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Abstract: Multiple stressors, such as overfishing, pollution, climate change, biological invasions
etc., are affecting fish communities, and thus can have versatile effects on marine ecosystems and
socio-economic activities as well. Understanding the changes in the fish community structure is
ecologically and economically important, yet a very complex issue, requiring comprehensive analysis
of multiple factors. The role of regional oceanographic variability, namely, coastal upwelling, is
often neglected when it comes to the analysis of fish assemblages. In this perspective, we were
aiming, for the first time in the Baltic Sea, to assess the upwelling influence on fish communities and
fish community-based ecological indices used under Marine Strategy Framework Directive. The
study covered a long-term period (2000–2019) for upwelling identified by satellite data analysis and
fish gillnet surveys, performed in three distinct locations in the coastal waters of the SE Baltic Sea.
Overall, our study revealed that temporal dynamics of fish abundance and community composition
were associated with the presence of coastal upwelling. The study outcomes suggest that the
fish community was more diverse and a higher number of some fish species was observed before
upwelling. During upwelling, there was more evident dominance of 1–2 main marine fish species.
Through the changes in fish abundance and species composition upwelling was also responsible for
the changes in fish community structure-based indices for marine environment status, i.e., in the
majority of the cases a decrease in Trophic, Piscivorous Fish, and Diversity indices were observed.
Our study demonstrates that upwelling can affect both, the quantitative and qualitative characteristics
of coastal fish communities, therefore, it is important to consider this when predicting shifts in the
distribution of fish stocks or assessing environmental status indicators, especially under changing
climate. We believe that our approach adds novel information to the study of coastal ecosystems of
the Baltic Sea and is important for better management of socio-economic activities in the coastal zone.

Keywords: upwelling; SST; fish community; ecological indices; good environmental status (GES);
marine ecosystems

1. Introduction

Many coastal regions support rich marine ecosystems and are important areas for
economic activities, including fisheries [1] which is one of the most important services
derived from coastal and marine ecosystems [2]. However, the variability of environmental
factors such as water temperature, salinity, and availability of food might significantly
influence the abundance, distribution, and species composition of fish [3,4] and may also
significantly affect the growth of marine species [5]. In turn, these parameters are to a great
extent influenced by coastal upwelling, which brings cold nutrient-rich waters to the surface
making upwelling sites of particularly high productivity [6]. Eastern ocean boundaries are
some of the most productive areas on the Earth supporting major fisheries as a result of
wind-driven coastal upwelling systems [7]. In these systems, coastal upwelling is regulated
by Ekman dynamics, where winds blowing alongshore towards the equator transport
surface waters offshore, causing them to be replaced by cold and nutrient-rich waters from
depth, thus increasing phytoplankton production [8]. Besides the aforementioned major
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upwelling systems, there are other important upwelling regions in the Global Ocean. For
example, the production and its variability over coastal upwelling systems located at the
western Arabian Sea, Sri Lanka Dome, and the Java and Sumatra coast is a key concern
for the fishing sector and are important for the Indian Ocean rim countries [9]. Seasonal
upwelling systems observed in the Pacific Ocean East Asian marginal seas have become
increasingly important because the potential changes in the upwelling may have a dramatic
ecosystem, socioeconomic, and even climate impacts [10]. However, less attention has been
paid to the short-term upwelling events that are also relatively frequently observed in the
enclosed or semi-enclosed seas such as the Mediterranean Sea [11,12], Black Sea [13,14] or
the Baltic Sea [15–18].

In particular, upwelling is a typical phenomenon of the Baltic Sea [16,17]. Here, the
extensive coastlines oriented in many directions mean that winds from any direction
blowing parallel to some section of the coast can cause local coastal upwelling [19,20].
It was found that coastal upwelling is rather frequently observed at the SE Baltic coast,
occurring about four times per warm (April-September) season and covering about 16%
of it. The typical upwelling-induced sea surface temperature (SST) drop here is about 2–6
◦C with the maximal values reaching up to 10–14 ◦C, suggesting that the water is being
uplifted from the bottom layers, where they are generally nutrient-rich and relatively cold
even during summer months [17]. In addition, satellite-based analysis of chlorophyll-a
(Chl-a) variability in the coastal zone of the SE Baltic Sea revealed that Chl-a concentration
in the upwelling zone is, on average, 40–50% lower than in the ambient waters due to
lateral offshore transport of warm and productive coastal waters [18]. In turn, through
the changes in thermal balance and nutrient conditions, coastal upwelling significantly
influences the coastal ecosystems of the Baltic Sea [18,21,22].

The environmental effects of the Baltic Sea upwelling have received considerable atten-
tion in a relation to changes in nutrient concentrations [23] and primary production [18,22,24].
However, the possible upwelling impacts on higher trophic levels, such as coastal fish commu-
nities, have not yet been assessed in the region, although fishery dynamics might be influenced
in a complex way by the changes in biophysical environments [25]. Upwelling-induced rapid
decrease in water temperature could be an important factor for ecosystem processes from phy-
toplankton and cyanobacteria to upper trophic levels. It is well known and documented that
fish have a fast and direct response to suddenly changing temperatures as water temperature
controls and limits all physiological and behavioral parameters of ectotherms [26]. Therefore,
rapid decreases in water temperature may result in a number of physiological, behavioral,
and fitness consequences for fish [27,28]. Variations in upwelling intensity can influence the
spawning behavior, larval survival, and even recruitment success of some species [29].

Baltic coastal waters are intensively used by nine nations for regionally important
commercial fishery [30]. At the same time, the coastal zone is precisely the place where
the wind-induced upwelling develops, thus it has a direct influence on coastal areas that
are the key spawning and feeding habitats for many marine species, such as flounder
(Platichtys flesus), Baltic herring (Clupea harengus membras), turbot (Scophthalmus maximus)
and a number of non-commercial species. The coastal zone is also an important area
for freshwater fish species, such as percids (Percidae) and cyprinids (Cyprinidae) [31].
Coastal fish communities are of high ecological and socio-economic importance in the
Baltic Sea, both for ecosystem functioning and for recreational and small-scale coastal
commercial fishery activities [31], however, they are influenced by a multitude of impacting
pressures [32]. We hypothesize that by the presence of upwelling, through the suddenly
decreased temperatures, the activity and, in turn, catchability of fish may decrease, at the
same time affecting the efficiency of passive fishing gears, such as nets or traps.

In addition, the potential impact of upwelling on coastal fish assemblages (diver-
sity, community structure, and separate coastal species appearance and abundance) may
have other overlooked aspects. For example, fish community-based ecological indices are
used to evaluate marine environment status according to HELCOM and Marine Strategy
Framework Directive (MSFD, 2008/56/EC) [33]. In turn, if fish community surveys are
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performed under monitoring programs with temporally limited sampling and the eval-
uation of environmental status coincides with upwelling-impacted fish community, this
potentially may lead to misinterpretation of good environmental status (GES). Therefore,
our aim was to better understand the importance of coastal upwelling on fish communities,
fishing stocks, and fish community indices-based environmental monitoring reliability.
For this, coastal fishing efficiency due to short-term upwelling events was analyzed by
coupling long-term (2000–2019) satellite SST data and fish communities’ data originating
from gill-net fishery monitoring activities. We hypothesize, that even though Baltic Sea
upwelling is a short-term phenomenon with more of a sporadic nature, it can still influence
coastal fish communities and, therefore, should be taken into account when evaluating the
overall status of the environment.

2. Materials and Methods
2.1. Study Site

The Baltic Sea is an enclosed, brackish, shallow sea with limited water exchange, strong
seasonality, and stratification [34,35]. Our study area covers part of the South Eastern (SE)
Baltic Sea region and is representing the Lithuanian Baltic Sea coastal waters (Figure 1). The
coastal area of the SE Baltic Sea is relatively shallow, up to 20 m in depth. The lowest water
temperatures here are observed in winter months (in January and February the average
water temperature is around 2 ◦C), while in summer months, e.g., July and August, the
average water temperature is around 18–19 ◦C (see, e.g., [36]). The salinity in the coastal
zone is varying around 6–7, while in the Curonian Lagoon plume-affected waters it can
drop down drastically to being nearly fresh water (0–3) [37]. The coastline itself is relatively
straight and oriented in such a way that coastal upwellings are rather frequently observed
in the region under northerly and north-easterly winds [16,17,19], especially during the
warm season, when the vertical temperature stratification is strongest. In addition, a
shallow, highly eutrophic, and mainly freshwater basin—the Curonian Lagoon that has
a connection to the sea through the narrow (0.4–1.1 km) Klaipeda Strait at the northern
end of the Lagoon, and is situated here. Apart from the episodic formation of upwelling
fronts, the Curonian Lagoon coastal plume, containing highly productive lagoon waters, is
another common dynamic feature along the Lithuanian coast [36,38].
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Figure 1. (a) Study area and sampling locations (marked as blue) at the coastal zone, which cor-
responds with the 20 m isobath. (b) An example of strong coastal upwelling in June 2018 on the
Lithuanian Baltic coast, showing the spatial distribution of sea surface temperature from MODIS
SST data.

The three sites alongside Lithuania’s seashore were studied in this survey, representing
spatial replicates that are also characterized by different bottom types, i.e., Klaipeda at
the end of Curonian Spit, which is predominated by the bare sand seabed, and Karkle
and Sventoji (Figure 1) that contain diverse bottom types, including stones, gravel, coarse,
medium, and fine sands with patches of macroalgae [37].

2.2. Upwelling Statistics

To understand the upwelling influence on fish assemblages we focus on the warm
period (April-September), when upwelling is most pronounced in terms of SST changes.
Upwellings were identified based on the methodology used in the previous research
works [15,39], i.e., 2 ◦C threshold was used (temperature drop ≥2 ◦C relative to ambient
waters) to identify coastal upwelling events in satellite SST images and exclude other
processes with temperature changes not associated with coastal upwelling, e.g., diurnal
temperature changes. More details are provided in the study of [18]. For upwelling
identification and evaluation of upwelling-related SST drop, level-2 SST data were extracted
from daily MODIS Terra/Aqua SST products for the period of 2000–2019 that have been
obtained from the NASA OceanColor website (http://oceancolor.gsfc.nasa.gov/, accessed
on 1 September 2021). During the study period, 80 upwelling events were identified in the
SE Baltic Sea coast for the April-September months. According to a detailed study of the
SE Baltic Sea upwelling conducted by authors of [18], upwelling in this region is typically
observed four times per warm period with a peak in July. The typical upwelling-induced
temperature drop is 2–6 ◦C (can reach up to 10–14 ◦C during extreme cases) with an average
SST drop in spring around 3.5 ◦C, while in summer and early autumn, it is 5.3 ◦C. The
cross-shore extent of the SE Baltic Sea upwelling is about 10–20 km, with the along-shore
length ranging from 50 to 400 km. All estimated upwelling events were compared with the
dates of all available coastal fishery campaigns, and 36 upwelling events that coincided
with the dates of fishing before and during the same upwelling event were chosen for more
detailed analysis.

http://oceancolor.gsfc.nasa.gov/
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2.3. Coastal Fish Communities Monitoring Data

Fish catch (FC) data from 2000–2019 April-September were collected during the
monitoring of coastal fish communities in three locations alongside Lithuania’s seashore:
Klaipeda, Karkle, and Sventoji (see Figure 1). Coastal monitoring was performed at random
dates under suitable hydrometeorological conditions but kept once-per-month frequency
for considerable temporal coverage. The fishing was performed according to HELCOM
guidelines for coastal fish monitoring sampling methods [40] using a consistent set of
multi-mesh (14–17.5–20–30–40–45–50–55–60–70 mm) gill nets, usually set for 24 h (always
covering the period from dawn to sunrise). Nets are set at 5–15 m depth in the coastal
area, up to 1 km from the shoreline. For FC analysis, the standardized catch per unit effort
(CPUE) for abundance and biomass was calculated and standardized for 75 m length of
gillnet per 24 h. CPUE serves as an indirect measure to estimate relative abundance and
biomass for a population in a given time and/or place, therefore, is widely used for stock
assessment [41].

For calculation of total CPUE and below-described fish community-based indices,
all caught fish species were included in the analysis, while only nine most common and
important fish species were used to assess species-level upwelling impact.

2.4. Fish Community-Based Indices for Marine Environment Status Assessment

To understand if upwelling can influence the assessment of the ecological status of
coastal waters we analysed fish community diversity (H), Trophic (TI), and Piscivorous
fish indices [42]. The biodiversity of the fish community was quantified using the Diversity
index based on the Shannon index:

H = −ΣS
i=1pi ln pi (1)

where: s—number of species; pi—ratio between the number of a specific species (n) and
the total number of fishes in the sample (N).

H combines species richness and evenness of abundance distribution into a single
value. The higher values are observed, the better and richer diversity there is, and a lesser
number shows that there are a few species or there is a dominance of a specific species [43].

The fish community Trophic index reflects the general trophic structure at the commu-
nity level and is based on estimates of the proportion of fish at different trophic levels:

TI = Σi(TLi) ∗ (pi) (2)

where: TLi—trophic level of a specific species, taken from [44]; pi—ratio between the
number of a specific species (n) and the total number of fishes in the sample (N).

Very low TI values may indicate overfishing and/or domination of species favoured
by eutrophic conditions, while high levels of the index may reflect a decreased abundance
of some naturally dominating non-piscivore species [45].

Piscivorous fish index is based on predatory fish (trophic level 4 or higher) in the
samples and is expressed as the relative abundance of piscivorous in numbers for one
standardized fishing effort (CPUE). As commercial fisheries often target piscivorous fish,
low or decreasing abundances of piscivorous fish may indicate high fishing pressure [46].

These indices are used not only to assess the structure of fish communities but also to
assess good environmental status (GES), according to MSFD. Evaluation of GES consists
of setting GES limits and calculating values for the study period. To calculate the limits,
the baseline data set should typically cover ten or more years of fishery [47]. The sampled
values are then compared with the limits of GES and are determined, whether the indicator
shows good environmental status or bad. Although, due to a lack of historical datasets,
our tentative reference period was partly overlapping with the assessment period. To
avoid the misinterpretations of index boundaries and, accordingly, assessment of good
environmental status, we did not calculate the limits of GES, but analysed the general
variability of fish community-based ecological indices during an upwelling event.
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2.5. Data Analysis

Considering that coastal fish monitoring is performed independently from occurring
upwelling events, only those fish sampling dates that coincided with upwelling either
before or during, or both, were selected. The time period chosen as “before” the upwelling
event was up to 10 days and was considered as a control fish assemblage to compare with
the upwelling-affected assemblage. Two datasets were used in the analyses: (1) all available
fish sampling data from different locations (Figure 1) that coincided with upwelling events
either before (n = 80) or during (n = 101) were used as independent samples for general
control versus upwelling-impacted assemblages assessment; (2) 36 concurrent pairs of fish
samplings that have been performed before and during the same upwelling event were
analysed as dependent samples.

Basic descriptive statistics (frequency of occurrence, minimum, maximum, mean and
median values, percentage distribution of fish) were used to estimate fish community
parameters before and during upwelling events. Before the statistical analysis described
below, FC data were tested for normality and square-root transformations were applied
for the number of fish (CPUE) and fish biomass (CPUE) datasets to meet the normality
conditions. Statistical comparison between the control (before upwelling) and upwelling
groups of the first dataset was performed by applying the Welch t-test, which is used to
estimate the statistical significance of differences between two groups of samples with
possibly unequal variances [48]. In addition, to test for the site (Klaipeda, Karkle, Sventoji)
and season (spring and summer) effect on fish response to upwelling, three-way ANOVA
was applied (before/during upwelling × site × season). Spring season included April and
May months and the summer season was from June to the end of September. Correlation
(Pearson) analysis was applied to test for pairwise relation between the main species in
the assemblage and with the total CPUE and diversity, while for potentially more complex
inter-relations between a set of species in the assemblage, the multivariate principal compo-
nent analysis (PCA) was applied to the fish assemblage characteristics (diversity index and
square-root transformed total CPUE and separate species CPUE) from the first data set of
all available fish assemblages sampled under upwelling conditions (n = 101). The number
of principal components to interpret was selected by the ‘elbow’ rule, plotting the eigen-
values and looking for an ‘elbow’ in the scree plot [49]. Multivariate redundancy analysis
(RDA) was used to relate changes in the main parameters of fish assemblages (diversity,
abundance, and biomass CPUE of sampled assemblage) to the upwelling patterns and
other environmental variables (n = 36) which may have an effect on fishing efficiency. The
changes in CPUE abundance, biomass, and diversity (∆CPUE, ∆Biomass and ∆Diversity)
were used as response variables, showing the difference between parameter values before
and during the upwelling (calculated as the relative difference in percentage, with positive
values meaning increase, negative values decrease and 0 as no change). The change in
SST (∆SST) and salinity (∆Salinity) before and during upwelling was calculated as an
arithmetic difference. Upwelling index (UI) representing a measure of the volume of water
that upwells at the coast was used as a measure of upwelling intensity, more details can
be found at [18]. Additional environmental parameters, which can influence fish activity
and fishing efficiency, therefore the size and structure of the determined fish assemblage,
were air temperature, and moon phase during the sampling under upwelling. Besides, the
moon phase (half to fool moon vs. descending to the young moon), season (spring and
summer), and coastal section (Klaipeda, Karkle, or Sventoji) were added to the analysis as
the nominal variables. For the second dataset paired-samples Student t-test was used to
check if there were statistically significant changes in general and in species parameters
(abundance and biomass CPUE, diversity of assemblage) after the upwelling effect. All
analyses were performed using R 3.5.1 and Brodgar (Highland Statistics Ltd.) version 2.7.5
software. The multivariate analyses were performed using the “vegan” package in R [50].
Significance level for all tests was p < 0.05.
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3. Results
3.1. Fish Catches

In analysed fish assemblages, in total 38 fish species were recorded, with 33 different
fish species recorded in Klaipeda, 29 in Sventoji, and 23 in Karkle. It was also noted, that
marine fish species were relatively more often observed during upwelling (18 species
during and 16 before upwelling), while before upwelling freshwater species were recorded
more frequently (12 species before and 10 during upwelling). In addition, six diadromic
migrants were also observed before and seven during upwelling.

The most abundant species recorded in the whole dataset both, before and during
upwelling was flounder. It was observed during all fish samplings in Sventoji and was also
the most frequently observed fish during samplings in Klaipeda and Karkle. In addition,
perch (Perca fluviatilis), vimba (Vimba vimba), and Baltic herring were relatively abundant
in all sampling locations. The comparison of the frequency of occurrence of different fish
species before and during upwelling (Figure 2) showed that, for example, the occurrence
of perch decreased by 8 to 12% during upwelling. The frequency of vimba occurrence
was observed to decrease in Klaipeda and Karkle by 12–14%. Twaite shad (Alosa fallax)
appeared to be less commonly observed, especially in Klaipeda, where the frequency of its
occurrence dropped by 35%. The frequency of freshwater fish species occurrences, such as
bream (Abramis brama) and roach (Rutilus rutilus), decreased up to two times in Klaipeda,
while there were no considerable changes in other sites. On the other hand, turbot was
more commonly observed during upwelling than before with an increase of frequency by
11% in Klaipeda and by 24% in Karkle. It is also interesting to note that not-so-common fish
species in the SE Baltic Sea, i.e., two individuals of fourhorn sculpin (Triglopsis quadricornis),
three individuals of sole (Solea solea) were only observed during upwelling.
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In addition, Figure 3 was compiled from independent samples of assemblages before
and during three different locations, to analyse changes in fish assemblage structure under
the upwelling. It shows the percentage distribution of the most common coastal species
expressed as an average relative CPUE abundance in the assemblage.
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During upwelling decreased not only the frequency of occurrence but also the share
in the assemblage for perch and vimba in all three locations with the biggest drop of
~6% of both fish species observed in Klaipeda (Figure 3). On the contrary, the relative
increase in the assemblage of flounder by 12–13% in Klaipeda and Karkle was observed
while in Sventoji the increase was slightly smaller, by ~5%. The increase of Baltic herring
by 7% was observed in Klaipeda, while in Sventoji round goby (Neogobius melanostomus)
increased by 7% than compared to observations before upwelling. In addition, this also
demonstrates that the number of other fish species was lower during upwelling than before,
suggesting, that the fish community is less diverse due to the presence of upwelling. The
highest abundance in fish community constituting flounder increases its relative share
in the community even more during upwelling, with statistically significantly higher
average square-root transformed CPUE abundance and biomass in upwelling-affected
versus control assemblages (Welch t-test, p = 0.049 and p = 0.036, respectively). However,
all other separate analysed species and total CPUE and biomass were not statistically
significantly different analysing parameters before and during upwelling as independent
samples (Welch t-test, p > 0.05 in all cases).

Testing for the site (Figure 1) and season (spring and summer) effect on separate
important species and total CPUE abundance and biomass, three-way ANOVA reveals
high importance of a location (Holm-Sidak test, corrected for Bonferroni-type FWER and
adjusted to α = 0.008) for total and all species, except cod (Gadus morhua callarias) CPUE
abundance, reaching highest values in Klaipeda sampling location p < 0.001. Season also has
a statistically significant effect on some species: smelt (Osmerus eperlanus) and Baltic herring
reach higher CPUE in spring, perch, zander (Sander lucioperca) and vimba—in summer (p
< 0.05), while turbot, round goby, cod, and total CPUE abundance did not differ in two
seasons (p > 0.05). There were only weak or no interactions of factors, i.e., upwelling ×
season, upwelling × site, season × location, and upwelling × season × location, therefore
more precise paired-samples Student t-test was applied to pooled 36 concurrent pairs of
fish assemblages, sampled in different locations and seasons consistently before and during
upwelling. Significant increases in CPUE numbers and biomass were found for flounder
and turbot (paired-samples Student t-test, p = 0.031, 0.045, 0.037, and 0.049, respectively)
during upwelling, while for most other species (cod, perch, Baltic herring, European smelt,
vimba, zander) and total CPUE abundance and biomass, no statistically significant changes
were found (p > 0.05). These separate species were related to the total abundance and
diversity index of fish assemblages under upwelling conditions using principal component
analysis (Figure 4).
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Figure 4. PCA correlation biplot for the diversity and square-root transformed total and main species
CPUE of coastal fish assemblages under upwelling conditions. Blue number of samples refers to the
fish assemblages from different sampling locations: 1−Klaipeda, 2−Karkle, 3−Sventoji.

The first two axes explained 50% of the data variability (34% and 16% respectively).
First axis approximated variation in total CPUE under upwelling, which highly correlated
with CPUE of typical SE Baltic coastal marine species such as turbot, flounder, and herring.
The second PC axis approximated variation in diversity and CPUE of vimba and zander,
related also to other cyprinids and percids originating from the freshwater lagoon and
contributing to a higher diversity index. On the other side, the CPUE of cod and smelt
tend to be negatively related to diversity. That could be explained by the fact that these
species are more common and abundant at the coast earlier in the season, when freshwater
fish from the lagoon is not yet at the coast. Taking the pairwise Pearson correlation anal-
ysis results, diversity statistically significantly but weakly correlated only with flounder
(r = −0.39, p = 0.0001) and vimba (r = −0.23, p = 0.021) and total abundance of fish assem-
blage (r = −0.311, p = 0.0016). Total CPUE strongly positively correlates only with flounder
(r = 0.84, p < 0.0001), meanwhile other species, except cod and vimba (p > 0.05) have highly
statistically significant (p < 0.001) but weak to moderate positive correlation. For the second
set of consistent data (n = 36), the multivariate redundancy analysis was applied to relate
various upwelling characteristics and other environmental parameters which may have an
impact on the fish community during upwelling (Figure 5).
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Figure 5. RDA triplot for coastal fish assemblage characteristics (changes in total CPUE abundance
(∆CPUE), biomass and diversity index) with upwelling (UI, ∆SST, ∆Salinity) and other environmental
parameters such as air temperature, and the moon phase, sampling location (Klaipeda, Karkle, and
Sventoji) and sampling period (spring and summer) used as nominal explanatory variables. The
numbers refer to the fish assemblages from different locations: 1−Klaipeda, 2−Karkle, 3−Sventoji.

The redundancy (RDA) analysis showed that changes in sea surface temperature and
salinity, upwelling index and air temperature during the upwelling event, and also full
or half-moon phase, location, and season as nominal variables explained only 17% of the
variation in upwelling-impacted fish community response to upwelling through changes
in CPUE abundance and biomass and diversity, while 86% of this were represented by the
first two axes (53% and 43% first and second axis, respectively). The forward selection and
permutation test results indicated that none of the analysed explanatory variables were
statistically significant (p > 0.05). However, there is a clear trend in the decrease of the
Diversity index by increasing the upwelling index (UI), which represents the intensity of
the oceanographic event. The decrease in CPUE abundance and biomass is most prominent
in the Klaipeda location during springtime upwelling.

3.2. Upwelling Influence on Fish Community-Based Ecological Indices

To evaluate the upwelling-related changes in fish community-based ecological indices,
fish biomass (CPUE) and the number of fish (CPUE) index values before and during up-
welling were compared (Figure 6). Analysis of 36 cases, that had concurrent measurements
before and during the same upwelling event also hinted at changes in the fish community,
i.e., the median value of the fish biomass (CPUE) and the number of fish (CPUE) were
higher during upwelling with an increase of the later during upwelling observed in 64%
and 67% of the cases, accordingly.
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Figure 6. The minimum, maximum, mean, and median values of fish community-based ecological
indices, fish biomass, and number of fish before and during an upwelling event. Boxplots indicate
25–75% percentiles.

Even though there were no statistically significant differences in the index values
when analysing concurrent pairs before and during upwelling (paired-samples Student
t-test, p > 0.05), the analysis showed that estimated values of the Trophic, Piscivorous fish,
and Diversity indices are lower during upwelling in around 50–60% of the analysed cases.
On the other hand, when statistical comparison was conducted using the entire dataset,
a statistically significant difference in the Diversity index before and during upwelling
was observed (Welch t-test, p = 0.014). After performing a more detailed analysis of the
upwelling influence on the Diversity index (Figure 7) it is determined that the average and
median values of the index are lower during upwelling events in all three study sites with
slightly larger differences observed in Klaipeda.
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A further comparison of Diversity index changes showed, that in the majority (61%) of
the cases the index values decreased during upwelling when compared to the values before
the same upwelling event. Typically, the decrease was up to 40%, although in ~17% of the
cases the index decreased by 40–80% from the values observed before the same upwelling
event. On the other hand, cases when the index increased drastically were also observed,
although they were not so frequent.

4. Discussion
4.1. Fish Community Response to Short-Term Upwellings

It is documented that coastal upwelling in the Baltic Sea is responsible for a rapid
but short (on average 2–6 days) drop of SST, changes in water transparency, salinity, and
nutrient availability [18,23,51,52] that might strongly influence coastal ecosystems through
the direct effects of temperature on species performance, and indirectly through species
interactions [53]. In turn, many studies analysed upwelling impact on nutrients, Chl-a
concentration, or phytoplankton community in the Baltic Sea (e.g., [21,22,54]) and it was
found that upwelling might affect not only single phytoplankton species but could also
result in changes to the entire phytoplankton community [21,22]. However, little effort
has been directed toward characterising upwelling impacts on higher trophic levels in
the region. Only a few studies have addressed the relative impacts of drivers on the
structural change of coastal communities and the knowledge of the relative importance
of variables acting on different geographical scales is still lacking [55]. There is a general
perception among fisheries biologists, that the fish community structure in the Baltic Sea
is significantly affected by water temperature fluctuation, not only seasonal but also by
wind-driven upwelling effect [56,57]. To the best of our knowledge, this is the first empirical
data-based study in the Baltic Sea investigating the influence of coastal upwelling on fish
assemblages and the reliability of fish community indices-based environmental monitoring.

The analysis revealed that with the presence of coastal upwelling, the frequency of
occurrence of several fish species is changing. For example, perch and twaite shad are
less commonly observed during upwelling, also the numbers of perch and vimba are
prone to decrease. Such variations might be related to the upwelling-induced changes in
abiotic parameters, when an upwelling-induced drop in water temperature and increase
in salinity [18] might encourage certain fish species to migrate to the locations, not/less
affected by upwelling, specifically in the Klaipeda study site case—to the freshwater
Curonian Lagoon. This was evident with freshwater species such as roach and bream which
are considered as warm water [57] and their main habitats are in the lagoon. Experimental
behavioral studies with juvenile perch [58] showed that young-of-the-year fish avoided
cooler water (12 ◦C versus 18 ◦C) in two salinity conditions (0 and 6), therefore, likely the
temperature rather than the salinity are a more important driver of short-term changes in
fish distribution between coastal brackish waters and the Curonian Lagoon.

The systematic study by [59] showed that water temperature in the Baltic Sea coastal
area is one of the most important factor shaping seasonal variation of perch and cyprinids
abundance, while the avoidance behavioral studies such as the one of [58] on short-term
fish reaction to dropping temperatures are still scarce. During some events, upwelling-
induced SST values might be very low and atypical for the given months. For example, SST
in the SE Baltic can drop down to as low as 3–4 ◦C in May due to upwelling while normally,
average May water temperatures are around 10–12 ◦C [18]. Besides the possibility for
certain fish species to migrate to other, more favorable locations, the reason they may be
less frequently observed during upwelling is that the stronger drop in temperature simply
reduces the activity and mobility of fish for some time [28]. On the contrary, the numbers
of marine species, such as Baltic herring or flounder in the coastal waters in larger numbers
are related to colder water [60], and, accordingly, we found the numbers of the latter to
increase during upwelling.

It was also observed that fish biomass (CPUE) and the number of fish (CPUE) have a
tendency to increase during upwelling, as it was found that in the majority of the cases, the
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fish biomass (64% of the cases) and the number of fish (67% of the cases) increased during
upwelling when compared to the values before upwelling. This might be related to an
enrichment of the euphotic layer with nutrients during upwelling and higher plankton
biomass accumulation in the frontal zones created by upwellings [61,62].

We would also like to note, that in this study we only analysed and demonstrated
changes in fish communities, nevertheless, upwelling-induced changes in abiotic envi-
ronment might have some other consequences that have not been addressed yet. In turn,
upwelling impacts might vary widely depending on different species and their optimal
temperature [63] and salinity [64] range. For example, salinity has a significant effect on
the fertilisation and hatching success of turbot with minimum salinity of 5.5–6 required
for fertilisation and egg development, although higher fertilization rates are reached at
higher (≥7) salinities [64]. Thus, an increase in salinity during upwelling might have a
positive effect, also considering the displacement of the more diluted water in the Curonian
Lagoon plume-zone. Even though surface salinity increase during upwelling events in
the Baltic Sea usually does not exceed 0.5, upwelling can still result in salinities favouring
fertilization success. For example, during the SE Baltic Sea upwelling case in July 2006 the
surface salinity increased from around 6.75 to 7.41, as in situ coastal measurements have
shown [18]. On the other hand, the same study indicates that the optimum conditions for
turbot egg development are at ~12–18 ◦C with a considerably lower viable hatch at 9 and
21 ◦C; the highest viable hatch of turbot is recorded at 12–15 ◦C [64]. Therefore, a significant
drop in temperature during upwelling might have a rather stronger negative effect on
spawning success resulting in increased mortality of fish eggs during distinct upwelling
situations. On the other side, as optimal spawning and egg incubation temperatures are
of critical importance, physiological or behavioural adaptations for these short-term local
oceanographic conditions potentially exist. Significant drops in temperature may be more
critical for early ontogenetic stages of some non-indigenous less adapted warmer water
species, which appearance and the possibilities for reproduction in various parts of the
Baltic Sea are more likely with changing climate and oceanographic local conditions [60].
One such example is garfish (Belone belone), which appear and spawn at the coasts of
Lithuanian Baltic waters in May-June more and more often in the last two decades. The
optimal egg incubation temperature is above 15 ◦C, while temperatures below 12 ◦C cause
low egg survival and incubation success [65]. Period of garfish spawning and egg incu-
bation at the Lithuanian coast closely coincides with most expected upwellings in June,
with temperatures below 12 ◦C [18], so even short-term cool-water upwelling may have a
significant impact on incubation success and, in turn, recruitment of non-indigenous stocks
in newly acquired territories.

Upwelling can also have an impact on the chances of later fish survival, as the first
growing season is the most critical period in fish life [66]. For example, positive effects of
summer (especially, June-July) temperatures on the recruitment and growth of perch and
zander were found in several studies, noting, that fast growth and large size after the first
summer improve their chances of survival through the critical first winter [67–69]. Taking
into account that upwelling in the SE Baltic is occurring about four times per season with
a clear peak in July and that it might cover up to 30% of the warm period duration [18],
we can speculate that upwelling might have negative effects on survival rates of certain
fish species juveniles. However, a complete study on upwelling impacts would require a
broad set of biophysical observations and/or experiments, which was beyond the scope of
this study.

4.2. Upwelling Influence on Fish Community-Based Ecological Indices

Indicators of ecological health based on biological communities are widely used
to assess and report the condition and status of aquatic ecosystems [70]. Changes in
the structure of the ecosystem can affect the functioning of the system and can result in
the loss of economic and ecological values [55], therefore, it becomes very important to
consider the impacts of environmental variability. HELCOM [40] has proposed various
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indices describing the status of fish communities: fish community Diversity index, fish
community Trophic index, Piscivorous fish index, Large fish abundance index, Key species
abundance index, etc., which were adopted for assessment of the environmental status of
coastal marine waters under MSFD, by assigning sampled fish assemblage to GES or not.
Therefore, it is important, that the assessment of fish communities, and, at the same time,
environmental status, would be performed as accurately as possible, so that ecosystem
changes were predicted and actions were taken in time. However, upwelling was found to
cause “random noise” to time series, making monitoring programs with temporally limited
sampling challenging [71]. Considering this, we analysed if upwelling might influence
the fish community-based ecological indices, as well. Nevertheless, we would like to
emphasize here, that our aim was not to assess the environmental status of Lithuanian
coastal waters, but to identify, whether upwelling would influence the assessment itself.

The comparison of fish community indices (Trophic, Piscivorous fish, and Diversity)
gave some valuable insights on upwelling impact. For example, we observed that median
values of the aforementioned indices are lower during upwelling than before and in the
majority of the cases, the index values decreased during upwelling. It is interesting to note,
that the lesser numbers of diversity index confirm the dominance of a specific species [43],
since higher numbers of flounder and Baltic herring were observed during upwelling.
The most apparent differences in fish Diversity index were observed in Klaipeda—the
location in the closest vicinity to the freshwater Curonian Lagoon. This might be related to
the fact that freshwater species (such as bream or roach) are more prone to persist in the
lagoon during upwelling events and, therefore, the diversity of fish in the coastal waters is
declining, compared to ‘normal’ conditions. As well, even though the differences were not
statistically significant (except the Diversity index), this implies, that a sudden change in
environmental conditions due to upwelling may lead to the detection of unusual values
of fish community indicators that are not typical for that season of the year. Therefore,
the assessment of GES may be misleading when calculating the indicators based on the
upwelling-affected fish assemblage. This suggests that the timing of monitoring is impor-
tant as fish community structure during upwelling events might be considerably different
from the typical community and may lead to misinterpretations.

5. Conclusions

In this study, the first results of the coastal upwelling influence on fish communities
and fish community-based ecological indices in the SE Baltic Sea are presented. The analysis
showed that before upwelling the fish community was more diverse with a higher number
of different fish species observed. During upwelling, the frequency of occurrence, fish
species composition, and abundance was changing with the numbers of marine species,
such as Baltic herring or flounder, increasing while the numbers of freshwater species such
as perch, roach, bream decreased during upwelling, indicating that upwelling events can
potentially influence fishery during certain upwelling periods.

In addition, through the changes in fish abundance and species composition, up-
welling was also responsible for the changes in fish community indices. The average
and median values of the fish community Diversity index were observed to be lower
during upwelling events, again indicating lower diversity of species and high dominance
of 1–2 main species. A decrease in Trophic, Piscivorous fish, and Diversity indices was
observed in the majority of the cases. This implies that the identified fish indicators carried
out during upwelling may have unusual values, which may affect the assessment of the
marine environment status.

The results produced in this study contribute to the understanding of the changes in
fish communities in the Baltic Sea due to the predominant oceanographic factors, such as
coastal upwelling, and provide more details on upwelling influence on GES assessment in
the Baltic Sea. Upwelling can affect both the quantitative and qualitative characteristics of
coastal fish communities. Therefore, it is important to take this into account when dealing
with coastal monitoring of low temporal and spatial coverage and calculating various in-
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dices of coastal communities, as unusual coastal fish samples or outliers in time series could
be observed due to upwelling. In addition, knowledge of short-term upwelling impact
on reproduction, recruitment, and growth of distinct fish species could benefit fisheries
scientists and decision-makers in stock assessment, and in shaping exploitation strategies
for conservation and restoration of fish stocks, therefore further empirical investigation
is required.

Author Contributions: All authors contributed to the work. Conceptualization, T.D. and N.N.;
methodology, T.D., N.N., D.J., T.Z. and D.V.; formal analysis, T.D., D.J. and N.N.; investigation, T.D.
and N.N.; resources, N.N. and D.J.; data curation, D.J., T.D. and N.N.; writing—original draft prepa-
ration, T.D., N.N. and D.J.; writing—review and editing, T.D., N.N., D.J., D.V. and T.Z.; visualization,
T.D.; supervision, N.N.; project administration, T.D.; funding acquisition, T.D. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the European Social Fund under the No 09.3.3-LMT-K-
712 “Development of Competences of Scientists, other Researchers and Students through Practical
Research Activities” measure. Grant agreement No 09.3.3-LMT-K-712-19-0115.

Institutional Review Board Statement: Ethical review and approval were waived for this study, in
which long-term data set was collected in the framework of the Lithuanian Baltic Sea coastal fish
communities monitoring, approved by the Fisheries Service under the Ministry of Agriculture of the
Republic of Lithuania with annual special fishing permits.

Informed Consent Statement: Not applicable.

Data Availability Statement: Level-2 MODIS Terra/Aqua SST data freely available in NASA Ocean-
Color website (http://oceancolor.gsfc.nasa.gov/). Further inquiries can be directed to the corre-
sponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Capotondi, A.; Jacox, M.; Bowler, C.; Kavanaugh, M.; Lehodey, P.; Barrie, D.; Brodie, S.; Chaffron, S.; Cheng, W.; Dias, D.F.; et al.

Observational Needs Supporting Marine Ecosystems Modeling and Forecasting: From the Global Ocean to Regional and Coastal
Systems. Front. Mar. Sci. 2019, 6, 623. [CrossRef]

2. UNEP. Marine and Coastal Ecosystems and Human Wellbeing: A Synthesis Report Based on the Findings of the Millennium Ecosystem
Assessment; UNEP: Nairobi, Kenya, 2006; 76p.

3. Kumaran, M. Our Fisheries Resources and the Role of Upwelling in Their Fluctuations Part III The Role of Upwelling on
Fluctuations. Seaf. Export J. 1978, 10, 21–35.

4. Neokye, E.O.; Dossou, S.; Iniga, M.; Alabi-Doku, B.N. The Role of Oceanic Environmental Conditions on Catch of Sardinella spp.
in Ghana. Reg. Stud. Mar. Sci. 2021, 44, 101768. [CrossRef]

5. Zuloaga, R.; Varas, O.; Ahrendt, C.; Pulgar, V.M.; Valdés, J.A.; Molina, A.; Duarte, C.; Urzúa, Á.; Guzmán-Rivas, F.; Aldana, M.;
et al. Revealing Coastal Upwelling Impact on the Muscle Growth of an Intertidal Fish. Sci. Total. Environ. 2023, 858, 159810.
[CrossRef] [PubMed]

6. Kampf, J.; Chapman, P. Upwelling Systems of the World; Springer International Publishing: Cham, Switzerland, 2016; 433p.
[CrossRef]

7. Aguirre, C.; Rojas, M.; Garreaud, R.D.; Rahn, D.A. Role of Synoptic Activity on Projected Changes in Upwelling-Favourable
Winds at the Ocean’s Eastern Boundaries. NPJ Clim. Atmos. Sci. 2019, 2, 1–7. [CrossRef]

8. Xiu, P.; Chai, F.; Curchitser, E.N.; Castruccio, F.S. Future Changes in Coastal Upwelling Ecosystems with Global Warming: The
Case of the California Current System. Sci. Rep. 2018, 8, 2866. [CrossRef] [PubMed]

9. Sreeush, M.G.; Valsala, V.; Pentakota, S.; Prasad, K.V.S.R.; Murtugudde, R. Biological Production in the Indian Ocean Upwelling
Zones –Part 1: Refined Estimation via the Use of a Variable Compensation Depth in Ocean Carbon Models. Biogeosciences 2018,
15, 1895–1918. [CrossRef]

10. Hu, J.; Wang, X.H. Progress on Upwelling Studies in the China Seas. Rev. Geophys. 2016, 54, 653–673. [CrossRef]
11. Johns, B.; Marsaleix, P.; Estournel, C.; Véhil, R. On the Wind-Driven Coastal Upwelling in the Gulf of Lions. J. Mar. Syst. 1992, 3,

309–320. [CrossRef]
12. Mamoutos, I.; Zervakis, V.; Tragou, E.; Karydis, M.; Frangoulis, C.; Kolovoyiannis, V.; Georgopoulos, D.; Psarra, S. The Role of

Wind-Forced Coastal Upwelling on the Thermohaline Functioning of the North Aegean Sea. Cont. Shelf Res. 2017, 149, 52–68.
[CrossRef]

http://oceancolor.gsfc.nasa.gov/
http://doi.org/10.3389/fmars.2019.00623
http://doi.org/10.1016/j.rsma.2021.101768
http://doi.org/10.1016/j.scitotenv.2022.159810
http://www.ncbi.nlm.nih.gov/pubmed/36341853
http://doi.org/10.1007/978-3-319-42524-5
http://doi.org/10.1038/s41612-019-0101-9
http://doi.org/10.1038/s41598-018-21247-7
http://www.ncbi.nlm.nih.gov/pubmed/29434297
http://doi.org/10.5194/bg-15-1895-2018
http://doi.org/10.1002/2015RG000505
http://doi.org/10.1016/0924-7963(92)90008-V
http://doi.org/10.1016/j.csr.2017.05.009


Water 2023, 15, 452 16 of 18

13. Mikhailova, E.N.; Ivanov, V.A.; Kosnyrev, V.R. Upwelling in the North-Western Black Sea during the Period of Summer-Time
Warming. Phys. Oceanogr. 1997, 8, 243–251. [CrossRef]

14. Silvestrova, K.P.; Zatsepin, A.G.; Myslenkov, S.A. Coastal Upwelling in the Gelendzhik Area of the Black Sea: Effect of Wind and
Dynamics. Oceanology 2017, 57, 469–477. [CrossRef]

15. Gidhagen, L. Coastal Upwelling in the Baltic Sea—Satellite and in Situ Measurements of Sea-Surface Temperatures Indicating
Coastal Upwelling. Estuar. Coast. Shelf Sci. 1987, 24, 449–462. [CrossRef]

16. Lehmann, A.; Myrberg, K. Upwelling in the Baltic Sea—A Review. J. Mar. Syst. 2008, 74, S3–S12. [CrossRef]
17. Dabuleviciene, T.; Kozlov, I.E.; Vaiciute, D.; Dailidiene, I. Remote Sensing of Coastal Upwelling in the South-Eastern Baltic Sea:

Statistical Properties and Implications for the Coastal Environment. Remote Sens. 2018, 10, 1752. [CrossRef]
18. Dabuleviciene, T.; Vaiciute, D.; Kozlov, I.E. Chlorophyll-a Variability during Upwelling Events in the South-Eastern Baltic Sea and

in the Curonian Lagoon from Satellite Observations. Remote Sens. 2020, 12, 3661. [CrossRef]
19. Lehmann, A.; Myrberg, K.; Hoflich, K. A Statistical Approach to Coastal Upwelling in the Baltic Sea Based on the Analysis of

Satellite Data for 1990–2009. Oceanologia 2012, 54, 369–393. [CrossRef]
20. Sproson, D.; Sahlée, E. Modelling the Impact of Baltic Sea Upwelling on the Atmospheric Boundary Layer. Tellus A Dyn. Meteorol.

Oceanogr. 2014, 66, 24041. [CrossRef]
21. Laanemets, J.; Kononen, K.; Pavelson, J.; Poutanen, E.-L. Vertical Location of Seasonal Nutriclines in the Western Gulf of Finland.

J. Mar. Syst. 2004, 52, 1–13. [CrossRef]
22. Lips, I.; Lips, U. Phytoplankton Dynamics Affected by the Coastal Upwelling Events in the Gulf of Finland in July–August 2006.

J. Plankton Res 2010, 32, 1269–1282. [CrossRef]
23. Vahtera, E.; Laanemets, J.; Pavelson, J.; Huttunen, M.; Kononen, K. Effect of Upwelling on the Pelagic Environment and

Bloom-Forming Cyanobacteria in the Western Gulf of Finland, Baltic Sea. J. Mar. Syst. 2005, 58, 67–82. [CrossRef]
24. Kuvaldina, N.; Lips, I.; Lips, U.; Liblik, T. The Influence of a Coastal Upwelling Event on Chlorophyll a and Nutrient Dynamics in

the Surface Layer of the Gulf of Finland, Baltic Sea. Hydrobiologia 2010, 639, 221–230. [CrossRef]
25. Oey, L.-Y.; Wang, J.; Lee, M.-A. Fish Catch Is Related to the Fluctuations of a Western Boundary Current. J. Phys. Oceanogr. 2018,

48, 705–721. [CrossRef]
26. Steinberg, C.E.W. Stress Ecology: Environmental Stress as Ecological Driving Force and Key Player in Evolution; Springer Science &

Business Media: Berlin/Heidelberg, Germany, 2012; ISBN 978-94-007-2072-5.
27. Donaldson, M.R.; Cooke, S.J.; Patterson, D.A.; Macdonald, J.S. Cold Shock and Fish. J. Fish Biol. 2008, 73, 1491–1530. [CrossRef]
28. Volkoff, H.; Rønnestad, I. Effects of Temperature on Feeding and Digestive Processes in Fish. Temperature 2020, 7, 307–320.

[CrossRef]
29. Tiedemann, M.; Fock, H.O.; Brehmer, P.; Doering, J.; Moellmann, C. Does Upwelling Intensity Determine Larval Fish Habitats in

Upwelling Ecosystems? The Case of Senegal and Mauritania. Fish. Oceanogr. 2017, 26, 655–667. [CrossRef]
30. ICES. Baltic Sea Ecoregion—Fisheries Overview. In Report of the ICES Advisory Committee, 2018. ICES Adv. 2018, 13. [CrossRef]
31. HELCOM. HELCOM Thematic Assessment of Biodiversity 2011–2016. 2018. Available online: http://www.helcom.fi/baltic-

seatrends/holistic-assessments/state-of-the-baltic-sea-2018/reports-and-materials/ (accessed on 11 October 2019).
32. Olsson, J. Past and Current Trends of Coastal Predatory Fish in the Baltic Sea with a Focus on Perch, Pike, and Pikeperch. Fishes

2019, 4, 7. [CrossRef]
33. EU-COMDirective 2008/56/EC of the European Parliament and of the Council of 17 June 2008 Establishing a Framework for

Community Action in the Field of Marine Environmental Policy (Marine Strategy Framework Directive). 2008. Available online:
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:164:0019:0040:EN:PDF (accessed on 5 June 2019).
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