsa, OK, USA) to estimate the degree of differentiation
between the groups of sampling sites. The quality of discrimination was assessed based on
the Wilks’ Lambda and F-test statistics. Wilks’ Lambda values close to 0 indicate strong
discrimination. The result of this analysis is visualized using a scatterplot of canonical
values in the space of the first and second discriminant axes.

The SIMPER procedure was used to identify the species that contributed the most
to the pattern of similarities (in PRIMER v.6) and differences (in Past 4.03) between sam-
ples. For each group of samples, differentiating (with the greatest contribution to the
matrix of differences between the groups of samples) and characterizing (with the greatest
contribution to the matrix of similarity between samples within one group) taxa were
identified [32,33].

Pairwise correlation between environmental variables was assessed using Spearman’s
coefficient since a normal distribution has not been proven for these parameters. Differences
between the values of factors for different areas and seasons were assessed using the
Kruskal–Wallis test (in Past 4.03). The same test was used for cross-site comparisons of
total density of fish and species richness. The Kruskal–Wallis test was also used to identify
differences in the densities of individual species under different environmental factors.
Species richness was calculated in Past 4.03.

3. Results
3.1. Results of Field Observations
3.1.1. Coastal Fish Species Diversity

According to the result of beach-seine sampling in 2011–2017, the fish community of
the coastal shallow waters of the eGoF includes 34 species of 13 families (Table 2). The
cyprinids (Cyprinidae) were dominant by species number (15 species or 44%). The majority
of the fish species caught in shallows were freshwater species (68% of all species). Most of
the fish specimens in the shallow water catches were juveniles. Adults were abundant for
resident coastal species such as Gobio gobio (Linnaeus, 1758); Alburnus alburnus (Linnaeus,
1758); Cobitis taenia Linnaeus, 1758; Phoxinus phoxinus (Linnaeus, 1758); Perccottus glenii
Dybowski, 1877; Gasterosteus aculeatus Linnaeus, 1758; Pungitius pungitius (Linnaeus, 1758);
Pomatoschistus microps (Kroyer, 1838); and Proterorhinus marmoratus (Pallas, 1814) (Table 2).
Adult, though generally not large, individuals were also recorded among some species
such as R. rutilus, P. fluviatilis; G. cernua; Gobio gobio (Linnaeus 1758); Scardinius erythroph-
thalmus (Linnaeus, 1758); Leuciscus leuciscus (Linnaeus, 1758); and Neogobius melanostomus
(Pallas, 1814).

According to the frequency of occurrence, five species (A. alburnus, R. rutilus, P. fluvi-
atilis, G. gobio, and G. cernua) constitute the “core” of the coastal fish assemblage in the eGoF.
Notably, 17 species (50% of species list) occurred sporadically (Table 2). Nerophis ophidian
(Linnaeus, 1758); Barbatula barbatula (Linnaeus, 1758); and Pelecus cultratus (Linnaeus, 1758)
were all recorded on single occasions.

Alburnus alburnus had the highest mean density (mean ± SE = 60.0 ± 16.5) in the area
studied. R. rutilus and P. fluviatilis, which had the second highest D-values, had only a
third of the density of Alburnus alburnus (Table 2). Pomatoschistus microps (Kroyer, 1838) had
the highest mean density (mean ± SE = 59.2 ± 22.4) among “secondary” species; mean
D-value for this goby species was the second highest among all species in the list. “Rare”
and “sporadic” species were generally not abundant (except for alien P. glenii).
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Table 2. Frequency of occurrence (V; %), mean density (D; ind./100 m2) of different fish species in
the eastern Gulf of Finland in 2011–2017.

Species V D EG LC Occurrence in the Areas
I II III IV V VI

Core species (V > 50 %)
1 Alburnus alburnus (Linnaeus, 1758) 93.4 60.0 ± 16.5 f jv; ad + + + + + +
2 Rutilus rutilus (Linnaeus, 1758) 79.5 21.4 ± 6.6 f jv; ad + + + + + +
3 Perca fluviatilis Linnaeus, 1758 70.9 18.4 ± 10.7 f jv; ad + + + + + +
4 Gobio gobio (Linnaeus, 1758) 68.9 11.2 ± 6.8 f jv; ad + + + + + +
5 Gymnocephalus cernua (Linnaeus, 1758) 55.0 4.9 ± 1.3 f jv; ad + + + + +

Secondary species (V = 25–49%)
6 Gasterosteus aculeatus Linnaeus, 1758 45.7 38.8 ± 22.1 f;e jv; ad + + + + + +
7 Blicca bjoerkna (Linnaeus, 1758) 39.7 2.2 ± 0.4 f jv; ad + + + + +
8 Proterorhinus marmoratus (Pallas, 1814) * 38.4 9.7 ± 3.0 f;e jv; ad + + + +
9 Abramis brama (Linnaeus, 1758) 33.1 14.1 ± 10.3 f jv + + + +
10 Pungitius pungitius (Linnaeus, 1758) 29.1 5.6 ± 1.9 f jv; ad + + + + + +
11 Leuciscus leuciscus (Linnaeus, 1758) 27.2 1.2 ± 0.5 f jv; ad + + + +
12 Pomatoschistus microps (Kroyer, 1838) 25.8 59.2 ± 22.4 e jv; ad + + + + +

Rare species (V = 8–24%)
13 Cobitis taenia Linnaeus, 1758 21.9 1.0 ± 0.3 f jv; ad + + + + + +
14 Scardinius erythrophthalmus (Linnaeus, 1758) 17.9 2.2 ± 0.9 f jv; ad + + + +
15 Sander lucioperca (Linnaeus, 1758) 12.6 5.2 ± 2.8 f jv + + +
16 Romanogobio albipinnatus (Lukasch, 1933) * 11.3 < 1 f jv; ad + +
17 Neogobius melanostomus (Pallas, 1814) * 8.6 2.3 ± 1.0 f;e jv; ad + + +

Sporadic species (V < 7%)
18 Osmerus eperlanus (Linnaeus, 1758) 7.3 4.4 ± 2.9 a jv; ad + +
19 Phoxinus phoxinus (Linnaeus, 1758) 5.3 1.2 ± 0.3 f jv; ad + + + + +
20 Leucaspius delineatus (Heckel, 1843) 5.3 <1 f jv + + +
21 Ammodytes tobianus Linnaeus, 1758 4.6 6.1 ± 1.7 m jv + +
22 Coregonus albula (Linnaeus, 1758) 4.6 1.0 ± 0.5 a jv + + +
23 Leuciscus idus (Linnaeus, 1758) 4.6 <1 f jv + + +
24 Vimba vimba (Linnaeus, 1758) 4.6 <1 a jv + + +
25 Perccottus glenii Dybowski, 1877 * 3.3 35.9 ± 14.9 f jv; ad + +
26 Squalius cephalus (Linnaeus, 1758) 3.3 <1 f jv + + +
27 Pomatoschistus minutus (Pallas, 1770) 2.6 <1 o jv; ad + +
28 Clupea harengus membras Linnaeus, 1761 2.0 1.7 ± 1.2 o jv + + +
29 Carassius gibelio (Bloch, 1782) * 2.0 <1 f jv + +
30 Esox lucius Linnaeus, 1758 1.3 <1 f jv +
31 Tinca tinca (Linnaeus, 1758) 0.7 1.1 f jv +
32 Barbatula barbatula (Linnaeus, 1758) 0.7 <1 f jv +
33 Nerophis ophidion (Linnaeus, 1758) 0.7 <1 m ad +
34 Pelecus cultratus (Linnaeus, 1758) 0.7 <1 f jv +

Species are sorted descending by V and D. Areas are numbered in according to Figure 1: I—Neva Bay; II—Inner
Estuary; III—Koporye Bay; IV—Luga Bay; V—Narva Bay; VI—Vyborg Bay and northern coast of the Outer Estuary.
Abbreviations: EG—ecological guild (a—freshwater; m—marine straggler; o—marine estuarine opportunist;
a—anadromous; e—estuarine); LC—life-cycle phase (ad—adult; jv—juvenile). Non-indigenous species are
marked with *.

3.1.2. Environmental Conditions

According to the results of the environmental parameters measured during the fish
sampling, the coastal habitats of the eGoF are very diverse and differ in the bottom substrate,
the presence and type of vegetation, and in the main hydrological parameters—salinity
and turbidity (Table A1).

Spring, summer, and autumn temperatures in the coastal shallows were significantly
divergent (Kruskal–Wallis, H = 49.5; p < 0.001). Still, the water temperature during the
summertime was not significantly different between coastal areas (Kruskal–Wallis, H = 9.1;
p = 0.104); therefore, this factor could not have a major effect on the difference in fish
communities between them.

The salinity gradient observed in shallow waters varied between 0.05–4.50‰. The
fresh waters (salinity < 0.5‰) were registered in the Neva Bay. The most saline areas
(salinity ≥ 3.0‰) were in the Narva and Luga Bays (Table A1). The highest fluctuations
in water salinity were recorded in the Inner Estuary along the southern coast (loc. 29–31),
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where both the Neva River runoff and the saline water inflows from the open part of the
Gulf are present.

Shallow water habitats of the eGoF are represented by the solid sand beaches (32% of
locations; 40% of samples), stony bottom (17% of locations; 12% of samples), and mostly by
mixed sandy–stony bottoms (stone fraction varied from small pebbles to boulders) with a
various presence of silts and clays (41% of locations; 48% of samples). Interannual changes
in the type of bottom substrate were noted at four locations (loc. 13; 15; 30; 31), which
could be due to the storms and erosion processes in the coastal areas that cause washing
or mudding of bottom sediments. The greatest amount of pure stony substrates in the
shallows was found along the northern coast from the Inner Estuary to the Vyborg Bay;
pure sandy bottom—along the southern coasts of the Neva Bay and Inner Estuary. Boulders
are common westward from the Inner Estuary.

The degree of overgrowth of coastal areas varies quite strongly; beaches devoid of
any vegetation often border on dense reedbeds (for example, near locations 18; 21; 25; 29;
35). The investigated coastal areas where macrophytes were completely absent during
the whole season accounted for 29% of all locations sampled (Table A1). At the locations
where submerged macrophytes were presented in summer (loc. 13; 20; 22), they were often
completely absent in spring and autumn.

The overgrowth of filamentous algae in the coastal locations was most often observed
in the Koporye and Narva Bays (50% of locations; Table A1). In the Neva Bay and Inner
Estuary, filamentous algae were abundant just at 2% and 6% of locations, respectively. At
the same time, filamentous algae mats tossed ashore by the waves were often observed
along the coastline, especially outside the Neva Bay.

High turbidity of water was most often observed in the Neva Bay and Inner Estuary;
clear water—in the Vyborg and Narva Bays. In the westward areas turbidity was lower
and associated with the resuspension of fine sediments after storms.

Correlation was found for certain parameters: salinity—turbidity (R = −0.38, p < 0.001),
salinity—presence of filamentous algae (R = 0.31, p < 0.001), temperature—presence of
filamentous algae (R = 0.43, p < 0.001).

3.2. Results of Data Analysis
3.2.1. Identification of Major Environmental Factors Affecting the Fish Community

Two variables related to the period of sampling (‘Year’ and ‘Season’), four abiotic
(‘Bottom substrate’, ‘Turbidity’, ‘Salinity’, ‘Temperature’), and two biotic (‘Macrophytes’
and ‘Filamentous algae’) environmental factors were analyzed with CCA (Figure 2).

The influence of the sampling season on the fish assemblage is rather high. According
to the results of CCA, the length of the ‘Season’ vector was approximately equal to half the
length of the highly contributing ‘Salinity’ vector (Figure 2a). Therefore, for the subsequent
analysis of the association of environmental factors and the fish community (ANOSIM,
DFA) only samples of summer period (as the most numerous) were selected. Differences
related to the year of sampling are rather low (length of “Year” vector was equal to 17% of
the length of ‘Salinity’ vector) (Figure 2a). The effect of water temperature was low for all
three seasons (spring, summer, and autumn) as well as for the summer months. The length
of the “Temperature” vector was less than 40% of the longest vector’s length (Figure 2a,b).

In the summer period, four environmental variables (‘Salinity’, ‘Turbidity’, ‘Macro-
phytes’, and ‘Filamentous algae’) had a high influence on the fish species composition and
their abundance (Figure 2b). According to the results of ANOSIM, both ‘Salinity’ (used here
as ‘Salinity ranges’) (ANOSIM, R = 0.476; p = 0.0001) and ‘Filamentous algae’ (ANOSIM,
R = 0.153; p = 0.0001) provided the most differences between sample groups. Such parame-
ters, as ‘Turbidity’ (ANOSIM, R = 0.101; p = 0.0001) and ‘Macrophytes’ (ANOSIM, R = 0.077;
p = 0.001) also remarkably contributed. Due to the significant impact of salinity on the fish
species composition and density, we have selected samples within salinity up to 1.9‰ (70%
of all summer samples; that were enough for the analysis) for the second round of analysis
to minimize dominative effect of ‘Salinity’ factor (Figure 2c). However, the influence of
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salinity was still significant within gradient 0.0–1.9‰ (ANOSIM, R = 0.305; p = 0.0003). The
second most substantial factor was ‘Filamentous algae’ (ANOSIM, R = 0.124; p = 0.002),
followed by ‘Macrophytes’ (ANOSIM, R = 0.071; p = 0.006). The effect of ‘Turbidity’ within
salinity up to 1.9‰ was lowered, being near significant (ANOSIM, R = 0.055; p = 0.057).
All other examined variables did not demonstrate significant differences between sam-
ple groups.
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Figure 2. The results of CCA using data on the abundance of species at sampling locations in
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included in the analysis. (b) The seasonal factor is excluded from the analysis (samples of only
summer period included). (c) Samples of summer period within area with salinity 0.0–1.9‰.

The locations grouped by the ‘Salinity ranges’ were significantly different according to
the data on the fish species composition and density (DFA, Wilks’ Lambda = 0.0959, approx.
F = 3.6191, p < 0.0001), with the exception for ‘ranges’ 0 and 1 (p0–1 = 0.2672) (Figure 3a).
Thus, the fish communities of locations within salinity ranging from 0.0 to 1.9‰ can be
considered homogeneous. Therefore, two groups of samples composing ‘Salinity ranges’
0 and 1 (see Table 1) were combined for the reasons of subsequent examination. Since the
effect of salinity on the fish community was to be highest, the subsequent analysis of the
remaining factors (‘Filamentous algae’, ‘Macrophytes’, and ‘Turbidity’) was conducted on
samples within the salinity range 0.0–1.9‰ to exclude the effect of the salinity gradient on
the fish distribution. Geographically, the samples collected within this salinity (ca. 70% of
total samples) belong to the Neva Bay (all samples < 0.5‰) and the Inner Estuary (just
samples in 0.0–1.9‰).
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Figure 3. Result of the DFA on samples ranked by four environmental factors: (a) ‘Salinity ranges’;
(b) ‘Filamentous algae’; (c) ‘Macrophytes’; and (d) ‘Turbidity’. Significant differences between vari-
ables of each factor are presented under the diagrams by p-values. Filamentous algae, Macrophytes,
and Turbidity represent the data within salinity ≤ 1.9‰.

Significant differences between all groups of samples within salinity 0.0–1.9‰ were
obtained for ‘Filamentous algae’ (DFA, Wilks’ Lambda = 0.1872, approx. F = 3.1576,
p < 0.0001) (Figure 3b). For the ‘Macrophytes’ (Figure 3c), a significant level of differences
was also detected (DFA, Wilks’ Lambda = 0.3152, approx. F = 1.8818, p = 0.0045); there
was no difference only between the group of samples without any macrophytes and the
samples where only submerged vegetation was present (p0–1 = 0.1912).

DFA revealed the significant level of differences for ‘Turbidity (Figure 3d) (Wilks’
Lambda = 0.3884, approx. F = 1.8618, p = 0.0021). However, only the groups of samples
taken at the most turbid and the clearest water were significantly different during the
summer period (p0–2 < 0.0001). The differences only between the extreme groups can be
explained by ranking without direct measurements of the turbidity, when the probability
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of estimation’s error may be rather high. This, along with the results of ANOSIM, suggests
rejecting the ‘Turbidity’ factor in the downstream analysis.

3.2.2. Influence of Environmental Factors on the Species Richness and the Fish Density

A moderate positive correlation of the fish density both with water temperature
(R = 0.31, p < 0.001) and ‘Filamentous algae’ (R = 0.38, p < 0.001) was detected. The same
was found between species richness and ‘Macrophytes’ (R = 0.37, p < 0.001).

The fish density was at maximum (Kruskal–Wallis, H = 7.8; p = 0.02) with the salinity
range 2.0–2.9‰ (Figure 4). No significant differences in the fish density were observed
for other factors. The species richness did not differ significantly between different salini-
ties. This index was lower both within the zero values of ‘Macrophytes’ (Kruskal–Wallis,
H = 13.2; p = 0.001) and ‘Filamentous algae’ (Kruskal–Wallis, H = 7.8; p = 0.02).
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Figure 4. Mean values of fish density per 100 m2 (above) and species richness (below) for environ-
mental factors ‘Salinity ranges’, ‘Macrophytes’, and ‘Filamentous algae’ during summer. Filamentous
algae and Macrophytes represent the data with salinity ≤ 1.9‰.

3.2.3. Differences in the Species Composition, Occurrence, and Density

Differences in the species composition, occurrence, and density of certain fish species
between groups of samples influenced by environmental factors were studied on the
material collected during summer.

Discriminating taxa by the results of SIMPER are shown in Figure 5. Around 90% of
dissimilarity between groups of samples (0; 1; 2; etc. see Materials and Methods) within
each environmental factor was associated with 14 species (41% of species list; see Table 2).
The first five discriminating taxa always included P. marmoratus, A. alburnus, and R. rutilus.
In the case of ‘Macrophytes’ and ‘Filamentous algae’, around 50% of dissimilarity for each
environmental factor was provided by four “core” freshwater species and P. marmoratus.
‘Salinity ranges’ were differed by two “core” freshwater and three “secondary” estuarine
species. “Rare” and “sporadic” species together provided less than 20% of dissimilarity.
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tion of each species to the dissimilarity between groups of samples within each factor is arranged
descending. Filamentous algae and Macrophytes represent the data within salinity ≤ 1.9‰.

The species typifying each group of factors were also usually composed of the “core”
species and some mostly occurring and abundant “secondary” species (see numbers on
Figure 6). The number of such species by the results of SIMPER varied from five to eight.
Alburnus alburnus, R. rutilus, and P. fluviatilis were always among the list of typifying taxa.
Pamatoshistys microps and both species of sticklebacks were typical for high salinities, while
P. marmoratus was typical for the presence of filamentous algae and macrophytes.

Nonetheless, the frequency of occurrence and mean D of certain species remarkably
varied for each variation of environmental factors. Variability of the V and D values for
17 fish species (sporadic species were not overviewed) within different environmental
variables is given in Figure 6. Most of these species occurred in the locations with any
values of ‘Salinity ranges’, ‘Macrophytes’, and ‘Filamentous algae’ (except for S. lucioperca,
R. albipinnatus, N. melanostomus, A. brama, and L. leuciscus). The frequency of occurrence
achieved > 50% for A. alburnus and P. fluviatilis in all categories of studied variables. The
highest average D values were demonstrated mainly by “core” (in the case of whole eGoF;
see Table 2) and “secondary” species.

The species composition with V > 50% changed along the salinity gradient (although
the gradient seems to be relatively small, 0.0–4.5‰). Pomatoschistus microps, G. aculeatus,
and P. pungitius replaced G. cernua and R. rutilus as the most frequent species with a salinity
increase (Figure 6). The frequency of occurrence of the P. marmoratus was > 50% at a
salinity > 2‰, but at a salinity ≥ 3‰ its V-value significantly decreased (12.5%). Inversely,
the V-value of G. gobio decreased in the salinity 0.5–1.9‰. Romanogobio albipinnatus, S. luciop-
erca, and L. leuciscus were not recorded at a salinity ≥ 3‰. The average D-values were the
highest for the most of species at a salinity of 2.0–2.9‰, while the same for a P. marmoratus
and P. pungitius was revealed at ≥ 3‰.

With an increase of filamentous algae abundance, V-values of the P. marmoratus and
C. taenia heightened significantly (from 25 to 100% and from 12 to 60%, correspondingly).
C. taenia is the only one “rare in the eGoF” species with such high occurrence varia-
tion. Maximal abundance of filamentous algae coincided with remarkably decreased
V-values of B. bjoerkna and S. erythrophthalmus, while four species (R. albipinnatus, A. brama,
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S. lucioperca, and L. leuciscus) fully disappeared. Mean D-values of the P. marmoratus
(Kruskal–Wallis, H = 9.8; p = 0.007) increased most significantly at the highest abundance
of filamentous algae.
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radic” species; see Table 2) at the different values of three environmental factors. Abbreviations:
A.a—A. alburnus; A.b—A. brama; B.b—B. bjoerkna; C.t—C. taenia; G.a—G. aculeatus; G.c—G. cer-
nua; G.g—G. gobio; L.l—L. leuciscus; N.m—N. melanostomus; P.f—P. fluviatilis; P.mar—P. marmoratus;
P.mic—P. microps; P.p—P. pungitius; R.a—R. albipinnatus; R.r—R. rutilus; S.e—S. erythrophthalmus;
S.l—S. lucioperca; Abs—those of 17 species that were not detected. Filamentous algae and Macro-
phytes represent the data within salinity ≤ 1.9‰. Numbers above the points indicate group of typified
taxa by the results of SIMPER (numbers are arranged descending accordingly to its contribution to
similarity—from highest to less typical). Frequency of species occurrence and mean density were
estimated here from pool of samples within certain group of each factor, but not from Table 2. Mean
densities were root transformed for presentation convenience.

Only four species demonstrated V-values ≥ 50%, when macrophytes were absent.
With the emergence of submerged macrophytes, the V-values of P. marmoratus, L. leuciscus
and C. taenia notably increased (from 18 to 57%; from 19 to 57%; and from 4 to 26%,
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correspondingly). In semi-submerged macrophytes, the V-values of P. marmoratus and
C. taenia continued to increase; additionally, B. bjoerkna occurred with a frequency of 50%.
The average D-values of A. alburnus were the highest where macrophytes were absent;
with the appearance of semi-submerged vegetation, A. brama became the most abundant
(Figure 6).

4. Discussion

Our study revealed that 34 fish species recorded in the shallows of the eGoF select
favorable habitats among the heterogeneous coastal biotopes, which are highly diverse
in the studied area [10]. We have identified three key environmental parameters that
most affect the distribution of the species composition and density—(i) water salinity,
(ii) the presence of macrophytes, and (iii) the presence of filamentous algae. They were
also recognized as the most impactful to the distribution of aquatic organisms in other
areas [7,11,34]. These key environmental parameters caused the changes in species richness,
composition of typical taxa, variations in the occurrence, and density. We suggest that our
results are essential for future ecological investigations, coastal ecosystem management,
and conservation of the Baltic Sea ecosystem. It provides opportunities for modelling
potential fish assemblages based on environmental data, which is the aim of the future
research. Below, we consider the impact of certain parameters in more detail.

4.1. Salinity

Water salinity was the most significant factor affecting the composition and distribu-
tion of the fish in the eGoF. This is in good agreement with the common ideas about the
formation of biocenoses [35]. Thorman [11] has stated that salinity was the most impactful
factor in the northern Baltic Sea, affecting a number of species. The eGoF is an extended
estuary with a distance from the mouth of the Neva River to Gogland Island ca. 180 km.
It has a bright pattern of westward salinity gradient from near-zero values to 5‰ [36].
Periodical variations in salinity, which are typical in the eGoF [37], were also detected in
the coastal zone during our research. They are associated with the predominance of the
inflow of brackish waters from the west or the runoff of fresh water from the Neva River
in the east [37]. In the western part of the Gulf of Finland (west of Gogland Island), the
salinity gradient is less pronounced (salinity 4–6‰) [38].

The fish species composition in the eGoF with the freshwater species prevailing is
different to that from the western part of the Gulf [39,40]. The core of the fish assemblage
of the eGoF coastal area was represented by five freshwater species—A. alburnus, R. rutilus,
G. gobio, P. fluviatilis, and G. cernua. According to other recent studies, these species were
also common in estuaries and coastal areas in different parts of the Baltic Sea [4,12,16,39].
Generally, the “core” of fish assemblage is composed of species that are adapted to various
types of habitat, from small freshwater ponds to large brackish water areas such as the
Baltic Sea coastal zone [12]. The same freshwater species (R. rutilus, P. fluviatilis, and
G. cernua) were the most abundant and distributed in the closest Finnish coast of the Gulf
of Finland [12]. The common bleak Alburnus alburnus is a relatively rare species beyond the
eastern Gulf of Finland and inhabits similar estuarine areas [4,41]. Generally, A. alburnus
was not as numerous as R. rutilus and P. fluviatilis, which are more common and widely
distributed in the Baltic Sea.

Beyond the oligohaline Gulf of Finland, the occurrence of freshwater fishes declines
notably. At the shallow habitats of the more saline waters of the Baltic Sea, marine and
brackish fish species predominate—A. tobianus, Hyperoplus lanceolatus (Le Sauvage, 1824);
Platichthys flesus (Linnaeus, 1758); Scophthalmus maximus (Linnaeus, 1758); C. harengus
membras; S. sprattus balticus; and P. minutus [3–5,12,16]. According to our results, no
significant change in the fish species composition was revealed in the coastal shallows of
the eGoF within a salinity gradient of 0.0–4.5‰. However, with an increase of water salinity,
the occurrence and number of estuarine species (e.g., P. microps and G. aculeatus) was more
frequent. At the highest measured salinity (3.0–4.5‰), only a few freshwater “secondary”
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and “rare” species were absent (S. lucioperca, R. albipinnatus, and L. leuciscus). In total, only
four marine species were observed in the eGoF shallows; all of them were “sporadic”.

According to classifications of water masses [26,27], the coastal waters of the eGoF
are classified as freshwater (up to 0.5‰) and oligohaline (from 0.5 to 5‰). Additionally,
Aladin and Plotnikov [28] determined that waters with a salinity up to 2‰ to be the “main
freshwater zone”, and from 2 to 5‰ to be the “transitional zone” from fresh to brackish
waters. This is below the level of the “critical salinity” barrier or “α-horogalinikum”
(5–8‰) evidenced by Remane [42] and Khlebovich [26,43]. “Critical salinity” is the nucleus
of brackish waters and is characterized by a notable decrease in the number of both
freshwater and marine species changed by “brackish water” fauna [28]. Nevertheless,
inside oligohaline waters, it is assumed that there is an intermediate oligohaline barrier
or “δ-horogalinicum” (0.5–2.0‰) separating fresh and brackish waters [28]; this barrier
restricts the spreading of “true freshwater” stenohaline species to brackish waters [27,28].
Our results showed that the fish community within water a salinity < 2.0‰ (fresh and
“δ-horogalinicum” waters, or “main freshwater zone”) was homogeneous, and at the same
time it differed by species composition and individual occurrences from those within a
salinity ≥ 2‰ and ≥ 3‰. Moreover, the last two groups were also significantly different.
This suggests that the “δ-horogalinicum” also exists for the fish community. Estuarine
and marine species were lacking within a salinity < 2.0‰. Only P. microps, P. marmoratus,
N. melanostomus, and G. aquleatus (the last three are mostly euryhaline) were recorded.
Based on this observation, the coastal fish community in the inner parts of the eGoF (Neva
Bay and part of the Inner Estuary) can be classified as typical freshwater fauna of rivers and
lakes. While the outer parts (Vyborg, Koporskaya, Luga, and Narva Bays) are more complex
and composed of freshwater and estuarine–brackish water fauna with the inclusion of some
marine species. The combination and temporal exchange of these groups occurs in the
Inner Estuary (most pronounced along the southern coast), due to the intensive mixing of
water masses—Neva River runoff from the east and brackish water inflows from the west.

4.2. Filamentous Algae

Filamentous algae are the second key factor affecting the coastal fish community. A
relatively low biomass of filamentous algae provides a complex habitat rich in resources
for the benthic fauna and refuges for small fish, crustaceans, and gastropods [44,45]. At
the same time, the accumulation of large mats of destructive filamentous algae along
the coast in late summer is accompanied by an intense eutrophication and a drop in
the dissolved oxygen concentration [46,47], which has a detrimental effect on the coastal
benthic community [48]. The increase in the biomass of filamentous algae in the Baltic
Sea caused significant changes in the fish community and a decrease of fish abundance in
shallow waters as shown by Pihl et al. [34]. In addition, filamentous algae may produce
toxic exudates resulted in the increased mortality of fish eggs [49,50]. Cladophora glomerata
(L.) Kütz, Ulva intestinalis L., and Pylaella littoralis (L.) dominate in the community of
filamentous algae in various areas of the eGoF [51]. The development of C. glomerata in the
eGoF is the most intensive in comparison with other areas of the Baltic Sea [47,52]. Algal
mats support the complex and highly productive invertebrate communities of the littoral
zone in the Neva Estuary that feed on it [48,53]. At the same time, Demchuk et al. [54] show
that such invertebrates (chironomids, zooplankton, and insects) that occurred in algal mats
were important food components for mass fish species inhabiting coastal zone of the Gulf
of Finland.

Our results show that although the species richness was minimal at the complete
absence of filamentous algae, the greatest variation of species richness was observed at a
high abundance of filamentous algae (Figure 4). The list of fish species was decreased by
four species (S. lucioperca, R. albipinnatus, L. leuciscus, and A. brama) at a high abundance of
filamentous algae. This was the shortest species list when compared with the samples for
other environmental variables (Figure 5). At the same time, a moderate positive correlation
was detected between the abundance of filamentous algae and the density of fish in catches.
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Moreover, the density and the occurrence of the alien species, tubenose goby P. marmoratus,
increased significantly with an increase in filamentous algae biomass; this species prefers
such a habitat [55]. Thus, the influence of filamentous algae on the species richness and
density of the coastal fish assemblages in the eGoF seems to be ambivalent.

Apparently, filamentous algae have the greatest negative effect on the reproduction of
fishes—on the eggs and larvae, particularly; this effect is more pronounced during algae
dieback [45,56,57]. Despite this, the postlarvae and early juveniles of gobies, cyprinids, and
sticklebacks were found in mass in habitats with abundant growths of filamentous algae as
well as among their detached fragments in the water column. This is probably due to the
juveniles being attracted by invertebrates developing on algae mats. Juveniles, compared
to eggs and larvae, are able to actively migrate in shallow waters and avoid anoxic zones in
algal mats. Nevertheless, notable changes in the fish assemblage under the pressure of a
continuous increase of filamentous algae in the Baltic Sea can be expressed in a long-term
period by the disruption of fish reproduction [58].

4.3. Macrophytes

Macrophytes significantly influence the structure of the fish community [34]. The
aquatic vegetation is important for the successful reproduction of many fish species in the
Baltic Sea, providing spawning substrate, nursery grounds, and shelter from predation for
juveniles [4]. The abundant vegetation positively correlated with the species richness and
abundance of fish that find refuge and food among the plants [59,60].

Overgrowing by semi-submerged macrophytes (Phragmites spp., Scirpus spp.,
Typha spp., etc.) has been occurring continuously in the eGoF coastal areas in recent
decades [61,62]. The most intense expansion of reeds is most common in the Neva Bay and
the Inner Estuary. This process was enhanced after the Saint Petersburg Flood Prevention
Facility Complex (SPb FPFC) dam construction [63]. At the same time, communities of
submerged macrophytes (Potamogethon spp., Elodea sp., Stratiotes sp., etc.) are extremely
unstable here due to the intense impact of hydrotechnical works and increased water
turbidity [62,64].

Our study showed that the presence of macrophytes in the eGoF coastal shallows had
a positive effect on the fish species richness (see Figure 4). Remarkably, the fish community
of thickets of semi-submerged macrophytes significantly differed from that of thickets of
submerged macrophytes and shallows with no vegetation in terms of the composition
and abundance of certain fish species (see Figure 3). At the same time, the absence of
such differences between the last two groups (‘submerged’ and ’no vegetation’) might
be explained by the impossibility of soft submerged vegetation to reduce a wind-wave
impact, as compared to semi-submerged thickets. In southwest Finland, dense reed belts
are spawning and nursery areas for ten (undoubtedly, even more) fish species [4]; 9/10 of
which were recorded in our study. Apparently, the macrophytes make habitat more complex
and more suitable for the concentration of larvae and mature and spawning individuals
in different seasons. Studying the fish assemblages in thickets of different types, their
relationship at different life stages is the aim for further research. Based on the current
trend of the expansion of vegetation in eGoF shallows, we suggest further changes in the
fish community.

4.4. Other Environmental Factors

Water turbidity can have a variety of effects on fish depending on the intensity and
origin. Its effect can be both negative (depression of respiration and metabolism, changes
in feeding behavior, disturbed migration and distribution, silting the eggs and larvae, etc.)
and positive—through a change in the prey–predator relationship and attractivity for some
actively moving fish [65–67]. In recent decades, a periodic increase in water turbidity in the
eGoF associated with dredging or blooming has been observed. The turbidity is especially
high in the Neva Bay [68]. Eutrophication resulting in summer water blooms can signifi-
cantly impact fish communities over a large area [69]. At the same time, Korpinen et al. [70]
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showed that nutrient inputs (which provide the eutrophication increase) were estimated as
one of the highest pressures in the entire Baltic Sea area. In addition, increased turbidity
occurs after storms and water level fluctuations in shallow waters [65]. Although we
observed the differences between fish communities inhabiting highly turbid and clean
water, we were not able to exactly determine the turbidity source. The lack of quantitative
measurements of turbidity made it difficult to clearly distinguish the effects of turbidity
and salinity on the fish community. Moreover, these two factors turned out to be negatively
correlated due to the different directions of their gradients. Nonetheless, further studies
of the effects of submerged sediments and eutrophication on the fish community using
quantitative values may clarify this issue.

Water temperature, according to Thorman [11], mainly affects the success of reproduc-
ing and the fish recruitment abundance. For yearlings and older fish, temperature does not
seem to be so critical a factor compared to larvae [71]. According to our results, the water
temperature did not affect the species’ richness and differences in the species’ composition
in the summer period but it was moderately positively correlated with the fish density in
catches. Apparently, the interannual effects of temperature may be more notable (e.g., on
larvae abundance or growth rates of juveniles).

Bottom substrates within coastal waters of the eGoF are characterized by a wide
variety, due to the complexity of accumulative and erosional processes on the coasts [10,72].
Nevertheless, no correlation between the fish community structure and type of bottom
sediments was detected. Most of the fish species were found on all types of bottoms.
Preferences of fishes for bottom substrates are difficult to trace, especially in the presence
of a primary influence of hydrological factors (e.g., salinity) [35]. However, Veneranta and
Urho [71], in their study at the Hanko Peninsula that geographically restricts the Gulf of
Finland, were also unable to determine certain relationships of the local fish assemblage
and the bottom substrate even within the relatively constant salinity (5–6‰).

Therefore, there is a perspective for more detailed studies of such parameters as
turbidity, water temperature, and bottom sediments in the coastal habitats, and their
relationships with the composition of the fish community. Concerning human impact, one
may suggest the relevancy of further research on the influence of hazardous substances,
particularly heavy metals, which were assessed by Korpinen et al. [70] to be one of the
most impactful pollutants in all sub-basins of the Baltic Sea. It is important to understand
the dosages of toxic substances assimilated by the juveniles of the fishes during their
inhabitance in the coastal shallow habitats.

5. Conclusions

The coastal fish community of the eastern Gulf of Finland demonstrates a low het-
erogeneity. It is composed of freshwater and estuarine species; brackish water species
were found in the western part of the studied area. The “core” of the coastal fish assem-
blage of the eastern Gulf of Finland is represented by five freshwater species (A. alburnus,
R. rutilus, G. gobio, P. fluviatilis, and G. cernua), which demonstrated high frequency in any
environment. We identified three key factors influencing the coastal fish community of
the eastern Gulf of Finland: salinity, filamentous algae, and macrophytes. Salinity is the
most impactful factor and should be taken into account in all studies of the distribution of
aquatic organisms in the eastern Gulf of Finland. The other two factors are biotic and often
associated with human activity in the studied area. The development and expansion of
filamentous algae and macrophytes need monitoring action and more extensive studying
of their effect on aquatic organisms. The coastal fish community of the eastern Gulf of
Finland was indifferent to the type of bottom substrate in our study. This can be explained
by the large diversity of observed underwater landscapes, the high dynamics of the fish
community, and the low habitat selectivity of the majority of species.
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Appendix A

Table A1. Environmental variables at the coastal locations surveyed in 2011–2017.

Environmental Variables
Area

I II III IV V VI
A = 40 A = 78 A = 8 A = 7 A = 8 A = 10

Ranged variables

Variables Values Description Location N◦

Salinity
ranges

0 <0.5‰
20–26 13–19; 27–30

40 51

1 0.5–1.9‰
11–15; 27; 29–31 35

24 1

2 2.0–2.9‰
29–30 32–36 37 41 1–10

2 7 2 1 10

3 ≥3.0‰ 31 37 38–41
1 6 7

Bottom
substrate

1 pure sand 23–25 14; 16; 27–30 32; 34; 36 37 9
22 28 3 7 1

2 stones prevail 11–13; 15; 17; 31 33 40 1; 10
13 1 1 3

3 mixed
20–22; 26 13; 15; 18; 19; 27; 30; 31 35 38; 39; 41 2; 3; 5–8

18 37 4 7 6

Macrophytes

0 absent
20; 22; 23 11; 13–19 32; 34; 36 37 7; 10

7 30 3 7 3

1 submerged 20; 22 12; 13; 18; 28 35 39; 40 1; 2; 3; 5
8 18 2 2 4

2
semi-submerged
and submerged

21; 24–26 18; 27; 29–31 33; 35 38; 41 6; 8; 9
25 30 3 6 3

Filamentous
algae

0 absent
20–25 11–19; 29–31 34–36 37 41 5–7

31 43 3 5 1 3

1 present, not
abundant

20; 22; 24–26 11; 13; 15; 17; 18; 27–30 32 37 38; 39; 41 3; 10
8 30 1 2 5 2

2 abundant
24 13; 27; 31 33; 35 40; 41 1; 2; 8–10
1 5 4 2 5

Turbidity

0 clear water
20; 22–25 12–14; 17–19; 27; 28; 30; 31 32–36 37 38–41 1–3; 6; 8–10

7 22 7 4 7 8

1 moderate turbidity 20; 22; 25 11; 13; 15; 17–19; 27; 29–31 37 5; 7
10 26 2 2

2 high turbidity 20–26 13; 15–18; 27; 29–31 35 37 41
23 30 1 1 1

Measured parameters

Parameter Value Limits (min–max)

Temperature ◦C 3.8–25.1 3.5–24.5 16.0–28.8 12.5–27.2 10.9–22.5 15.1–22.9
Salinity ‰ 0.0–0.4 0.1–3.1 1.3–2.7 2.8–3.8 2.9–4.5 1.8–2.9

I—Neva Bay; II—Inner Estuary; III—Koporye Bay; IV—Luga Bay; V—Narva Bay; VI—Vyborg Bay and north-
ern coast of the Outer Estuary; In the ranged parameters: Locations № placed above the line; A—number of
samples—placed under the line.
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