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Abstract 

The Black Sea is unique due to its semi-enclosed area and anoxic layer. However, changes in ecosystem conditions 
due to climate change in recent years threaten the viability of fish populations. This study focuses on estimating 
the future distribution and habitat losses of commercial fish species in the Black Sea under climate change. The results 
reveal that the decline in suitable habitats for all species is reaches considerable levels in the 2030–2040 and 2090–
2100 projections of both scenarios (SSP1–1.9 and SSP5–8.5). The future of the Black Sea ecosystem is under the threat 
of climate change. Countries and unions bordering the Black Sea should develop and implement a common man-
agement plan to control anthropogenic effects through international cooperation.
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Background
The Black Sea is a unique ecosystem due to some of its 
physical and structural features (semi-enclosed area 
and anoxic layer) [1, 2]. Especially small pelagics (horse 
mackerel, anchovy and sprat) and benthic fish (red mul-
let, whiting and turbot) are commercially exploited. 
According to the statistics of the General Fisheries Com-
mission for the Mediterranean (GFCM) (Mediterranean 
and Black Sea) Catch Production Quantity (1970–2021) 
published by the Food and Agriculture Organization of 
the United Nations, these are the most captured spe-
cies in the Black Sea and constitute 81% of the annual 
production. [3]. Türkiye exploited the largest area with 
the largest fishery fleet in the Black Sea region and both 
Food and Agriculture Organization (FAO) and Turk-
ish statistics indicate the annual production amounts 

of commercial species are in a fluctuating downward 
trend [4, 5]. The reasons for this decrease can be listed 
as overfishing, weaknesses in the fisheries management 
plan, such as selectivity problems, technical deficiencies, 
bycatch, and inadequate control [6–8]. In addition, many 
fishing stocks are operated by fleets with high fishing 
capacity. Usage of more efficient fishing gears and equip-
ment negatively affects the balance between the capacity 
of available resources and fishing power [9].

In recent years, the effects of changing ecosystems due 
to climate change have been added to the always-dis-
cussed fishing problems (discard, overfishing, selectivity, 
invasion, etc.) by the scientists [2]. Changing ecosystem 
conditions should be considered a threat to the sustain-
ability of fish populations. Some fish stocks are at unsus-
tainable levels due to overexploitation; whether they will 
cope with climate change can be a matter of concern 
[3]. In aquatic ecosystems, progressing changes in water 
temperature depending on atmospheric temperature 
are considered the first signs that the ecosystem will be 
affected by climatic conditions. Accordingly, it has been 
reported that seasonal temperature averages affect the 
concentrations of some nutrients in the following periods 
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[10–12]. Since the change in nutrients will affect primary 
productivity, it may be considered as the beginning of 
the disruption in the food chain. The Black Sea has pre-
viously experienced the effects of eutrophication due to 
increased nutrient inputs. This process disrupts the bal-
ance of the marine food web, causes excessive reproduc-
tion of plankton and fluctuations in oxygen levels, and 
affects species diversity [2]. It should not be overlooked 
that, as it is a semi-enclosed system, it still carries the 
potential for change caused by human activity. In addi-
tion, it has been reported that the Black Sea is warming 
rapidly [11]. In the Black Sea, sea surface temperatures 
are rising significantly, leading to a decline in oxygen lev-
els. These changes threaten the ecosystem’s balance by 
reducing the habitat available for marine organisms [12]. 
Moreover, changes in the ecosystem also support the 
introduction of alien species [13]. This may lead to nega-
tive events that may occur immediately or later for local 
species.

Estimating what is happening now and what will hap-
pen in the future with climate change can help us under-
stand how the environment is changing. This can let us 
think ahead about ways to stop problems before they 
happen, lower risks, and make long-term plans for man-
aging the ecosystem. This study aims to assess the impact 
of climate change on the future distribution and habitat 
availability of commercial fish species in the Black Sea. By 
modeling their current suitable areas, it evaluates poten-
tial habitat shifts and losses these species may encounter 
in the coming years.

Materials and methods
Pre‑processing and management
Based on field work conducted with purse seines, bot-
tom and midwater trawls and gillnets between 2010 and 
2023, 129, 187, 126, 147, and 136 spatial point data set 
was collected for anchovy (Engraulis encrasicolus), red 
mullet (Mullus barbatus), horse mackerel (Trachurus 
trachurus), turbot (Scophthalmus maximus), and whit-
ing (Merlangius merlangus), respectively. In addition, the 
data set that have longitude and latitude for each species 
was taken from GBIF (https://​doi.​org/https://​doi.​org/​
10.​15468/​dl.​ys9auw for anchovy; https://​doi.​org/https://​
doi.​org/​10.​15468/​dl.​yby7gd for red mullet; https://​doi.​
org/https://​doi.​org/​10.​15468/​dl.​shdxvx for whiting; 
https://​doi.​org/https://​doi.​org/​10.​15468/​dl.​p77k33 for 
turbot; https://​doi.​org/https://​doi.​org/​10.​15468/​dl.​jy7ypq 
for horse mackerel). All spatial point data sets were 
checked to see whether they include duplicate records 
or not using spThin package [14] in R [15] and duplicate 
records were removed (Fig. 1).

In present-day conditions (decade 2010–2020), all 
environmental variables, at the global scale, for surface 

conditions, at a spatial resolution of 0.05º were down-
loaded from Bio-ORACLE version 3.0 based on Shared 
Socioeconomic Pathway (SSP) scenarios based on a 
multi-model ensemble with data from CMIP6 [16]. A 
total of 17 variables as min, mean, max, and range were 
downloaded for this study (Table 1).

The study area was masked by the shape files belong to 
Black Sea and the Sea of Azov which were downloaded 
from Marine Regions [17]. This process was handled 
using spatial analysis in the toolbox of ArcMap v10.4.1. 
Thus, all global variables were masked for the study area 
and the variables were set to the same spatial extent and 
coordinate system in the ArcMap environment. In future 
conditions, two time periods were calibrated as decade 
2030–2040 and 2090–2100. The conditions are based 
on two SSP scenarios of future climate change which are 
“sustainability” scenario SSP1–1.9 and the “fossil-fuelled 
development” SSP5–8.5 scenario. SSP1–1.9 is the sce-
nario that envisions a significant reduction in carbon 
emissions by 2050, resulting in temperature stabilization 
at 1.8 °C and SSP5–8.5 is the scenario that envisions CO2 
emissions are expected to escalate until 2050, leading 
to an average temperature increase of 4.4  °C To identify 
and eliminate collinear variables, the Variance Inflation 
Factor (VIF) [18] was calculated using the usdm pack-
age [19]. This method relies on the square of the multi-
ple correlation coefficient (R2) obtained from regression 
analysis. This process was undergone for each species 
independently, as it involves extracting the variables from 
species georeferences and subsequently computing cor-
relation coefficients. Consequently, the most influential 
variables affecting species distribution were determined 
for each species. Thus, many variables were eliminated 
and the variables that will be used in the analysis were 
kept (Table 1).

Processing of the model
In our study of species distribution modeling, the sdm 
package was employed [20]. This package utilizes ensem-
ble techniques to predict the spatial and temporal dis-
tribution patterns of species. Ensemble technique were 
performed random selection of points within study area 
as pseudo-absence/background data points [21]. The 
ensemble modeling approach incorporated five algo-
rithms: Maxent (Maximum Entropy) [22], GLM (Gen-
eralized Linear Models) [23], SVM (Support Vector 
Machines) [24], Bioclim (Climate-Envelope-Model) [25], 
and RF (Random Forest) [26]. Maxent utilizes bioclimatic 
variables alongside species presence and background 
data to generate species distribution maps [27, 28]. GLM, 
on the other hand, assesses data using both presence 
and absence records [29]. SVM is proficient in simulat-
ing species presence and absence [30], while Bioclim 
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requires only species presence data [31]. RF operates on 
presence-only data along with background samples [32]. 
These diverse models, each employing distinct method-
ologies and techniques, represent some of the most effec-
tive approaches in species distribution modeling [20]. By 
incorporating these models into our analysis, the aim to 
reduce the inherent uncertainties associated with indi-
vidual models, a strategy advocated by several previous 
studies [33, 34]. Moreover, from the model results run for 
each species, the importance of variables was calculated 
using the ‘getVarImp’ method.

Post‑processing of the model
To construct the ensemble model, default parameters 
were adopted: 70% of the data for training and 30% for 
testing was allocated. Bootstrap was employed for data 
partitioning, with each method executed across 10 rep-
licates to ensure robustness and reliability in our mod-
eling approach. The “gRandom” method was applied to 
randomly generate records within the background space. 
As a result, 10,000 pseudo-absence records were created 
for each fish species. To assess the effectiveness of each 
model, two statistical methods were employed. First, 
the receiver operating characteristic (ROC) analysis was 
conducted, focusing on the area under the curve (AUC) 

Fig. 1  Occurrence data of commercial fish species studied in the Black Sea

Table 1  List of layers downloaded for both present and future. 
Bolds indicate the variables that remain based on VIF measure

Five stars represent variables common to all species, four stars to T. 
mediterraneus, M. merlangus, E. encrasicolus, and S. maximus, three stars to M. 
merlangus, E. encrasicolus, M. barbatus, and S. maximus, and two stars to M. 
barbatus

Variables Units Max Mean Min Range

Ocean temperature ºC ✓ ✓ ✓ ✓
Salinity – ✓ ✓ ✓ ✓*****

 Sea water velocity m.s−1 ✓ ✓ ✓ ✓
Sea water direction Degree ✓ ✓***** ✓***** ✓*****

Nitrate mmol. m−3 ✓**** ✓ ✓ ✓**

Phosphate mmol. m−3 ✓ ✓ ✓** ✓*****

Silicate mmol. m−3 ✓ ✓ ✓ ✓***

 Dissolved molecular 
oxygen

mmol. m−3 ✓ ✓ ✓ ✓

 Iron mmol. m−3 ✓ ✓ ✓ ✓
Primary productivity mmol. m−3 ✓ ✓ ✓**** ✓

 pH – ✓ ✓ ✓ ✓
Chlorophyll mmol. m−3 ✓ ✓ ✓ ✓*****

 Sea ice thickness m ✓ ✓ ✓ ✓
 Sea ice cover Fraction ✓ ✓ ✓ ✓
 Cloud cover % ✓ ✓ ✓ ✓

Mixed layer depth m ✓ ✓ ✓ ✓*****

Air temperature ºC ✓ ✓ ✓***** ✓
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[35]. Second, the true skill statistic (TSS) was employed 
[36]. The AUC value varies between 0 and 1 [37]. A value 
nearing 1 suggests a clear discrimination between pres-
ence and pseudo-absence data, indicating a robust per-
formance. Conversely, a value of 0.5 or lower signifies 
overlap between the data sets [38]. The TSS scale ranges 
from + 1 to − 1. A value closer to + 1 indicates excellent 
model performance, while a value below 0 suggests sub-
par performance [36]. According to multiple evaluation 
metrics, including the Area Under the Curve (AUC), 
True Skill Statistic (TSS), sensitivity, and specificity, 
Models with an AUC greater than 0.85 were classified as 
top performers, whereas those falling below this thresh-
old were excluded. Binary presence/absence maps were 
then generated using the TSS as the threshold. In addi-
tion, to calculate habitat change between the present 
and future distribution, the mean threshold was evalu-
ated using ’getEvaluation’ method under sdm package. 
Negative means less suitability in the future compared 
to the present time, whereas positive means suitability is 
increased for species.

Results
The performance of model and variable importance
SDM of five commercial fish species ranged from good 
to excellent prediction performance. Anchovy had 0.95 
AUC and 0.8 TSS score, and it showed the lowest TSS 
value. Red mullet exhibited a 0.96 score for AUC and 0.84 
score for TSS. Horse mackerel, turbot, and whiting had 
the highest AUC and TSS scores, 0.96, 0.98, 0.97 for AUC 
and 0.87, 0.89, and 0.87 for TSS, respectively. When com-
paring SDM model performance of five commercial fish 
species, RF had generally the highest performance for 
AUC (Table 2).

The most of variables were common for all species 
(Table  1). The performances on models of them were 
different. For red mullet, Silicate_range (22.1%) was the 
most dominant variable, following by Nitrate_range 
(16.4%), Phosphate_range (13.8%), Air_temperature_
min (12.9%), and Phosphate_range (10.4%) (Fig. S1). In 
anchovy, Current_direction_min (26.5%), Silicate_range 
(19.3%), Phosphate_range (18.8%), Nitrate_max (17.3%), 
Chlorophyll_range (13.7%), Primary_productivity_min 
(12.3%), and Mixed_layer_depth_range (11.1%) were the 
most effective variables (Fig. S2). Nitrate_max (37.6%) 
between ten variables was the most important for horse 
mackerel. This variable was followed by Salinity_range 
(13.7%), Phosphate_range (11.9%), Current_direction_
min (11.5%), Chlorophyll_range (11.3%), Current_direc-
tion_mean (10.4%), Primary_productivity_min (10.2%), 
and Air_temperature_min (10.1%) (Fig. S3). The vari-
ables that are relative importance for turbot were Sili-
cate_range (25.2%), Current_direction_min (11.3%), 

Air_temperature_min (14.1%), and Primary_productiv-
ity_min (10.3%) (Fig. S4). For the distribution of whit-
ing, Nitrate_max (30.2%) was the most obvious variable 
and others were Air_temperature_min (20.5%), Chlo-
rophyll_range (19.6%), Current_direction_min (13.5%), 
Mixed_layer_depth_range (11.9%), and Primary_produc-
tivity_min (10.3%) (Fig. S5) (Table S1). Other all variables 
showed a score of 10% below for all species.

Present and future potential distribution of five 
commercial fish species under climate change
The ensemble model suggests that current distribu-
tion patterns are suitable areas for commercial species 
along the southern coast of the Black Sea. According to 
the model results, the suitability probability of occur-
rence value in the current distribution maps is generally 
0.4–0.6, and it is understood that the Southern Black Sea 

Table 2  Model mean performance for each species, using test 
data set generated based on partitioning

Mullus barbatus

AUC​ COR TSS Deviance

GLM 0.91 0.3 0.69 0.09

RF 0.96 0.64 0.84 0.06

MAXENT 0.94 0.33 0.77 0.29

BIOCLIM 0.75 0.17 0.49 0.3

SVM 0.89 0.26 0.69 0.1

Engraulis encrasicolus

GLM 0.92 0.2 0.74 0.09

RF 0.95 0.53 0.8 0.07

MAXENT 0.93 0.26 0.79 0.34

BIOCLIM 0.71 0.15 0.43 0.26

SVM 0.88 0.19 0.64 0.1

Trachurus trachurus

GLM 0.92 0.24 0.75 0.09

RF 0.96 0.49 0.85 0.07

MAXENT 0.96 0.31 0.87 0.24

BIOCLIM 0.69 0.12 0.38 0.32

SVM 0.92 0.18 0.75 0.1

Scophthalmus maximus

GLM 0.93 0.32 0.75 0.09

RF 0.98 0.55 0.89 0.06

MAXENT 0.97 0.4 0.89 0.21

BIOCLIM 0.68 0.14 0.37 0.27

SVM 0.94 0.27 0.8 0.1

Merlangius merlangus

GLM 0.93 0.26 0.76 0.08

RF 0.97 0.57 0.87 0.05

MAXENT 0.96 0.34 0.84 0.21

BIOCLIM 0.67 0.1 0.36 0.34

SVM 0.92 0.24 0.75 0.09
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Coasts are moderately suitable areas. However, the same 
cannot be said for the results of future climate scenarios. 
While a decline in suitable habitats is generally observed 
for all commercial species, this negative trend is expected 
to be even more concerning, particularly for pelagic spe-
cies, such as anchovy and horse mackerel.

In the SSP1–1.9 scenario, the suitable areas of red mul-
let decreased in the southeastern Black Sea in 2030–
2040. In the same scenario, almost the entire Black Sea 

was at low suitability (0.2) for this species in 2090–2100. 
In the SSP5–8.5 scenario and in 2030–2040, the suit-
ability of red mullet started to decrease along the coastal 
Black Sea, but in 2090–2100, suitable areas were formed 
in patches along the southern coast of the Black Sea, but 
these areas were not found in the southwestern coast 
(Fig. 2).

For anchovy, all scenarios of future predictions in dif-
ferent time periods were different from the present. For 

Fig. 2  Present and future patterns of red mullet under climate change. Warm colors present the most suitable habitats. In the binary map, green 
areas indicate the presence of the species
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the most abundant fish of the Black Sea, all future scenar-
ios pointed to a possible worst-case scenario, where suit-
able areas for anchovy were almost non-existent (Fig. 3).

A striking situation occurred for horse mackerel com-
pared to the current distribution. All future scenario time 
periods showed similar distribution patterns. In 2030–
2040, low suitability areas occurred in the southeastern 
Black Sea, while suitable areas disappeared completely in 
2090–2100 (Fig. 4).

Areas suitable for turbot were observed to be in a 
decreasing trend both in all scenarios and time periods 
(Fig. 5).

In the SSP1–1.9 scenario, suitable areas for whit-
ing appeared around the southwestern Black Sea and 
Crimea, while this suitability was still evident in the 
SSP5–8.5 scenario. However, in the SSP5–8.5 scenario 
and in the period 2090–2100, suitable areas for this spe-
cies decreased considerably and, It is estimated that 

Fig. 3  Present and future patterns of anchovy under climate change. Warm colors present the most suitable habitats. In the binary map, green 
areas indicate the presence of the species
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the probability of occurrence value of almost the entire 
Southern Black Sea will fall to 0.2 levels (Fig. 6).

Changes in the present and future climatic conditions 
for fish species
It is predicted that suitable habitats for red mullet will 
decrease in the southern parts of the Black Sea in all 
climate scenarios and time periods. However, in the 

2030–2040-time period and SSP1–1.9 and 5–8.5 sce-
narios, the new low-scale habitats are in the areas in 
the west and northeast of the Black Sea. In the 2090–
2100 projection of the SSP1–1.9 scenario, very small-
scale suitable habitats have formed, especially on the 
west coast between latitudes 42°–43°, whereas in the 
SSP5-8.5 scenario, habitat shift has occurred only on 
the east coast between latitudes 42.5°N–43°N, and red 
mullet has retreated from all coastal areas (Fig. 7).

Fig. 4  Present and future patterns of horse mackerel under climate change. Warm colors present the most suitable habitats. In the binary map, 
green areas indicate the presence of the species
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SSP1–1.9 and 5–8.5 2030–2040 projections show sig-
nificant losses in the southern coast, while low (prob-
ability of occurrence value 0.5) habitat shifting is seen in 
the northern coastal areas. Both scenarios show general 
habitat loss in the southern coast and widespread but 
very low-level habitat shifting in the northern coast in 
the 2090–2100-time period (Fig. 8). Habitats for anchovy 
are projected to become increasingly unsuitable and 

almost disappear along the southern coast of the Black 
Sea (Fig. 8).

High levels of habitat loss for horse mackerel are pre-
dicted in coastal areas of the Black Sea. Results are simi-
lar to anchovy in all climate scenarios. Almost the same 
rate of losses is observed in the moderately suitable areas 
(probability of occurrence value approximately 0.4) seen 
in the current distribution (Fig. 9).

Fig. 5  Present and future patterns of turbot under climate change. Warm colors present the most suitable habitats. In the binary map, green areas 
indicate the presence of the species
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In both scenarios, although northward shifts of 0.1–0.2 
are planned for turbot in the 2030–2040 period, coastal 
negative impacts are predicted in the 2090–2100 pro-
jections. A noteworthy finding is that habitat shifts of 
approximately 0.2 are expected in the future along the 
Sochi coast (Fig. 10).

It is predicted that habitat losses for whiting will 
increase in the most coastal areas of the Black Sea, and 
there will be shifts toward deeper areas, especially in 

the 2090–2100 scenarios (Fig.  11). The bathymetry of 
the Black Sea is a subject that needs to be carefully con-
sidered. Especially the narrowness of the neritic zone 
in almost all of the Black Sea limits the habitats of the 
species.

Fig. 6  Present and future patterns of whiting under climate change. Warm colors present the most suitable habitats. In the binary map, green areas 
indicate the presence of the species



Page 10 of 17Gül et al. Environmental Sciences Europe          (2025) 37:100 

Discussion
It is claimed that the Black Sea is the most anthropogeni-
cally disturbed sea in the world, due to various reasons 
(pollution, overexploitation, climate change, etc.) [39]. 
This is one of the reasons why the annual landings of 
commercial fish tend to fluctuate in a downward trend 
[40]. However, it is now necessary to consider habitat 
destruction or loss due to climate change. The present 
study predicts future distribution and habitat losses 
of five commercial fish under the influence of climate 
change. The findings show a widespread pattern of habi-
tat degradation and distribution changes for all commer-
cial fish species in the Black Sea under possible climate 
scenarios. Some species show significant losses of suita-
ble habitat (e.g., anchovy and horse mackerel), while oth-
ers show a steady decline with possible displacement to 
new areas. The expected changes will not be limited to 
one country but will affect fisheries and marine biodiver-
sity in the entire Black Sea region. The observed north-
ward and offshore migrations of many species should 
be taken into account, as rising water temperatures and 
changing oceanographic conditions may transform 

fisheries dynamics, as well as affect traditional consump-
tion preferences and fisheries economics.

When comparing the current distribution and climate 
scenarios of red mullet, it is observed that the suitabil-
ity values in the southern coasts will decrease. In future 
projections, suitable habitats with lower values than cur-
rent distribution are expected to appear in other parts 
of the Black Sea (Fig. 2). Habitat losses are predicted to 
occur along the southern coast under both climate sce-
narios (Fig.  7). Both climate scenarios present a very 
important habitat loss for red mullet over the next hun-
dred years, posing a very risky situation for its sustain-
ability in the Black Sea. In addition, there are several 
previously mentioned observations, including decreases 
in average lengths, length frequencies, and maximum 
age data obtained from biological studies on red mullet. 
This means the health of the stock is starting to dete-
riorate, and scientists have attributed this to overfishing 
and human-caused pollutants [41–44]. It is expected that 
the decrease in fish size under the influence of climate 
change will vary from species to species. A reduction in 
size is anticipated, particularly among smaller species 
[45]. It has been reported that red mullet fish have shrunk 

Fig. 7  Future predictions of red mullet. Negative value shows the suitability decline, while positive value indicates the suitability increase. Zero 
indicates no change the suitability
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in size on the Georgian coast (only 0.3% of red mullet 
production from the Black Sea is obtained by Georgia) 
and that this situation may be due to fishing pressure 
[46]. It is obvious that these negative developments, espe-
cially observed on the coasts, where a much smaller fleet 
is operated compared to Türkiye, cannot be explained 
only by fishing pressure. This suggests that additional fac-
tors, such as environmental changes, habitat degradation, 
or climate-related influences, may also play a role in this 
phenomenon and should be further investigated.

When examining the current distribution map, a more 
pessimistic outcome emerges for anchovy (Fig.  3). The 
probability of occurrence value of suitable areas is 0.4, 
indicating that the southern coast of the Black Sea is 
going to close to being unsuitable habitat for anchovy. 
Anchovy account for most of the annual produc-
tion in the Black Sea and fluctuations in its production 
have been linked to ecosystem changes (eutrophica-
tion), the introduction of invasive species (jellyfish), and 
overfishing [2, 47]. In addition, while it was previously 
understood that only the northern coasts functioned 
as spawning areas, ichthyoplankton surveys conducted 
on the southern coasts of the Black Sea after the 90  s 

revealed the presence of anchovy eggs, with their abun-
dance gradually increasing. Researchers interpreted this 
difference as an indication that the spawning areas for 
anchovy may have changed due to alterations in the eco-
system. Furthermore, some of the negative impacts have 
disappeared compared to the past, settlement spawning 
stocks have been mentioned along the southern coast 
[48]. Considering all this information and this study 
model results, it can be inferred that the priority spawn-
ing areas for anchovy stocks have decreased, suggesting 
that virtually any area in the Black Sea could be a spawn-
ing area. This change in priority spawning areas indi-
cates a potential disruption in the anchovy’s reproductive 
dynamics, which could negatively impact stock sustain-
ability and long-term fishery yields in the Black Sea.

Recent studies on anchovy fishery indicate that catch 
amounts in Bulgaria and Romania have not reached levels 
observed in previous periods, which may signal a change 
in migration routes [49]. In addition, Chashchin et  al. 
noted an increase in anchovy density along the Crimean 
coast during the warm winter of 2005 [50]. This situation 
is interpreted as anchovy migration linked to tempera-
ture, with the decline in catches on the southern coasts 

Fig. 8  Future predictions of anchovy. Negative value shows the suitability decline, while positive value indicates the suitability increase. Zero 
indicates no change the suitability
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that year attributed to the warm winters experienced on 
the northern coasts [51]. In addition, unusual situations 
regarding migration, spawning grounds, and a down-
ward trend in annual production that contradict previous 
information should be considered a warning for anchovy 
populations. Akkuş and Gucu also noted that the first 
maturity size of anchovy has decreased, which is likely 
to have negative effects on spawning stock biomass and 
recruitment [52]. They attributed these adverse changes 
to rising temperatures. Both the literature and our results 
confirm that the effects of climate change on the cur-
rent distribution of anchovy are becoming increasingly 
evident. In all future projections, this situation becomes 
even worse.

Fisheries shift toward exploiting smaller fish after 
the large predatory fish at the top of the food chain are 
depleted. Many species that could be considered large 
predators have disappeared from the Black Sea over time 
[53]. For this reason, the behavior of fishermen in the 
Black Sea has also changed. Whiting was not commer-
cially popular before the 1990s, and sprat has recently 
been used in fish meal processing so that have been sub-
jected to fishing pressure that was not present before. 

Stocks of small pelagics are very important feeding sup-
plies for other species. Therefore, it is possible that a 
decline in the abundance of small fish such as anchovy 
and sprat would also lead to the extinction of other fish 
that feed on this species [54–56]. Thus, it becomes evi-
dent that the Black Sea is caught in a vicious cycle that 
continuously disrupts the ecosystem and food chain. 
Because of their ecological significance, special attention 
should be given to small pelagics, and their fishing should 
always be managed.

Both the low suitability probability of occurrence value 
values in the current predicted distribution map and the 
nearly complete absence of suitable habitats in future 
projections indicate a concerning outcome for horse 
mackerel. It has been reported that the first maturity size 
of horse mackerel in the Black Sea has decreased and they 
have gained the ability to reproduce at smaller sizes. This 
situation is thought to be due to high fishing mortality 
and exploitation rates [57]. Alterations in oxygen levels 
and temperature resulting from climate change will influ-
ence fish metabolism, indicating a projected decrease in 
fish size as lower oxygen and high temperatures elevate 
energy demands [58]. For this reason, the reduction in 

Fig. 9  Future predictions of horse mackerel. Negative value shows the suitability decline, while positive value indicates the suitability increase. Zero 
indicates no change the suitability
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horse mackerel sizes can also be attributed to climate 
change. Several morphological and genetic studies on 
horse mackerel in the Black Sea were conducted. Bektaş 
and Beldüz (2008) suggest that the Black Sea stock does 
not exhibit genetic differences and is genetically homo-
geneous [59]. However, another study, which examined 
otoliths and fish morphology in detail, reported the pres-
ence of distinct stocks in the Black Sea. It is particularly 
thought that otolith asymmetries may be linked to fac-
tors, such as habitat deterioration and stress [60]. When 
these studies are evaluated (despite the absence of genetic 
differences the association of morphological differences 
with habitat changes and stress, and the decreasing fish 
length), it may indicate that the effects of climate change 
are becoming apparent earlier.

The demersal fish species with the highest commer-
cial value in the Black Sea is the turbot. When the pro-
duction amounts of both Türkiye and the countries 
bordering the Black Sea are examined over the years, 
it is seen that there is a continuous downward trend 
[4]. When the distribution areas are examined on the 
native distribution map, the highest relative probabili-
ties of occurrence values are the north-eastern coasts 

of the Atlantic Ocean and the Black Sea [61]. Giragosov 
and Khanaychenko mentioned some negative aspects 
of turbot stocks in their long-term data-based studies 
[62]. In particular, the male–female ratio was very low 
and this situation reduced reproductive success by up 
to 5 times compared to the past and the average lengths 
of females and males were different. They emphasized 
that changes in zooplankton abundance and diversity 
and abnormal microalgae blooms can negatively affect 
the larval development and survival rates of turbot 
fry and that this situation is caused by overfishing and 
anthropogenic pollutants. The northwestern continen-
tal shelf has seen an improvement in production and 
the prevention of illegal fishing in recent years [63]. In 
fact, this improvement may be an artificial one reflected 
in the figures. The rise in landings in countries such as 
Ukraine, Bulgaria, and Romania might be attributed 
to their increased focus on this species due to imports 
into the European Union, their increased fishing capac-
ity, and illegal fishing activities have been prevented 
in this region. However, it is noteworthy that the total 
annual catch of the Black sea has not reached the fig-
ures of the early 1980s or 2000 [4, 5, 64]. Moreover, on 

Fig. 10  Future predictions of turbot. Negative value shows the suitability decline, while positive value indicates the suitability increase. Zero 
indicates no change the suitability
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the Bulgarian coast, low haplotype and nucleoid diver-
sity of turbot in some areas has been considered as a 
sign of stock collapse or a bottleneck, and as in our 
results, habitat losses are also mentioned on the north-
ern coast of Bulgaria [65]. The fact that similar results 
are predicted in both countries, along with the previ-
ously mentioned negative aspects, should be consid-
ered evidence that we are facing a climate change issue 
that requires careful attention, particularly for turbot.

Whiting was the dominant benthic fish caught in 
the Black Sea; however, its annual yield declined sig-
nificantly after the 1990s [66, 67]. Moreover, different 
results can be obtained in fish biology studies depend-
ing on the sampling procedure [68], here is a general 
situation for the whiting stocks of the Black Sea, which 
is that the average sizes tend to decrease compared to 
the past [69]. A study of whiting populations in Tür-
kiye revealed substantial haplotype diversity and little 
nucleotide diversity [70]. This circumstance may be elu-
cidated as a rapid population surge following a recent 
bottleneck in the whiting population [71]. The landing 
of whiting in the Black Sea, reached 20,000 tonnes in 
1998, dropped to its one-quarter and approximately 

7000 tones in 2005 [72]. Although annual production 
has occasionally exceeded 10,000 tonnes after 2005, 
the figures of the pre-2000s have never been reached 
again. Whiting can reproduce all year round, although 
their reproductive activities decrease in the summer 
[66]. Therefore, after a population collapse, this spe-
cies has the potential to recover more quickly than 
other commercial species in the Black Sea. For this 
reason, whiting should be expected as one of the com-
mercial species best able to cope with future climate 
change impacts, both because of its preference for 
deeper waters and its reproduction activities continue 
throughout the year. As a matter of fact, our findings 
are consistent with this statement. When future pat-
terns and habitat loss maps are examined, whiting has 
higher scores for suitable areas than other commercial 
species of the Black Sea in both scenarios.

Perhaps fish in the Black Sea may be able to withstand 
temperature changes; however, the real question that is 
thought-provoking is their ability to cope with the dete-
rioration of food abundance and water quality. The model 
results indicate that environmental variables related 
to food and water quality, such as silicate, phosphate, 

Fig. 11  Future predictions of whiting. Negative value shows the suitability decline, while positive value indicates the suitability increase. Zero 
indicates no change the suitability
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nitrate, and primary productivity, play a crucial role in 
determining suitable habitats.

The region between 42.5°N and 44°N latitudes in the 
east of the Black Sea is remarkable according to our anal-
ysis results. When the habitat shift maps of demersal spe-
cies are examined, there is a slight movement toward this 
region. This indicates that this region has the potential to 
be an important marine area and should be protected for 
the future.

The observed changes in the physical oceanography 
and eutrophication of the Black Sea are the result of natu-
ral and anthropogenic factors. The consequences of such 
events have been faced severely in the Black Sea in the 
past. Despite the intense interest in this topic, an interna-
tional management plan should be advocated to manage 
and improve the health of this ecosystem due to adverse 
factors, such as climate change and ongoing nutrient 
inputs [39, 73, 74].

Climate change directly affects ecosystems and species, 
as increases in seawater temperature cause organisms 
to migrate toward polar latitudes [75, 76]. However, this 
may not be the case for species living in the Black Sea, 
as it has no connection to another marine system to the 
north. This situation may force local species to become 
trapped in the Black Sea and struggle to continue their 
life cycles in adverse conditions. Another problem will 
be the expansion invasion of areas in northern latitudes 
due to warming. Because the distribution areas of algae, 
invertebrates, and fish in warm seas are expanding [77, 
78]. The introduction of Mediterranean-based or other 
species to the Black Sea could lead to both increased 
food competition and prey–predator relationships, thus 
increasing the pressure on native species of the Black Sea.

This study reveals that important commercial fish spe-
cies in the Black Sea are under serious threat in the long 
term due to climate change. The preferred Bio-ORACLE 
v3.0 data set provides a holistic approach in terms of 
comparability and model consistency under both current 
and future conditions, as it provides climate projections 
with high spatial resolution and temporal dimension for 
the Black Sea. Model results are consistent with existing 
biological observations of habitat suitability reduction, 
distribution areas shrinking, declining stocks, changing 
spawning areas and migration routes. On the other hand, 
inconsistencies between the "unsuitable" areas predicted 
by the model in some regions and known species occur-
rences indicate the effects of factors such as data reso-
lution, environmental variable selection and ecological 
tolerances of species on model performance. These dif-
ferences do not indicate the deficiencies of the model, 
but rather the need for more integrated and flexible 
approaches in a unique marine system such as the Black 
Sea, which is semi-enclosed, has a persistent hydrogen 

sulfide layer at depth and is subject to intense anthropo-
genic impact.

Considering all these, the priority should be to reduce 
dynamic and complex anthropogenic effects [79]. The 
main way to cope with this situation is to develop reform-
ist approaches in terms of fisheries management to gain 
time against climate change and to reduce the pressure 
on commercial species. Reducing fishing pressure can 
contribute to the survival of commercial species [80]. The 
spread of pollutants in the marine environment causes 
instability, disorder, harm or discomfort to fish [80]. For 
this reason, when implementing precautionary meas-
ures, not only the countries bordering the Black Sea but 
also all nations that contribute to its pollution by dis-
charging waste through rivers must develop a compre-
hensive strategy. Moreover, climate change is a global 
problem and continuous monitoring and development of 
advanced modeling techniques are essential to improve 
predictions and guide management strategies. Address-
ing the climate problem of the Black Sea will be crucial 
to ensuring the long-term sustainability of fish stocks and 
the livelihoods of communities’ dependent on its ecosys-
tem. It is clear that if it continues in this way, it will have 
socio-economic effects as well as biological effects. The 
Black sea inhabitants will witness the disappearance of 
cheap and high-quality protein sources and communities 
that make their living from fishing.
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