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Abstract

A 47-year time series of winter Sea Surface Temperature (SST), wind stress and anchovy landing data from 1970 to 2016
was examined to assess long-term changes in these variables along the south-eastern coasts of the Black Sea in relation to
the North Atlantic Oscillation (NAO), East Atlantic West Russia (EAWR) and Atlantic Multi-Decadal Oscillation (AMO) indices.
An increase in winter SST at a rate of 0.02°C (r = 0.60; p<0.001) was observed over the period. Cumulative sums of the SST
anomalies showed that there was a decrease in winter SST from 1985 to 1999, followed by an increase in SST from 2000
to 2014. Wind stress decreased throughout the time series, and it was inversely correlated with winter SST. Significant
correlations detected between winter SST, wind stress, anchovy landings and winter values of the climate indices suggested
that climate change is causing a decline in anchovy along the south-eastern coasts of the Black Sea.
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Abbreviations: SST: Sea Surface Temperature; NAO:
North Atlantic Oscillation; AMO: Atlantic Multi Decadal
Oscillation; CIL: Cold Intermediate Layer; CFP: Common
Fisheries Policy.

Introduction

The Black Sea ecosystem experienced the most dramatic
changes ever encountered over the past four decades [1-
6]. These changes induced community shifts in plankton
to fish throughout the food web Shushkina, et al. Mills, et
al. The majority of the research indicated that overfishing
was the main driver of community change [7,8]. In addition
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to overfishing, a range of environmental factors (e.g.
eutrophication, climate change, water column structure,
nutrient dynamics, and introducing invasive/alien species)
can also contribute to changes in the community at different
trophic levels [3,8,9]. Due to dramatic changes in these
occurred in the Black Sea ecosystem, pelagic fish stocks
have undergone large fluctuations since the 1960s [3,8,10-
16]. The Black Sea has vital role in commercial fishery
for countries that border the basin [3,16]. Today a large
proportion of the Turkish fish yields in the Black Sea are
obtained from anchovy [16,17], which makes up 60% of the
total yield [18] that originates from the southern coasts of
the Black Sea [19].
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Overfishing has caused a sharp decrease and sometimes
a temporary depletion of medium and large pelagic fish
in the Black Sea [19,20]. This shifted the fishing effort to
European anchovy [15], and therefore the exploitation of
anchovy stocks doubled by the end of the 1970s [5,21]. This
lead decrease in anchovy catch and during the 1980s the
fishing effort then shifted towards newly recruited, small-
sized fish species [1,6,7,19,20]. On the other hand, outburst
of invasive species (e.g. Mnemiopsis leidyi), and high forage
fish stocks caused a collapse in fish stocks at the end of 1980s
in the Black Sea [19]. However, some signs of recovery of
the fishery in the region have been recorded in recent years
[12,22,23], although the reasons for these have not been
properly quantified.

The Black Sea has also experienced the climate-induced
changes in SST over inter-annual to inter-decadal time
series, which can have deleterious effects on the ecosystem
[12,20,24-28] from primary producers to top predators [29-
31]. This warming may also accelerate introducing of many
exotic species in the region [32], which cause displacement of
other populations [33]. As a result of global warming, a 0.2°C
increase in SST per decade has been reported along many
tropical and subtropical seas [34]. Though climate-model
simulations, the IPCC [35] reported that from 1998 to 2012
there was awarming trend in SST which was not detected inin
situ observations. Increasing temperatures and fluctuations
in SST has a cascade of effects throughout water column
stratification, vertical mixing, phytoplankton community
composition, primary production, nutrient cycling, prey-
predator interactions, spawning periods, larval-juvenile
growth rates and recruitment success [5,33]. Moreover,
climate change can also affect the geographical distribution
of species, through local extinctions and / or alterations in
community structure Hickling et al. The socio-economic
consequence of this on commercial fish can be substantial.
The effects of climate change on the ecosystem are therefore
a major challenge for the sustainable management of the
marine systems and resources Cheung, et al.

The European anchovy (Engraulis encrasicolus) is a
small pelagic fish that plays a crucial role in both ecology and
economics of the European coastal ecosystem Cury, et al. It is
one of the world’s most traded fish species, and contributes
significantly to the global fishery capture worldwide
comprising over 10% of landings alone [18]. The European
anchovy is the third most widely harvested species of the
Engraulidae family of which approximately 40% comes from
the Black Sea FAO. For the last 50 years after the depletion of
fish stocks, anchovy experienced a major stock collapse at the
end of 1980s. During this period, south-eastern part of the
Black Sea became the only region that sustained a relatively
high anchovy catch [36]. To understand the environmental
mechanisms behind fluctuations in the anchovy fishery,
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we investigated the potential influence of climate-induced
changes on the European anchovy along the south-eastern
coast of the Black Sea, using nearly 50 years of SST, wind
stress and anchovy landing data as well as climate indices
including North Atlantic Oscillation (NAO), East Atlantic
West Russia (EAWR) and Atlantic Multi-Decadal Oscillation
(AMO) data.

Materials and Methods

Data

Monthly SST and wind speed data (from 1970 to 2016)
for selected stations in the Black Sea along the south-eastern
coast (Sinop, Ordu, Giresun and Hopa) were obtained from
the Turkish Meteorological Office (Figure 1). Wind speed
was converted to wind stress, which is a function of wind
speed, non-dimensional drag coefficient and boundary layer
air density Pond, et al. Wind stress was calculated from:

o=i, *Cd*W? (1)
Where T is wind stress (N/m?), pair is air density (1.22 kg/

m?), Cd is the wind-drag coefficient and W is wind speed
(m/s). Cd was calculated following Smith SD, et al. [37].

Figure 1: Study area and location of meteorological
stations along the south-eastern coast of the Black Sea
(Station 1 - Sinop; 2 - Ordu; 3 - Giresun; 4 - Hopa).

European anchovy landing data for the study area was
taken from the Food and Agriculture Organization FAO-
Global Capture Production from 1970-2016
(http://www.fao.org/fishery/statistics/software/
fishstatj/en). The winter (December-March) NAO (https://
climatedataguide.ucar.edu/climate-data/hurrell-north-
atlantic-oscillation-nao-index-station-based), EAWR (ftp://
ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/eawr_index.
tim) and AMO (http://www.esrl.noaa.gov/psd/data/
correlation/amon.sm.data) indices were obtained from the
NOAA.
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Statistical Analyses

Winter SST data were obtained by averaging the
December-March SST data for each year. Anomalies were
calculated by subtracting from each monthly value the
corresponding monthly average for the time series from
1970 to 2016. Linear regression was fitted to the anomalies
to assess inter-annual trends, and Pearson rank correlation
coefficients (r) and levels of significance (p) were used to
evaluate significant trends among years [38].

Results and Discussion

SST Time Series and Climatic Indices

There was significant warming trend (0.02°C; r=0.33;
p <0.05) in yearly averaged winter SST (December-March)
along the south-eastern coasts of the Black Sea (Figure 2).
From 1985 to 1999, there was a decrease in winter SST
followed by a pronounced increase in winter SST from
1999 to 2005 (Figure 2). Monthly cumulative sums of the
SST anomalies were used to de-trend the time series, which
showed a cumulative increase in winter SST from 1970 to
1985, followed by a decrease from 1985 until 1999 (Figure
2). This was followed by a significant increase in the monthly
cumulative sum of winter SST was observed from 1999 to
2014 along the study area (Figure 2). Long term increases in
winter SST in the Black Sea (1880-2000) have also been also
reported by Oguz T, et al. [28], which can fluctuate hugely
over time (Figure 3). Over this long time series, there was a
general pattern of warming trend in the basin, except during
phases 1 from 1885 to 1915 and 4 from 1980 to 1990, when
winter SST decreased [28]. The warming trend after the
1990s was the most pronounced along the time series. The
general pattern of winter SST detected in this study concurs
with Oguz T, et al. [28], but with the time series extended to
2016, we detect that the increase in winter SST was from
7 to 12°C, whereas up to 2000, Oguz T, et al. [28] reported
that the increase ranged from 7 to 9.5°C. Using a longer
winter SST time series in the Black Sea, Oguz T, et al. [36]
also indicated a decrease in winter SST from 1960 to 1980,
and more pronounced decrease from 1980 to 1993. After
this period, there was a subsequent increase in winter SST
Oguz T, et al. [36], which we also detected in this study. These
fluctuations in SST are reported to cause changes in the flow,
water column stratification, nutrient enrichment and mixing
characteristics of the Black Sea Oguz T, et al. [36], which
could affect the physiological and behavioural characteristics
of anchovy.

A recent study of SST over the past 25 years showed that
the global average linear trend amounts to 0.014°C/year
with warming trends persistent around the globe Good, et
al. On the other hand, a decrease of the Cold Intermediate
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Layer (CIL) thickness, and in upper ocean heat content due
to global warming affecting adversely the thermohaline
balance and ecosystem function of the Black Sea during the
same period detected in the studies along the Black [39-41].
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Figure 2: Linear trend of yearly averaged time series of
winter SST from 1970 to 2016 (A), and monthly cumulative
sums of winter SST (B).
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Figure 3: Long-term variations of winter (December-
March) SST (°C) along the interior basin of the Black Sea
[28].
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The warming pattern observed in winter SST was
compared with winter NAO, winter EAWR and winter AMO
index (Figure 4). There was a statistically significant negative
correlation between winter SST and winter NAO (Pearson
rank correlation=-0.36, p<0.05) indicating a tele-connection
between NAO and winter SST in the south-eastern Black Sea
(Figure 4). The relationship was particularly strong between
1970 and 1990, when winter SST increased, which can be
explained by decreasing pressure of the NAO index to 2010.
The coupling between the variations in winter SST and NAO
over long time-series has been linked to the atmospheric
conditions and the thermal hydrographic dynamics of the
Black Sea basin [42]. In addition, a linkage between the
NAO, AMO and the increase in temperature up to 2000 has
been reported [43]. After 2000, correlations between these
variables are less clear [44]. Large scale ecosystem dynamics
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can oscillate quasi-synchronously over inter-annual (~ 1
to 5 years), decadal (10 to 12 years) and inter-decadal (~
20 to 30 years) time periods Daskalov GM, et al. [26]. Oguz
T, et al. [7,28] also reported that the 10-year fluctuations in
the NAO can explain partially the Black Sea climate signal.
The Black Sea regime-shifts appear to be sporadic events
forced by strong transient decadal perturbations and differ
from pelagic ocean ecosystems under low-frequency climatic
forcing [8]. Moreover, the Black Sea hydro-meteorological
properties are sensitive not only to the phase of the NAO
but also to the exact location of its center of action. Some
inconsistencies point possibly to the more predominant
contributions from other atmospheric systems controlling
the region at particular [28].

The EAWR index was generally found to have a similar
pattern as the NAO index with a statistically significant
negative correlation (Pearson rank correlation=-0.38,
p<0.05) (Figure 4). The winter mean EAWR system indicates
a quasi-persistent high and low surface pressure anomaly
centres over the Western Europe and the Caspian region

which represents the second strongest mode of the North
Atlantic climate Molinero et al. and regulates the NAO over
the Eurasian continent [28]. Winter SST time-series was also
compared with winter AMO index (Figure 4). A statistically
significant positive correlation was observed between
winter SST and winter AMO (Pearson rank correlation=0.66,
p<0.001). A combination of the NAO, EAWR and AMO can
therefore explain a large proportion of the variability in
winter SST in the Black Sea.

Following a large body of research reporting an increase
in hypoxia in the Black [45,46]. However, McQuatters Gollop
A, et al. [47] reported a recent recovery in the Black Sea
ecosystem with an increase in the number of diatoms and
reduction in hypoxia was has possibly been influenced by
climatic changes. Moreover, global fluctuations in ocean
circulation, a coupling between the physico-chemical
structure, phytoplankton community composition and
primary production have been implied between both local
meteorological forcing, and changes in the large-scale
climatic variations [48,49].
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Figure 4: Relationship of winter SST with winter NAO (A), winter EAWR (B), and winter AMO (C).
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Wind Stress

Variations in wind stress were great along the south-
eastern coast of the Black Sea, and revealed a significant
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decrease trend over the time series (r = 0.79; p<0.001)
(Figure 5). A consistent decrease in wind stress from 1970
until the mid-1990s was followed by a slight increase until
2005. The concurrently, decrease in wind stress between
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1970 and 1985 coincided with an increase in winter SST
(Figures 2 & 5). Similarly, an increase in wind stress between
1995 and 2005 coincided with decrease in winter SST, which

likely resulted in vertical mixing of water column, and an
increase in nutrients for phytoplankton. This scenario would

theoretically be beneficial to fish recruitment.

Wind Stress = 0.364 - (0.000177 * year)
r=0.79, p <0.001

Winter Wind Stress (Nm™2)

0,002
1970

T T

1975 1980 1985

T
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Figure 5: Linear trend of yearly averaged time series of winter wind stress from 1970 to 2016.
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Warm and stratified conditions reduce vertical mixing
and nutrients in the euphotic zone, resulting from low wind
stress have been shown to alter the patterns and magnitude
of phytoplankton blooms in the Black Sea [47]. In addition,
studies conducted in the 1980s and 1990s revealed that
extensive spring and summer blooms in the Black Sea due
to windy and cold winters conditions and high vertical
mixing processes [5]. Rising wind stress leads to increase
in the concentration of nutrients within the euphotic zone,
which is favourable for phytoplankton; however, the lack of
winds (especially at the end of spring and in the beginning
of summer) provides the formation of seasonal thermocline
Silkin VA, et al. [50] leading to decrease in phytoplankton
productivity and alterations in bloom patterns of
phytoplankton [19,47]. By contrast, the magnitude and extent
of spring and summer phytoplankton blooms is depressed
during warm winters [5,8]. In recent years, mild winters and
low wind speeds in the open Black Sea are thought to have
caused the disappearance of the spring bloom [5,47,50].

Anchovy

There was significant fluctuation in anchovy landings
over the past four decades with a gradual increase from
1970 to 1988. At the end of 1980s, an abrupt decrease in
the anchovy catch was recorded in the Black Sea. A similar
decrease in the anchovy catch was also observed worldwide
(Figure 6). In general, Turkey has a large share of the fishery
among the Black Sea bordering countries, which has been
seriously affected by the decline in anchovy fishery. Fisheries
and especially anchovy, is an important economical income
for the Black Sea countries [18,51], A collapse or decrease
in the anchovy fishery in the region will have unfavourable
economic consequences [17]. Intensive fishing operations
[7,19,52], excessive nutrient and pollutant input from the
rivers, eutrophication Zaitsev YU, et al. [12], the introduction
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of invasive ctenophore species Mnemiopsis leidyi

[1-3,5],

regional climate [7,28], and changes in the ecosystem Mee
LD, etal. [23] have fundamental role on the Black Sea anchovy
stocks and fisheries. Fisheries constitute a significant part of
sustainable use of marine resources, and the management
regulation of the fishery is another important issue affect
fishery stocks. Especially, the CFP (EU Common Fisheries
Policy) have put into several actions to ensure sustainable
fisheries since 1970s. Hence, changes in regulation factors
such as the minimum landing size, mesh size, duration of
fishing season, protected areas, reduction in fishing fleet, and
fishing capacity are essential for the sustainable fishery. This
is important, because landing data cover an extensive period
from 1970 to 2016, in which Mediterranean fisheries and

-

polices (both at the national and European levels) changed

significantly [53].
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Figure 6: The relationship between Black Sea Anchovy
production along the south-eastern coast of Turkey (blue

The decrease in anchovy landings clearly indicates that
the Black Sea ecosystem has shifted over the decades. Earlier
studies indicated that both anthropogenic (overfishing,
fishing fleet etc.) and climatic variation play a major role in
the changes observed in the anchovy fishery [19,25-28].

Relation to Climatic Indices along the South-Eastern Black Sea. Int ] Oceanogr Aquac 2022,

6(3): 000226.

Copyright© Ertugrul A, etal.


https://medwinpublishers.com/IJOAC/

International Journal of Oceanography & Aquaculture

To assess the effect of climatic tele-connections on
anchovy landings, the data were compared with winter
values of SST, NAO, EAWR, AMO and wind stress along the
south-eastern Black Sea (Figure 7). A significant correlation
between anchovy landings and winter SST (Pearson rank
correlation= 0.33; p=0.03), except for the end of 1980s,
indicated that this is a major factor in the anchovy stocks
(Figure 7A). Anchovy is a warm water species that spawns
during summer and autumn seasons [28], and can therefore
be vulnerable to perturbations in SST compared to other
colder water, pelagic species [28,54]. Marginal seas such as
the Baltic, Black and Mediterranean Sea have experienced
more dramatic changes in physics and biology than the

open ocean over recent decades due to small changes in the
frequency of inflow and temperature had a strong effect on
large parts of these enclosed ecosystem [6]. Hence, longer
time-series of SST fluctuations could affect fishery, and causes
regime shifts, which have significant economic consequences
[55]. Increases in summer SST have been shown to benefit
anchovy due to an increase in the duration of spawning,
higher larval and juvenile growth rates, and overwinter
survival of juveniles [33]. A decrease in SST during spawning
periods is therefore expected to be unfavourable for anchovy
recruitment. At this stage, the authors do not have anchovy
egg or larvae data for summer periods to evaluate this further.
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Relationship between climatic indices (e.g. NAO, EAWR
and AMO) and anchovy landing fluctuations has already
been reported in the Black Sea [5,8,24,28], Mediterranean
[56,57], North Pacific [58,59], and North Sea [33]. After the
1970s, anthropogenic-based alterations caused increases in
nutrient concentrations, phytoplankton biomass and pelagic
fish stocks in the Black Sea ecosystem [28]. In addition to
anthropogenic changes, climatic forcing for driving the
dramatic ecosystem changes observed during the 1980s and
1990s. These factors led to the collapse in anchovy fishery
throughout the Black Sea [5,28]. During the same period,
a coincidence between the collapse of the anchovy fishery,
simultaneous outbreak of Mnemiopsis and similar adverse
ecosystem changes in the North Sea at the end of the 1980s
was also reported by Niermann U, et al. [24]. Especially,
during the late 1980s and the first half of the 1990s, NAO
played significant role in promoting lower trophic level
biological [8]. Hence, detecting possible tele-connection
mechanisms with climatic fluctuations is important for the
ecosystem structure, functioning, sustainable use of marine
living resources as well as put in place effective management
policies in the Black Sea, [28].

We found that, positive phases of NAO for the period
of 1980-1987 and 1991-1998 coincided with high anchovy
landing values, which indicate of the effect of climate
variability on anchovy recruitment (Figure 7). The period
from 1987 to 1991, was the lowest anchovy landing recorded
and did not coincide with positive phases of NAO. This
indicates that other factors (such as overfishing, pollution,
oil prices for fishing vessels, fishing fleet etc.) also play an
important role on anchovy recruitments and population
dynamics along the south-eastern coast of the Black Sea.
Similarly, Niermann U, et al. [24] observed at the end of
1980s in the Black Sea, that changes in the NAO cause
spikes in the ctenophore Mnemiopsis leidyi, which lead to
decreases in anchovy stocks and concluded that there is a
long-term connection between climate-plankton-anchovy
induced by the NAO. Such dramatic fluctuations in anchovy
landings eventually cause significant economic losses [18].
High anchovy catch also coincided with (mostly) positive
phases of the EAWR index (Figure 7). The AMO index was
also significantly correlated with anchovy landings (Pearson
rank correlation= 0.52; p<0.01); (Figure 7). The relationship
between positive AMO and anchovy landings was particularly
strong after the 1990s (Figure 7). Similar relationship
between anchovy and climatic indices (e.g. AMO) in the
North Sea have also been reported [33].

The strong negative correlation that we found
between wind stress and anchovy landings (Pearson
rank correlation=-0.67; p<0.001) suggest that climatic
fluctuations may have crucial role on anchovy stocks (Figure
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7). Earlier studies report that wind-driven mixing affects
the variability of young Engraulis mordax larvae Peterman,
et al. The high wind speeds provide nutrient input through
mixing which in turn enhances the primary productivity,
and consequently the numbers of small pelagic fishes [60].
A positive relationship between wind speed and recruitment
of pelagic species for anchovy, sardine, sprat, and horse
mackerel was previously reported [60]. Conversely, mortality
in fish larvae may also increase with strong wind-driven
mixing due to spread of key nutrients [61-63]. In the present
study, the inverse relationship between wind stress and
anchovy landing values clearly indicates that a decrease in
wind stress positively affects recruitment of anchovy stock
in this area (Figure 7).

Conclusion

A 47-year time-series of winter SST, wind stress,
anchovy landings and climate indices from the south-eastern
Black Sea was analysed for potential connectivity between
climatic variability and anchovy catch. Data from 1970 to
2016 illustrated that the region is undergoing a warming
trend that has coincided with periodic negative phases
of the winter NAO and EAWR index oscillations. From to
there has been a consistent increase in winter SST which
is significantly correlated with EAWR. We also found he
significant relationships between anchovy landing data and
the climate indices including winter SST, winter NAO, winter
EAWR, winter AMO and wind stress along the south-eastern
Black Sea. However, the inconsistencies for particular periods
between anchovy landing data and climatic indices emphasis
other factors (e.g. over-fishing, outbreak of the ctenophore
Mnemiopsis leidyi, eutrophication, river runoff, nutrient
input, primary production, phytoplankton community
composition etc.) that induce some control over the region.
The decline in anchovy stocks along the south-eastern coasts
of the Black Sea may results from the cumulative effects of
climatic fluctuations. The alteration of anchovy abundance
regionally may trigger a wider response in the marine food
web. The fluctuations and especially the decrease in anchovy
also have regional economic impacts. For sustainable
fishery management of the Black Sea ecosystem also needs
to consider climatic fluctuations which impact anchovy on
stock quotas and landings.
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