? frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Shin-ichi Ito,
The University of Tokyo, Japan

REVIEWED BY
Jinlin Liu,

Tongji University, China

Zhen Lin,

The University of Tokyo, Japan

*CORRESPONDENCE
Rutendo Musimwa
rutendo.musimwaa@vliz.be

RECEIVED 25 September 2024
AccepTeD 10 February 2025
PUBLISHED 27 February 2025

CITATION
Musimwa R, Standaert W, Stevens M,
Ferndndez Bejarano SJ, Mufiiz C,
Debusschere E, Pint S and Everaert G (2025)
Climate-induced habitat suitability modelling
for pelagic fish in European seas.

Front. Mar. Sci. 12:1501751.

doi: 10.3389/fmars.2025.1501751

COPYRIGHT

© 2025 Musimwa, Standaert, Stevens,
Fernandez Bejarano, Muriiz, Debusschere, Pint
and Everaert. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 27 February 2025
po110.3389/fmars.2025.1501751

Climate-induced habitat
suitability modelling for pelagic
fish in European seas

Rutendo Musimwa™, Ward Standaert®, Martha Stevens?,
Salvador Jesus Fernandez Bejarano®, Carlota Mufiz?,
Elisabeth Debusschere?, Steven Pint*? and Gert Everaert*

tResearch Department, Flanders Marine Institute, Ostend, Belgium, 2Marine Biology Research Group,
Ghent University, Ghent, Belgium

Pelagic fish species, including Clupea harengus (Atlantic herring), Scomber
scombrus (Atlantic mackerel) and Dicentrarchus labrax (European seabass), are
integral to the ecological stability of European marine ecosystems. This study
employs a mechanistic niche modelling approach to predict the distribution of
these key pelagic species in European seas and to assess the impact of predicted
changes in climate conditions on their suitable habitat range. By using fuzzy logic
principles and mathematical descriptions of species’ niches, we analysed
responses to changing temperature and salinity using climate prediction data
from six Shared Socioeconomic Pathways (SSP) scenarios, predicting habitat
suitability from the present (2010-2019) until 2100. Under the worst-case
temperature climate scenario, all three species exhibited a consistent
northward shift of suitable habitats by 2100. Specifically, the suitable habitat for
C. harengus, S. scombrus and D. labrax is projected to shift approximately 638
km, 799 km and 13 km north, respectively. The independent contributions of
temperature and salinity indicate a distinction in habitat suitability between
northern European waters and the Mediterranean Sea, with higher suitability
scores in the north. For example, by 2100, the habitat suitability index for non-
spawning Atlantic herring in the North Atlantic Ocean is projected to be 0.63 +
0.3 under SSP5-8.5 compared to the current habitat suitability index of 0.49 +
0.36, while the index is projected to 0.02 + 0.003 in the Mediterranean Sea-
Western Basin with the current index at 0.01 + 0.03. These findings suggest that
northern latitudes, encompassing regions such as the North Sea and the Baltic
Sea currently offer more favorable conditions compared to the lower latitudes of
the Mediterranean region. The study’s findings should guide policy decisions in
environmental and marine resource management, ensuring interventions are
based on up-to-date information and account for anticipated climate
change impacts.
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1 Introduction

Understanding the habitat preferences of commercially
important pelagic species is essential for their sustainable
management (Fernandez et al., 2022; Schatz, 2020; van Balsfoort
et al., 2022). The implementation of effective ocean and coastal
management strategies, particularly concerning European Union
(EU) fisheries, has become even more crucial in the wake of
geopolitical changes, especially Brexit. Brexit significantly
impacted European fisheries due to changes in access to United
Kingdom (UK) waters and alterations in fishing policies (Fernandez
et al,, 2022; Phillipson and Symes, 2018; Symes and Phillipson,
2019). Historically, UK waters have been rich fishing grounds for
both demersal and pelagic species (Guille et al., 2021). However, the
UK’s withdrawal from the European Union (EU) marked the end of
the Common Fisheries Policy (CFP) in British waters, leading to
reduced access for EU fishing fleets and affecting the livelihoods of
European fishermen who relied on these grounds (Fernandez et al.,
2022; Phillipson and Symes, 2018; Schatz, 2020). During the
transition period, negotiations between the UK and the EU
established new arrangements, aiming to mitigate abrupt
disruptions (Heath and Cook, 2020). As a result, the EU fishing
industry faces challenges in recalibrating strategies, exploring
alternative fishing grounds, and managing the economic
repercussions of reduced access to UK waters (Phillipson and
Symes, 2018; Symes and Phillipson, 2019; van Balsfoort et al.,
2022). With Brexit, European fleets may explore alternatives
within their fishing grounds, such as pelagic fisheries, which are
not currently the focus of Belgian fishing fleets.

The changes to European fisheries management following
Brexit emphasize the urgent need for a deeper understanding of
pelagic species’ resilience to climate change, as their potential for
sustainable fishing practices offers promise for both ecosystem
health and the future of European fisheries. High market demand
for pelagic species and potentially lower fishing costs contribute to
their economic viability (Nielsen et al., 2017; Paoletti et al., 2021).
Beyond their economic importance, pelagic fish play crucial
ecological roles, maintaining food webs and nutrient cycles within
marine ecosystems, which are vital for biodiversity and fisheries
productivity (Checkley et al., 2009; Freon et al., 2005). Additionally,
their midwater and surface habitats allow for fishing methods with
lower bycatch compared to demersal fisheries, minimizing
ecosystem disruptions (Morizur et al., 1996). However, climate
change introduces significant challenges by altering both ocean
temperatures and salinity. Rising atmospheric temperatures lead to
ocean warming, which directly impacts fish metabolism, growth
rates, and migration patterns. Climate change also affects ocean
salinity through increased precipitation, altered freshwater runoff,
and melting ice, which can cause regional shifts in salinity patterns
(Helm et al, 2010; Rothig et al., 2023). These salinity changes
influence species distribution and behavior, as salinity levels affect
osmoregulation, which is vital for fish health and survival (Velotta
et al., 2022). Consequently, understanding the combined impacts of
temperature and salinity shifts on pelagic fish populations is
essential for developing resilient, adaptive fisheries management
strategies in a changing environment.
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Climate change is profoundly affecting the marine
environment, particularly the habitats and spawning grounds of
pelagic fish (Asch et al., 2019; IPCC, 2022; Pankhurst and Munday,
2011). Sea surface temperatures are predicted to rise. Warmer
waters and heatwaves will increase the metabolic demands of
pelagic fish, reducing energy reserves and reproductive success
(Muhling et al., 2017; Pankhurst and Munday, 2011; Peck et al,,
2013). In addition to temperature changes, the future salinity in
European seas will be influenced by climate change, freshwater
inputs, and ocean circulation, leading to varying regional impacts
(Holt et al., 2010). Coastal areas are likely to experience larger and
more variable changes in salinity due to their sensitivity to
freshwater inputs from rivers and local factors while offshore
regions will generally see more gradual and homogeneous salinity
changes. Salinity plays a crucial role in regulating the distribution of
marine life, and shifts in salinity can disrupt marine ecosystems,
leading to food scarcity and habitat loss for pelagic fish (Hagan and
Able, 2003; Peltonen et al, 2007). When salinity shifts beyond
optimal ranges, it can create unfavorable conditions for certain
plankton species, thereby reducing their availability and affecting
the foraging behavior of pelagic fish that depend on them (Asch
et al.,, 2019; Edwards, 2009; Mason and Vincent, 2011; Schickele
et al, 2021). Climate change can also disrupt the timing, location,
and success of pelagic fish spawning, potentially leading to
population declines (Munday et al., 2008; Pankhurst and
Munday, 2011). Some studies also indicate a potential population
increase under climate change in some pelagic fish species (Perry
et al,, 2005). Such population growth could influence species
distribution in several ways. Expanding populations may intensify
competition for limited resources, potentially driving individuals to
exploit less favorable habitats or shift their ranges (Rijnsdorp et al.,
2009; Schickele et al., 2021). Additionally, increased densities in
core habitats might lead to overcrowding, resulting in changes to
habitat use patterns and potentially facilitating colonization of new
regions (Johnson, 2006; Smith and Anderson, 2016).

Previous research has highlighted the differential impacts of
climate change on spawning and non-spawning individuals in
marine species, emphasizing the importance of examining these
life stages separately. Spawning individuals are particularly sensitive
to environmental changes, as temperature and salinity directly affect
reproductive processes, including egg viability, spawning success,
and larval survival (Cushing, 2001; Haegele and Schweigert, 1985).
Studies indicate that spawning fish often require more stable and
optimal environmental conditions, whereas non-spawning
individuals may exhibit greater tolerance to environmental
variability (Petitgas et al., 2013; Schickele et al., 2021).
Temperature increases, for example, can accelerate metabolic
rates in both spawning and non-spawning individuals, but the
physiological demands of reproduction can make spawning
individuals more vulnerable to thermal stress (Dahlke et al., 2020;
Mling et al., 2020; Singh et al., 2023). In addition, salinity changes
can disrupt osmoregulation, with significant consequences for
spawning individuals who often inhabit different salinity zones
during reproductive phases.

In response to the increasing pressure of climate change on
pelagic fish habitats, scientists have turned to habitat suitability
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models (HSMs) to gain a deeper understanding of these dynamics
(Schickele et al., 2021; Townbhill et al., 2023). While species
distribution models (SDMs) are widely used for predicting species
ranges based on correlations between species presence and
environmental variables (Schickele et al., 2021), HSMs offer
distinct advantages for this study. Specifically, HSMs, particularly
mechanistic niche models, provide a more process-based approach
by incorporating the physiological and ecological responses of
species to environmental factors (Kearney and Porter, 2009).
Unlike SDMs, which rely heavily on observed distributions and
environmental correlates, mechanistic models explicitly define a
species’ environmental niche using mathematical descriptions of
key variables like temperature, salinity, and habitat requirements
(Baker et al., 2018; Leibold, 1995). This allows for more detailed
predictions, especially under changing climate conditions, where
the relationship between the environment and species responses
may be non-linear or beyond the range of current observations
(Briscoe et al., 2022). By incorporating mechanistic links between
species and their environment, HSMs offer a more dynamic
understanding of how pelagic fish habitats might shift under
future climate scenarios, making them particularly suitable for
assessing long-term ecological impacts.

In light of the challenges posed by a changing environment, this
research seeks to understand how climate change, according to
Shared Socioeconomic Pathways (SSPs) scenarios, affects the
spawning versus non-spawning habitats of three pelagic species of
potential commercial interest in European waters: Atlantic herring
(Clupea harengus), Atlantic mackerel (Scomber scombrus), and
European seabass (Dicentrarchus labrax). This study developed
mechanistic niche models using temperature and salinity data,
validated by 655,389 species occurrence records. Our analysis
employed habitat suitability index (HSI) values and observed

10.3389/fmars.2025.1501751

distribution patterns, focusing on how optimal suitability shifted
over time, independent of longitudinal variations. We examined the
impact of climate change on habitat suitability under six SSP
scenarios (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP4-6.0,
SSP5-8.5), representing a range of future socioeconomic and
greenhouse gas emission trajectories. By exploring these
dynamics, this research sheds light on critical aspects of ecological
responses to a changing environment, providing insights crucial for
the development of sustainable management strategies for marine
ecosystems in the face of climate challenges.

2 Materials and methods
2.1 Study area

Our investigation focused on European marine waters, covering
the geographic coordinates between longitudes 20°W and 40°E, and
latitudes 30°N and 65°N (Figure 1). The study area covers
approximately 9.9 million km? representing about 2.7% of the
surface area covered by the global ocean. Regional seas often have
distinct characteristics and vary in salinity and temperature. For
example, the Baltic Sea, located in Northern Europe, undergoes
seasonal fluctuations in temperature, with cold winters and milder
summers. It has the lowest salinity in the study area, ranging
between 0.7 (parts per thousand) ppt and 7.5ppt (Gonzalez-
Gambau et al, 2022; Lehmann et al,, 2022). These low salinity
levels are attributed to inputs from freshwater sources like rivers
and precipitation (Lehmann et al., 2022; Stigebrandt and
Gustafsson, 2003). The Mediterranean Sea is characterized by
high air temperatures, and warm summer air conditions
exceeding 30°C, and these are accompanied by elevated salinity

FIGURE 1

Study area showing the International Hydrographic Office Sea Areas (Flanders Marine Institute, 2025): 1: Baltic Sea, 1a: Gulf of Bothnia, 1b: Gulf of
Finland, 1c: Gulf of Riga, 2: Kattegat, 3: Skagerrak, 4: North Sea, 6: Norwegian Sea, 18: Inner Seas off the West Coast of Scotland, 19: Irish Sea and St.
George's Channel, 20: Bristol Channel, 21: English Channel, 21A: Celtic Sea, 22: Bay of Biscay, 23: North Atlantic Ocean, 28a: Strait of Gibraltar, 28A:
Mediterranean Sea - Western Basin, 28B: Mediterranean Sea - Eastern Basin, 28b: Alboran Sea, 28c: Balearic (Iberian Sea), 28d: Ligurian Sea, 28e:
Tyrrhenian Sea, 28f: lonian Sea, 28g: Adriatic Sea, 28h: Aegean Sea, 29: Sea of Marmara, 30: Black Sea,.
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due to high evaporation rates (Ducrocq, 2016). Therefore, the
highest salinity in our study area is found in the Mediterranean
Sea with an average of 38.5 ppt (Aydogdu et al., 2023). Seasonal
temperature variations in the North Atlantic Shelf are influenced by
the North Atlantic Drift, resulting in mild winters and warm
summers (Bray, 1982; Ruprich-Robert and Cassou, 2015). These
diverse temperature and salinity characteristics contribute to the
unique environmental conditions and ecosystems in each of

these seas.

2.2 Modelling approach

2.2.1 Species

This study investigated the impact of climate-driven changes in
sea surface temperature and salinity on the habitat suitability of
European seas for three key pelagic species, Clupea harengus
(Atlantic herring), Scomber scombrus (Atlantic mackerel), and
Dicentrarchus labrax (European seabass), chosen for their
ecological importance, economic value, and comprehensive data
availability (Froese and Pauly, 2024c, 2024d, 2024a). Each species
occupies distinct regions within European waters, enabling an
assessment of vulnerabilities across varied marine habitats
(Trenkel et al., 2014). Atlantic herring, widely distributed in
cooler northern waters, supports marine food webs as a primary
prey species and is foundational to ecosystem stability (Munroe,
2002). Atlantic mackerel, known for its extensive migratory
behavior and presence in temperate waters, is a crucial link across
ecosystems and an important prey species (Jansen et al.,, 2012;
Kvaavik et al, 2019). European seabass, inhabiting coastal and
warmer waters, is notable for its adaptability to both temperature
and salinity variations, making it valuable for understanding
climate resilience (De Pontual et al., 2023). Economically, these
species are vital to European fisheries, with herring and mackerel
collectively comprising over 50% of the EU pelagic fishery sector’s
total economic value supporting industries from artisanal to
commercial levels and contributing significantly to food security
(European Commission: Joint Research Centre, Scientific,
Technical and Economic Committee for Fisheries et al., 2019).
Seabass is highly prized in commercial and recreational fisheries,
particularly in northern Europe, where it supports local economies
(Hyder et al., 2018; Tidbury et al, 2021). The availability of
extensive data on these species including physiological
characteristics, ecological roles, and historical distributions
enables precise modelling to project environmental impacts,
providing essential insights for adaptive fisheries management
and conservation policies to safeguard ecosystem health and
sustain European fisheries.

Information on variables of both spawning and non-spawning
aspects of pelagic fish was sourced from a literature review
(Table 1). In determining the salinity and temperature ranges for
Atlantic herring, Atlantic mackerel, and European seabass, a
comprehensive approach was employed, drawing upon a diverse
array of scientific literature (Table 1). The chosen ranges
(Supplementary Tables S1, S2) represent a synthesis of
physiological considerations, reproductive behaviors, and habitat
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preferences documented in numerous studies. We systematically
excluded temperature and salinity ranges that fell outside the
physiological tolerances or were irrelevant to the focal species.
This process was based on a thorough review of both
foundational studies and more recent, updated literature [e.g
(Froese and Pauly, 2024b; OBIS, 2024)]. Specifically, ranges
identified in earlier research were cross-referenced with updated
datasets and observational records to ensure the thresholds reflected
the most current understanding of each species’ ecological and
physiological limits (Table 1). For instance, salinity ranges that
exceeded the osmoregulatory capacities of the species or
temperature ranges outside metabolic or reproductive limits were
removed. This step-by-step approach ensured that the selected
ranges represented ecologically valid conditions while also
accommodating variability in life stage requirements.

Atlantic herring shows a preference for coastal and shelf areas
where salinity levels typically fall within the range of 2 to 36 ppt
(Breve et al., 2007). Notably, the preference for 30 to 35 ppt aligns
with critical conditions for reproductive success, with the adult
spawning optimum (OBIS, 2024). Similarly, the temperature range
of 8 to 12°C corresponds closely with the species’ known
physiological needs and reproductive behavior, with temperatures
below 8°C potentially limiting growth and reproductive (Froese and
Pauly, 2024b; Mansueti and Hardy, 1967; Schroeder and Legette,
1953). Atlantic mackerel inhabits a wide range of coastal and
offshore environments, with a salinity tolerance of 20 to 36 ppt,
while salinity values between 30 and 35 ppt reflect optimal
conditions for spawning and larval survival (Brunel and Dickey-
Collas, 2010; Froese and Pauly, 2024b; OBIS, 2024). The preferred
temperature range of 13.5 to 15.5°C aligns with habitat preferences
and reproductive behavior, providing optimal conditions for
spawning and larval development (Ibaibarriaga et al., 2007).
Regarding European seabass, a salinity range of 0.5 to 40ppt is
consistent with habitat preferences in coastal and estuarine
environments, supported by multiple sources indicating optimal
(Froese and Pauly, 2024b; Vandeputte et al., 2019). The broader
temperature range of 8 to 24°C reflects the species’ ability to inhabit
diverse habitats, with optimal conditions for growth, reproduction,
and survival encompassed within this range (Kaschner et al., 2019;
OBIS, 2024).

The exclusion of certain ranges from the analysis was guided by
factors such as relevance to habitat preferences, consistency across
studies, physiological constraints, data quality, and ecological
context. Ranges that fell outside of the species’ typical habitat or
physiological limits, represented extreme or suboptimal conditions
or lacked consistency across studies were omitted to ensure
coherence and accuracy in defining habitat preferences. By
prioritizing ranges that best reflect the species’ ecological
requirements, this approach enables researchers to accurately
obtain the species niche.

2.2.2 Climate scenarios

To evaluate the influence of climate change on these three pelagic
species habitats, five climate change scenarios from the Shared
Socioeconomic Pathways (SSP) were selected as future predictions
for the variables of interest, i.e. sea surface temperature (SST) and sea
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TABLE 1 Environmental tolerances and optimum ranges for Atlantic herring, Atlantic mackerel, and European seabass.

Species Variable

Atlantic herring Egg optimum range

Temperature (°C) Salinity (ppt)

8 - 13 (Schroeder and Legette, 1953)

Egg tolerance range
Larvae range

Species range

4 - 19 (Schroeder and Legette, 1953) 32.5 - 35.5 (Rose, 2005)
8 - 14.5 (Mansueti and Hardy, 1967)

5 - 15 (OBIS, 2024) 20 - 35 (OBIS, 2024)

Adult minimum

0 (Laevastu, 1993)

Adult ranges

1 - 18 (Froese and Pauly, 2024b) 20 - 35 (OBIS, 2024)

27 - 35 (Stevenson and Scott, 1999) 2< (Breve et al., 2007)

Adult optimum

0.5 - 11.2 (Froese and Pauly, 2024b) 30 - 35 (OBIS, 2024)

11 - 14 (Maravelias, 2001; Maravelias
et al., 2000)

Adult spawning range

Atlantic mackerel Egg and larvae range

5 - 9 (Stevenson and Scott, 1999)
32 - 33 (Munroe, 2002)

9.5 - 18 (Ibaibarriaga et al., 2007)

Egg and larvae optimum

13.5 - 15.5 (Ibaibarriaga et al., 2007)

Adult ranges

5 - 20 (Froese and Pauly, 2024b) 20 - 35 (Froese and Pauly, 2024b)

Adult optimum

10 - 15 (OBIS, 2024) 34.5 - 35.5 (Brunel et al., 2018)

Adult spawning range

European seabass Egg range

13 (Brunel et al,, 2018) 30 - 35 (OBIS, 2024)
11 - 14 (Froese and Pauly, 2024b)

8.5 - 11 (Thompson and Harrop, 2009)

Embryo development

13 - 14 (Froese and Pauly, 2024b)

Adult ranges

8 - 24 (Froese and Pauly, 2024b) 30 (Froese and Pauly, 2024b)

5 - 10 (Froese and Pauly, 2024b) > 6 (Bagdonas et al., 2011)

2 - 32 (Vandeputte et al., 2019) > 3 (Zanuy and Carrillo, 1984)
0 - 40 (Vandeputte et al., 2019)

7.3 - 19.4 (OBIS, 2024) 0 - 35 (Froese and Pauly, 2024b)

15 (Conides and Glamuzina, 2006)

Adult optimum

10.7 (Kaschner et al., 2019)

10 - 15 (OBIS, 2024)

12 - 20 (Bégout Anras and
Lagardere, 1998)

10 - 20 (Claireaux and
Lagardere., 1999)

Adult mean temperature

9 (Bagdonas et al., 2011)

Species limits

24 (Russell et al., 1996)

surface salinity (SSS) (Intergovernmental Panel on Climate Change,
2023). Average sea surface temperature and salinity values from six
SSP scenarios were selected, including scenarios SSP1-1.9, SSP1-2.6,
SSP2-4.5, SSP3-7.0, SSP4-6.0, and SSP5-8.5. Predictions of sea surface
temperature and sea surface salinity under these scenarios were
obtained from climate prediction data from Bio-ORACLE v3.0
(Assis et al., 2018, 2024; Tyberghein et al., 2012). Shared
Socioeconomic Pathways 1-1.9 envisions a future marked by a
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significant reduction in greenhouse gas emissions, striving for net-
zero carbon dioxide emissions around 2050 (Intergovernmental
Panel on Climate Change, 2023). The climate model employed in
SSP1-1.9, features a resolution of 1/4 degree for oceanic regions
(Intergovernmental Panel on Climate Change, 2023). This scenario is
unique in meeting the Paris Agreement’s goal of restricting global
warming to about 1.5°C above preindustrial levels. Compared to the
baseline temperature, the sea surface temperature trajectory projected
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by Assis et al. (2024) in SSP1-1.9 aligns with this objective, with
warming peaking at 0.36°C and then gradually receding and
stabilizing around 0.125°C by the century’s end. The worst-case
SSP scenario available is SSP5-8.5. According to SSP5-8.5, CO,
emissions are projected to nearly double by 2050, driven by
extensive fossil fuel exploitation and energy-intensive lifestyles,
resulting from rapid global economic growth (Intergovernmental
Panel on Climate Change, 2023). Based on scenario SSP5-8.5, Assis
et al. (2024) predict that the average regional sea surface temperature
will experience an exponential increase, reaching up to +2.7°C by the
year 2100. The salinity data from Assis et al. (2024) associated with
the climate change scenario SSP-5.85 indicate a range of values from a
minimum of 0.87psu to a maximum of 40psu, with a median salinity
of 34.4psu for our study area (Table 2).

The SSP scenarios will help to understand how different
conditions might impact the species distribution and abundance.
Baseline data for the decade of 2010 which is data from 2010 to 2020
formed the foundation for predicting the current habitat suitability
for each species, while future projections spanned from 2020 to
2100 (2020 decade to 2090 decade), each prediction covering one
decade. Utilizing scenario-driven modelling, we simulated habitat
suitability for the selected species from the year 2010 until 2100,
delineating potential shifts in their habitats over time. To ensure
consistency between the environmental data and the occurrence
records, we relied on Bio-Oracle layers derived from surface
projections. These layers provide, surface-oriented climate data,
which align with the predominantly surface-level occurrence
records available for the studied species.

10.3389/fmars.2025.1501751

2.2.3 Mechanistic model

A mechanistic modelling approach was used following
Westmeijer et al. (2019) whereby the models are based on
environmental conditions and specific species responses. The
models employed fuzzy logic principles, a mathematical
framework that allows for reasoning with uncertainty and enables
habitat suitability values to range continuously between 0 and 1.
This is particularly useful in ecological contexts where species
responses to environmental factors are not strictly defined and
can vary in degrees of suitability. In our study, we investigated the
temperature and salinity tolerance ranges of the three pelagic fish
species through a synthesis of physiological studies and
observational data from a comprehensive literature review
(Table 1). These ranges were derived as a consensus from
multiple sources, ensuring that they account for variability across
different regions and life stages. These species-specific responses
were then depicted as equations, allowing for a nuanced
representation of habitat suitability. It is important to note that
adult non-spawning and adult spawning pelagic fish exhibit distinct
responses to temperature and salinity; therefore, different equations
were created for adult non-spawning and adult spawning phases
(Cushing, 2001; Froese and Pauly, 2024b; Haegele and Schweigert,
1985; OBIS, 2024). Equations for temperature and salinity followed
a linear equation, where y represents the species’ reaction
(suitability), and x represents the corresponding environmental
variable (temperature or salinity).

For example, the response of adult non-spawning Atlantic
herring to temperature can be modelled as follows. For the lower

TABLE 2 Predicted Sea Surface Temperature (SST) and Salinity Means for Different SSP Scenarios Based on Bio-Oracle Data for the year 2100 for the

study area.

SSP Scenario Description

SST mean Prediction (°C)  Salinity Prediction

mean (ppt)

Baseline Modelled “current” (2010 decade) data Mean: 15.07 Mean: 33.41
Median: 15.22 Median: 35.50
Range: 4.24 to 23.75 Range: 1.86 to 39.54
SSP1-1.9 Significant reduction in greenhouse gas emissions, aiming for = Mean: 15.20 Mean: 33.07
net-zero CO, by 2050. Median: 15.34 Median: 34.97
Range: 4.66 to 24.21 Range: 1.57 to 39.71
SSP1-2.6 Low greenhouse gas emissions, leading to moderate Mean: 15.41 Mean: 33.17
climate changes. Median: 15.60 Median: 35.11
Range: 4.48 to 24.59 Range: 1.51 to 39.89
SSP2-4.5 Intermediate emission scenario with moderate greenhouse gas = Mean: 16.19 Mean: 32.87
mitigation efforts. Median: 16.18 Median: 34.68
Range: 5.18 to 25.51 Range: 1.31 to 39.83
SSP3-7.0 High regional conflict, slow economic development, and high = Mean: 17.09 Mean: 32.81
greenhouse gas emissions. Median: 17.13 Median: 34.51
Range: 5.69 to 26.35 Range: 0.79 to 40.07
SSP4-6.0 High emission scenario with limited global cooperation and Mean: 16.48 Mean: 32.66
moderate economic growth. Median: 16.56 Median: 34.37
Range: 4.34 to 25.94 Range: 0.85 to 39.72
SSP5-8.5 Highest emission scenario with extensive fossil fuel use and Mean: 17.78 Mean: 32.71
rapid global economic growth. Median: 17.86 Median: 34.42
Range: 6.37 to 27.28 Range: 0.87 to 40.00
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extinction limit temperatures below 1°C, the response is constant at
0 at Equation 1

y=0 (1)

For lower temperature tolerance (between 1°C and 8°C, the
response follows the linear Equation 2

y =0.143x - 0.143 @)

Between 8°C and 12°C which is the optimum temperature, the
response is constant at constant which is Equation 3

y=1 3)

For higher tolerance temperatures (12°C to 19°C), the response
follows the linear Equation 4

y=-0.143x + 2.714 (4)

Beyond 19°C which is the upper extinction limit, the values
were set to 0.

This piecewise function captures the species-specific response
curve, demonstrating how the spawning habitat preferences of
Atlantic herring change with varying temperatures.

A mathematical description of the species’ niche was
incorporated to predict suitable habitats based on their interactions
with environmental factors. These mathematical descriptions were
integrated into mechanistic models to predict HSI under varying
conditions. R (R Core Team, 2023) was used to process analyse
temperature and salinity habitat suitability maps using the packages
raster (Hijmans et al., 2023) and rgdal (Bivand et al., 2023). The HSI
was then classified as optimal (HSI > 0.75), suboptimal (0.5 < HSI <
0.75) and poor (HSI < 0.5). These rankings followed those of
Westmeijer et al. (2019). Maps depicting the habitat suitability for
non-spawning and spawning adults were generated for all species,
using this methodology in R (R Core Team, 2023) by using the R
package raster (Hijmans et al., 2023). To ensure uniformity, all final
maps were resampled to a consistent resolution of 0.05° x 0.05°
meters and a projection of 4326 yielding a refined habitat
suitability index.

2.2.4 Habitat suitability analysis

The study examined the temperature and salinity-driven habitat
shifts for Atlantic herring, Atlantic mackerel and European seabass
specifically focusing on the decades 2010, 2030, and 2100. Data
analysis and visualization was done in R (R Core Team, 2023) using
the packages raster (Hijmans et al., 2023) and sf (Bivand et al., 2023),
while QGIS (QGIS.org, 2023) aided with spatial processing and map
creation. Following the method of Westmeijer et al. (2019) in
analyzing habitat suitability, the study employed geospatial analyses
to estimate shifts in the minimum latitude of suitable habitats for the
HSI under climate change scenarios. Habitat suitability maps were
derived from baseline (present-day) and future (SSP585 for 2090)
temperature and salinity models. Raster files representing habitat
suitability were processed in R using the terra (Hijmans, 2024) and
dplyr (Wickham et al, 2023) libraries. The analysis encompassed
latitudinal bounds of 30°N to 65°N with a fine resolution of 0.01° and
longitudinal bounds from 20W* to 40E° with a step of 2.5°. For each
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grid cell, mean habitat suitability was calculated. Cells with average
suitability >0.5 were identified, and the minimum latitude within this
subset was extracted. These suitability thresholds were applied across
both baseline and future models.

The spatial extent of suitable habitat was calculated by cropping
raster data to defined grid cells and computing mean suitability values
within each cell. The latitudinal shift was determined by comparing
the minimum latitude of suitability between baseline and future
scenarios. The corresponding distance shift was calculated
assuming 111 km per degree of latitude. To account for the
combined effects of temperature and salinity, known as
independent contributions, we developed independent models for
each variable as well as an integrated model that combines them. This
approach enabled us to assess the individual impacts of temperature
and salinity on habitat suitability and their combined influence. The
integrated model was created by averaging the habitat suitability
indices (HSIs) derived from the individual models for temperature
and salinity, using the raster (Hijmans et al., 2023) and rgdal (Bivand
et al,, 2023) packages in R (R Core Team, 2023).

The integrated habitat suitability index (HSI) which was
classified into three categories that were derived from Westmeijer
et al. (2019): optimal (HSI = 0.75), suboptimal (0.5 < HSI < 0.75),
and poor (HSI < 0.5) inherently accounts for cases where one of the
individual indices (temperature or salinity) may be zero. Even if the
other parameter yields a high suitability score, the resulting
integrated HSI will still be classified as “poor.” This approach
ensures that the integrated model reflects the reality that if either
temperature or salinity falls outside the physiological tolerance
ranges, the overall habitat suitability is significantly reduced,
regardless of the suitability of the other parameter. This method
assumes an additive interaction between the variables, where both
factors independently contribute to habitat suitability. This
approach avoids making assumptions about synergistic or
antagonistic interactions and allows both factors to independently
influence the overall habitat suitability.

2.3 Validation

Fish occurrence data was obtained from the Ocean Biodiversity
Information System (OBIS) (OBIS, 2024) for the studied non-
spawning fish species within our defined study area, covering the
period from 2010 to 2020, consistent with our baseline environmental
data from the same timeframe (Supplementary Table S3). The study
used 522 051 Atlantic herring occurrence records, 123 913 Atlantic
mackerel occurrence records and 9 425 European seabass occurrence
records. Validation involved visual comparison of model outputs with
actual fish observations, following the approach outlined by Rykiel
(1995). To quantify the accuracy of the produced habitat suitability
models, the study employed Root Mean Square Error (RMSE) as a
measure of predictive performance. The RMSE is a measure used to
evaluate the accuracy of a model’s predictions (Hodson, 2022). It is
calculated as the square root of the average of the squared differences
between the predicted and observed values. A lower RMSE value
indicates better model performance, as it means the predictions are
closer to the actual observations. In general, an RMSE value close to
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zero signifies high accuracy, while higher values indicate greater
discrepancies between predicted and observed values.

To calculate the RMSE value, the study first imported the
habitat suitability maps along with fish occurrence data from
OBIS, which included latitude, longitude, and presence
information. The study then converted the presence data to
observed suitability values (1 for presence). Spatial coordinates
from the occurrence data were transformed into Spatial Points
objects using the sp package (Pebesma and Bivand, 2005) and then
extracted corresponding habitat suitability values using the extract
function from the raster package (Hijmans et al., 2023).

After cleaning the data to remove any rows with missing
observed or predicted suitability values, RMSE was calculated
using Equation 5

RMSE =V [%Ei":l(observedi — predicted;)’] (5)

where observed; and predicted; are the observed and predicted
suitability values at each occurrence point 7, and n represents the
number of valid data points. The computed RMSE values serve as
quantitative metrics of model accuracy, with lower values indicating
better agreement between predicted and observed suitability, while

higher values suggest greater discrepancies.

Baseline (2010-2020)

‘ e
e ¥

Atlantic herring

2030-2040

10.3389/fmars.2025.1501751

3 Results

3.1 Baseline (2010-decade) temperature
and salinity-driven habitat suitability

The habitat suitability of pelagic fish was influenced due to the
anticipated temperature and salinity changes (Figures 2, 3). For
temperature-driven habitat suitability, in the North Atlantic Ocean,
European seabass exhibited the highest baseline habitat suitability,
with consistently high habitat suitability of 90%, followed by Atlantic
herring and Atlantic mackerel showing values of 57% and 45%
respectively. All three species also demonstrated optimal habitat
suitability in the Norwegian Sea respectively and North Sea
throughout the baseline period, indicating favorable environmental
conditions for their populations. In contrast, certain areas within the
Mediterranean Sea display lower baseline suitability values (e.g.,
0.04),
suggesting less optimal habitat conditions for these pelagic species.

Mediterranean Sea Eastern Basin = 0, Adriatic Sea =
The Inner Seas off the West Coast of Scotland consistently showed
full suitability (100%) for all species throughout the 2010 decade.
The baseline distribution of suitable habitats due to salinity for
Atlantic herring, Atlantic mackerel, and European seabass revealed
distinct geographic patterns (Figure 3). Both Atlantic herring and

2090-2100

..g‘ N

Atlantic mackerel

European bass

0.50

0.00

FIGURE 2

Habitat suitability index (HSI) maps based on temperature for adult non-spawning Atlantic herring [(C. harengus) (A—C)], Atlantic mackerel [(S.
scombrus) (D—F)], and European seabass [(D. labrax) (G-1)]. Maps show baseline suitability (A, D, G), SSP5-8.5 scenario for 2030-2040 (B, E, H), and

SSP5-8.5 scenario for 2090-2100 (C, F, ).
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Baseline (2010-2020)

Atlantic herring

2030-2040

10.3389/fmars.2025.1501751

2090-2100

HSI
1.00

Atlantic mackerel

0.75

European bass

0.25

0.00

FIGURE 3

Habitat suitability index (HSI) maps based on salinity for adult non-spawning Atlantic herring [(C. harengus) (A—C)], Atlantic mackerel [(S. scombrus)
(D-F)], and European seabass [(D. labrax) (G-I)]. Maps show baseline suitability (A, D, G), SSP5-8.5 scenario for 2030 (B, E, H), and SSP5-8.5 scenario

for 2090-2100 (C, F, I).

Atlantic mackerel show optimal suitability in northern seas, with
scores of 0.93 and above in the Norwegian Sea, North Sea, and Irish
Sea and St George’s Channel. Atlantic herring exhibits optimal
suitability in the English Channel (0.95) and suboptimal suitability
in the Celtic Sea (0.68). In contrast, their suitability dropped to zero
in most of the Mediterranean regions, including the Western Basin,
Ligurian Sea, Tyrrhenian Sea, Adriatic Sea, and Ionian Sea, with the
only exception being the Eastern Basin, where both species also
scored zero. Atlantic herring additionally showed poor suitability in
the Aegean Sea (0.17) and suboptimal suitability in the Black Sea
(0.58), while Atlantic mackerel shows a lower suitability in these
regions, scoring 0.13 and 0, respectively. European seabass,
however, exhibited a consistently optimal suitability score of 1
across all assessed regions.

3.2 Salinity and temperature-driven habitat
shifts under the SSP5-8.5 climate
change scenario

Projected under the SSP5-8.5 high-emission scenario, all three
species, Atlantic herring, Atlantic mackerel, and European seabass
are expected to undergo northward habitat shifts, with substantial
losses in temperature-driven suitability across southern regions and
gains in salinity-driven suitability in certain northern areas.

For example, by 2100, Atlantic herring is projected to shift 638
km northward, with its southern boundary moving from 44.2°N to
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49.95°N (Figures 2, 3; Supplementary Table S4). In the Gulf of
Finland, habitat suitability is predicted to decline sharply due to
temperature changes, while salinity adjustments in regions like the
Celtic Sea are expected to enhance suitability, creating new optimal
zones. Similarly, Atlantic mackerel will lose up to 2.1 million km? of
suitable habitat by 2100, with major declines in temperature-driven
suitability in the Gulf of Finland and the Western Mediterranean,
but salinity changes will improve conditions in the Celtic Sea. In
contrast, European seabass shows remarkable stability in
temperature-driven suitability, maintaining optimal conditions in
most regions, with minimal influence from salinity. In the Gulf of
Finland, however, European seabass will see a notable improvement
in habitat suitability, transitioning from poor to optimal by 2100.

3.3 Salinity and temperature interaction

3.3.1 Non-Spawning trends

For non-spawning adult Atlantic herring and European seabass,
the HSI remains consistently high across all SSP scenarios, particularly
in the Northern European regions (Figure 4; Supplementary Table S7).
For Atlantic herring, optimal habitats by 2100 are predicted in the
Inner Seas off the West Coast of Scotland and Skagerrak, whereas
suboptimal habitats are expected in the North Atlantic Ocean and the
Gulf of Finland across all SSP scenarios. In the Baltic Sea, under the
SSP5-8.5 scenario, habitat suitability is poor, while other scenarios
still predict optimal habitats by 2100. Conversely, habitats in the
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lllustration of the projected habitat suitability index (HSI) for non-spawning three fish species Herring, Mackerel, and Seabass, across different sea regions
under six Shared Socioeconomic Pathway (SSP) scenarios: SSP119, SSP126, SSP245, SSP370, SSP460, and SSP585. The areas include the Inner Seas off
the West Coast of Scotland, Baltic Sea, Mediterranean Sea (Western Basin), Skagerrak, Gulf of Finland, Celtic Sea, and North Atlantic Ocean. Each subplot
shows the predicted changes in HSI over time, from 2020 to 2100. A square denotes Northern seas, while a dot denotes the southern seas.

southern waters are poor under all climate change scenarios
investigated. The Mediterranean Sea, both Western and Eastern,
shows a habitat suitability of zero by 2100 under SSP5-8.5, while the
Black Sea’s HSI is expected to decline from suboptimal to poor under
the same scenario by 2100.

For Atlantic mackerel, in the northern seas the Inner Seas off the
West Coast of Scotland consistently exhibit optimal HSI values (i.e. HSI
> 0.75) across all scenarios, though there’s a slight decline in the more
extreme scenarios (Figure 4; Supplementary Table S7). The North
Atlantic Ocean fluctuates between optimal and suboptimal HSI, with a
general trend of slight increase over time (i.e. 1 < HSI > 0.5). The Baltic
Sea starts with poor HSI (HSI = 0.44) and declines in most scenarios
and the Gulf of Finland shifts from suboptimal (HSI = 0.50) to poor
HSI particularly in higher-emission scenarios. In contrast, the southern
seas present a different environment the Mediterranean Sea - Western
Basin and the Black Sea consistently show poor HSI across all
scenarios, with values below 0.25, indicating very low suitability for
Atlantic mackerel (Figure 4; Supplementary Table S7).

European seabass displays a range of HSIs from optimal to
suboptimal across different regions and SSP scenarios. In the
Western Northern regions, HSI remains optimal across all SSPs.
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In the Northeastern part of the study area, HSI increases as the years
progress (Figure 4). In the Southern part, particularly in the
Western Mediterranean, habitat suitability decreases under SSP3-
7.0, SSP4-6.0, and SSP5-8.5. Under the SSP5-8.5 scenario, habitat
suitability in the Black Sea decreases but remains at an optimal level.

3.3.2 Spawning trends

In the northern seas, the suitable habitats for Atlantic herring are
projected to increase over time in the Norwegian Sea and North
Atlantic Ocean, while Atlantic mackerel is expected to see an increase
in the North Atlantic Ocean (Figure 5; Supplementary Table S8).
Specifically, in the North Atlantic Ocean, Atlantic herring suitability is
expected to rise from 0.53 in 2010 to 0.63 by 2090-2100, while Atlantic
mackerel suitability increases from poor 0.53 to 0.62 sub-optimal in the
same period. The Norwegian Sea shows consistently high suitability for
Atlantic herring across all timeframes (>0.95). In contrast, European
seabass, which starts with a high suitability of 0.85 in the North Atlantic
Ocean, experiences a significant decline to 0.77 by 2090-2100. In the
North Sea, European seabass maintains a high suitability of 1.00
throughout the projected periods, indicating a stable or favorable
environment for this species in these northern regions.
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FIGURE 5

Atlantic mackerel

19: Irish Sea and St. George's Channel
21: English Channel

21A: Celtic Sea
22: Bay of Biscay
28d: Ligurian Sea

28g: Adriatic Sea
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European Seabass

Non-Spawning Spawning Non-Spawning

HSI

28e: Tyrrhenian Sea

28c: Balearic (Iberian Sea)

28A: Mediterranean Sea - Western Basin
28f: lonian Sea
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28b: Alboran Sea

28B: Mediterranean Sea - Eastern Basin
23: North Atlantic Ocean

Heatmap of the temperature and salinity interaction projected habitat suitability for SSP5-8.5 for the pelagic fish for both non-spawning and
spawning pelagic fish in European waters for the decades 2010, 2030 and 2090. The seas are arranged according to core latitude (North to South).

In Celtic Sea, Atlantic mackerel display notable improvements
in habitat suitability. For example, in the Celtic Sea, Atlantic
mackerel demonstrates a steady increase, reaching a peak
suitability of 0.92 by the final period. However, European seabass
suitability remains at 1.00 in the Celtic Sea throughout all time
periods. In the Baltic Sea and its surrounding regions, such as the
Gulf of Bothnia, Gulf of Riga, and Gulf of Finland, Atlantic herring
starts with very low suitability, but the Gulf of Bothnia shows
recovery by 2090-2100. At the same time, European seabass
generally shows moderate improvements or remains stable in
these central regions, particularly in the Gulf of Finland and Gulf
of Bothnia, where its suitability increases to 1.00 by 2090-2100.

In the southern part of our study area, including the Mediterranean
and its adjacent seas, the impacts of climate change appear more
severe (Figure 5). Atlantic herring suitability is projected to remain in
worse condition, with suitability close to zero in regions such as the
Western Basin and Eastern Basin of the Mediterranean Sea. Similarly,
Atlantic mackerel shows a reduction in suitability across most southern
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seas, with some areas, like the Mediterranean’s Ligurian and
Tyrrhenian Seas, experiencing complete unsuitability for spawning.
In contrast, European seabass presents a mixed pattern. While some
regions like the Alboran Sea and Aegean Sea maintain or even increase
their suitability for European seabass over time, others such as the
Western Basin of the Mediterranean see a decline in suitability by
2090-2100.

3.4 Model validation

The occurrence points (OBIS, 2024) used for validation of
Atlantic herring, Atlantic mackerel, and European seabass align
well with areas of high habitat suitability, indicating a strong fit
between observed presence and predicted suitable habitats. For
Atlantic herring, the RMSE value of 0.29 indicates reasonably
accurate predictions, particularly matching high suitability areas
along the coasts of Norway and the North Sea. However, while
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herring occurrences in the southern Baltic Sea are higher, the
predicted HSI values in this region are lower (Supplementary
Figure S1). Similarly, Atlantic mackerel occurrence points closely
correspond to highly suitable regions along the western coasts of
Europe and the central North Atlantic, supported by an RMSE
value of 0.4549. There are however occurrence points in the
Mediterranean region where the study predicted low HSI
(Supplementary Figure S1). For European seabass, with an RMSE
value of 0.0184, presence is well-aligned with high suitability zones,
despite the sparse occurrence points that do not fully reflect the
geographical coverage of the species (Supplementary Figure S1). It
is acknowledged that uneven data distribution across space and
time can impact validation, necessitating efforts to match the spatio-
temporal coverage of validation data to environmental data for
more robust assessments.

4 Discussion

4.1 Predicted acclimatization patterns of
non-spawning pelagic fish in
European seas

The most critical finding of this study is the projected
northward shift of over 500 kilometers for all studied fish species
by 2100 under the SSP5-8.5 climate change scenario, driven
primarily by temperature changes (Figure 2), along with the
compounded impacts of both salinity and temperature variations
across different European seas (Figures 4, 5; Supplementary Table
S7, S8). The predicted latitudinal shift aligns with previous
observations of marine species moving poleward due to rising
temperatures (Chaudhary et al,, 2021; Dulvy et al., 2009; Pinsky
et al,, 2020). Dulvy et al. (2009) reported historical latitudinal shifts
of demersal fish in the North Sea, while Gordo-Vilaseca et al. (2023)
observed a significant northward shift in the biomass of marine fish
communities, with 20% of species in the Barents Sea and 25% in the
North Sea displaying similar northward shifts. Furthermore,
predictions of latitudinal shifts extend to other marine species
such as algae (Westmeijer et al., 2019). These northward
movements are also linked to reduced suitable habitats in
southern regions, potentially leading to significant ecosystem
changes. Due to each species’ unique ecological niche, these
adaptation patterns can affect ecosystems variably, including
shifts in predator-prey relationships, alterations in competition
dynamics, and changes in community composition (Cheung and
Frolicher, 2020).

The projected shifts in the HSI for Atlantic herring, Atlantic
mackerel, and European seabass by 2100 have significant
implications for marine ecosystems, biodiversity, and the
economy, particularly in fisheries-dependent regions. These
findings align with current research suggesting that climate
change will drive substantial changes in species distributions and
community structures (Doney et al,, 2012; IPCC, 2022). For
instance, the increased HSI for Atlantic mackerel in northern
waters and the stable HSI for European seabass could lead to
shifts in species dominance, consistent with studies predicting
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that warmer waters will favor certain species over others
(Laevastu, 1993; Pinsky et al., 2020).

In southern regions, particularly the Mediterranean Seas and
Black Sea, deteriorating habitat suitability for Atlantic mackerel
suggests a range contraction and possible local extinctions. In the
Mediterranean Sea, reduced habitat suitability for Atlantic mackerel
and the persistence of European seabass may impact ecosystem
resilience. Similar outcomes have been observed in other regions
where altered predator-prey dynamics led to decreased biodiversity,
such as the study by Doney et al. (2012) in the Southern California
Current System (SCCS), where long-term studies have shown that
functional complementarity among species is a key mechanism for
reducing community variability and enhancing ecosystem stability
despite significant environmental fluctuations.

These shifts could significantly impact fisheries, with short-term
gains for Atlantic mackerel in northern regions but potential
economic losses for Atlantic herring in areas such as the Baltic
Sea, where population collapses have previously been observed
(Dickey-Collas et al., 2010). In southern regions, the consistent
decline in habitat suitability for economically important species like
Atlantic mackerel could result in reduced fishery yields, threatening
livelihoods and leading to economic instability in coastal
communities. While the potential for European seabass to
maintain or expand its range might offset some economic losses,
this will depend on market demand and the species’ ability to
support sustainable fisheries.

Overall, the projected changes in HSI for these key species
stresses the need for adaptive management strategies that consider
both ecological and economic impacts, ensuring the sustainability
of fisheries-dependent communities.

4.2 Conservation and fisheries
management strategies in a
changing environment

Our study has revealed that climate-driven changes in habitat
suitability for pelagic fish in European seas create a dynamic and
challenging environment, particularly in the post-Brexit landscape.
As warming waters push species like Atlantic herring, Atlantic
mackerel, and European seabass northward, these shifts potentially
encroach upon defined national boundaries, necessitating
collaborative efforts to establish fair and sustainable fishing
agreements across Exclusive Economic Zones (EEZs). The current
lack of robust data sharing further complicates these efforts,
affecting existing Marine Protected Areas (MPAs), which may
require adjustments within national boundaries. This also stresses
the need for renewed international cooperation for shared-water
conservation, potentially revising existing agreements and creating
new transnational MPAs. Our study will aid in addressing this
challenge by providing information to inform future policy
decisions. For example, our habitat suitability models can help
identify critical areas for conservation.

Our findings on the changes in species spawning grounds to
projected environmental changes illustrate the need for region-
specific management and conservation strategies. For Atlantic
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herring and Atlantic mackerel, adaptive management that considers
shifting spawning habitats and environmental conditions will be
crucial (Petitgas et al., 2013). For European seabass, maintaining the
health of key spawning grounds, particularly in northern and
temperate regions, will be essential. These findings highlight the
need for continuous monitoring and flexible management to sustain
fisheries amid climate change. Changes in fish spawning habitats
could affect the structure and function of marine ecosystems, as well
as the livelihoods of communities dependent on these fisheries.
Effective management strategies should incorporate climate models
and ecological forecasts to anticipate and mitigate the impacts of
environmental changes (Millar et al., 2007). Additionally,
international cooperation will be vital in managing migratory
species like Atlantic mackerel and Atlantic herring, ensuring that
conservation efforts are harmonized across borders (ICES, 2018).
The importance of such cooperation is underscored by recent
research by Goossens et al. (2024) on European seabass in the
North Sea, which revealed complex migration patterns and fine-
scale population structuring. This study shows the need for cross-
border fisheries management strategies that consider the specific
ecological behaviors of species like seabass, whose movements may
not align with current seasonal fisheries closures.

Post-Brexit, the UK’s departure from the CFP will require new
bilateral agreements to address shifting stocks, complicating
cooperative efforts due to differing priorities. The UK Fisheries
Act 2020 aims to maintain sustainable fisheries and scientific
evidence-based management but requires continuous negotiation
with the EU and other coastal states, adding layers of complexity to
managing shared resources effectively. The Trade and Cooperation
Agreement (TCA) framework for cooperation will be essential in
facilitating data sharing, access to waters, and dispute resolution,
which are critical for adapting to climate-driven habitat changes.
The TCA must be robust and flexible to respond to the dynamic
nature of fish populations and ensure fair access and sustainable
practices across borders. Our study provides critical scientific
evidence to inform policy development and implementation
under all these policies. By demonstrating the direct impacts of
climate change on pelagic fish distribution and habitat, our research
highlights the need for dynamic and adaptive quota-setting
mechanisms within the CFP. Furthermore, the study emphasizes
the importance of robust data sharing and scientific cooperation as
outlined in the TCA, facilitating evidence-based decision-making
and promoting sustainable fisheries management across borders.
Our findings show the need to incorporate ecosystem-based
approaches into policies to safeguard pelagic fish stocks.

Recognizing the adaptability of European seabass in our study,
presents information for fisheries management to develop dynamic
and location-specific strategies that can effectively safeguard marine
biodiversity and support the livelihoods of communities dependent on
fisheries resources. European seabass demonstrates a remarkable
ability to thrive in diverse thermal and saline environments, which
can serve as a model for resilient species management (Chatelier et al,,
2005; Islam et al., 2020). By understanding and leveraging the adaptive
capacity of species like European seabass, fisheries management can
implement flexible approaches that account for changing
environmental conditions and uncertainties associated with data
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limitations and modelling. This adaptive management framework
allows for the adjustment of conservation and harvesting strategies
in response to emerging scientific knowledge and real-time ecological
feedback. Incorporating these uncertainties into decision-making
processes enhances the resilience of marine ecosystems and ensures
the long-term sustainability of fisheries resources for present and
future generations. This approach not only promotes ecosystem health
but also supports the socioeconomic well-being of coastal
communities reliant on thriving fisheries industries.

The implications of these findings for Brexit and fisheries
management in Europe are multifaceted. As the UK and the EU
navigate separate regulatory frameworks, understanding the
projected shifts in fish distribution and habitat suitability due to
climate change becomes imperative (Bentley et al., 2017). With
species like Atlantic mackerel facing potential habitat loss in areas
such as the Baltic Sea, there may be heightened competition among
nations for access to remaining fish stocks. The adaptability of other
species, such as European seabass, stresses the importance of
cooperative management frameworks post-Brexit.

In conclusion, climate change, fisheries management, and
evolving legal frameworks in Europe present complex challenges.
Effective management strategies must be adaptive, collaborative,
and grounded in robust scientific evidence to ensure the long-term
sustainability of marine ecosystems and the communities that
depend on them. The integration of our study in policies such as
the CFP, the UK Fisheries Act 2020, the TCA, and the MSFD within
a cohesive and responsive framework will be essential in addressing
the dynamic environmental changes and securing a sustainable
future for Europe’s fisheries.

4.3 Limitations of the study

This study acknowledges limitations in solely using temperature
and salinity as proxies for climate change. Temperature and salinity
changes can ripple down the food chain, impacting plankton
populations and fish species that rely on them (Free et al., 2019;
Young et al., 2018). While acknowledging the crucial role of climate
change impacts on other biotic communities and their influence on
predator-prey relationships within pelagic fish species, this study
focused solely on abiotic data for two key reasons. Firstly,
comprehensive modelled climate-biological data were unavailable
across the European seas at the time of publishing, limiting our
ability to incorporate such complex interactions. Secondly, our
understanding of the focal pelagic fish species and their key abiotic
drivers suggests a strong primary influence of environmental factors
on their habitat distributions. Previous research, including Montero-
Serra et al. (2015), has emphasized temperature as a critical variable
shaping the distribution of European pelagic fish. Recognizing the
importance of abiotic factors, this study lays the groundwork for
future research by establishing a robust understanding of abiotic
drivers and their impact on habitat suitability under changing climate
conditions. By focusing on readily available and reliable abiotic data,
this initial assessment provides a clear and generalizable foundation
for further studies that can integrate species-specific biotic
interactions as data and modelling techniques improve.
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While temperature and salinity significantly influence fish
distribution, other abiotic variables like oxygen levels and CO,
concentrations can also play a crucial role. The limitation concerning
other abiotic variables was the challenge in the acquisition of precise
and extensive data concerning the physiological tolerances and
ecological intricacies of diverse pelagic fish species across European
marine environments. Species diversity introduces uncertainties in
model parameterization, but temperature and salinity were chosen
based on stronger evidence from the literature. To further validate this,
our response curves were validated using occurrence data.

The study’s reliance on mechanistic modelling does not include
the intricate web of biological interactions among different fish
species and their broader ecosystem contexts. Furthermore, the
computational demands associated with simulating these complex
ecological processes at a regional scale may impose practical
constraints, necessitating careful consideration of data availability
and computational resources. These limitations underscore the
importance of judiciously navigating the trade-offs between model
complexity and computational feasibility. It is important to
remember that modelling results are predictions, and the intricate
dynamics of the ecosystem may lead to unforeseen outcomes.
Ultimately, the model’s predictions should be viewed in the
context of each species’ known physiological tolerances to
temperature and salinity to ensure a more comprehensive
understanding of climate change impacts.

While the study focused on surface temperature and salinity, we
recognize that vertical distribution is a critical aspect of habitat
suitability for pelagic species (Afonso et al., 2014; Hrabik et al,
2006). Many pelagic fish species exhibit diel vertical migration,
moving between surface and deeper waters depending on the time
of day, prey availability, and predator avoidance (Mehner and
Kasprzak, 2011; Baker et al., 2023). By not incorporating vertical
stratification into our model, we may have overlooked key habitat
features that could either constrain or expand the potential
distributions of these species. Specifically, we acknowledge that
our model may overestimate habitat suitability for species like
Atlantic mackerel, which are highly mobile and capable of
extensive vertical migration. Atlantic mackerel can access deeper,
cooler waters to mitigate unfavorable surface conditions, suggesting
that our surface-focused model could overestimate habitat loss
under warming scenarios (Edwards, 2009; Bernal, 2011).
Conversely, for species like European seabass, which are generally
associated with surface and nearshore environments, our model
may underestimate sensitivity to environmental changes
(Rodriguez-Garcia et al., 2024). Additionally, while we used
surface and benthic conditions from Bio-Oracle, derived from
aggregated CMIP6 projections, we recognize that incorporating
depth-specific CMIP6 layers in future studies would enhance
model accuracy by capturing vertical dynamics more effectively.
This approach, driven by the nature of the available occurrence data
being predominantly surface-oriented, was necessary for
consistency but limits the scope of our current model.

The observed alignment between general occurrence points and
areas of optimal habitat suitability for Atlantic herring, Atlantic
mackerel, and European seabass suggests that our habitat suitability
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index (HSI) models are generally reliable in predicting suitable
habitats based on key environmental factors. The observed presence
of Atlantic herring in optimal suitability areas, such as the coasts of
Norway and the North Sea, underscores the model’s effectiveness in
capturing the species’ habitat preferences, which are influenced by
temperatures and optimal salinity levels. However, it is important to
consider potential biases in the data due to over-sampling
(Altmann, 1974). Atlantic herring and Atlantic mackerel have
been extensively studied and sampled, particularly in
commercially important regions, leading to a disproportionate
representation of occurrence points in these areas as seen in this
study. There are also discrepancies between our models and
occurrences. One notable discrepancy observed in our model is
the higher occurrences of herring in the southern Baltic Sea, which
contrast with the lower predicted habitat suitability index (HSI)
values in this region. This discrepancy may arise from a
combination of factors not fully captured in the model. While the
model relies primarily on abiotic variables such as temperature and
salinity, it does not account for the full range of biotic and ecological
processes that influence species distribution, such as prey
availability, zooplankton dynamics, and predator interactions.
These factors, which are likely more favorable in the southern
Baltic Sea, may explain the observed higher occurrences of herring
despite the lower HSI values. Additionally, the southern Baltic Sea is
known for its complex hydrographic conditions, including seasonal
variations in temperature and salinity, which could influence
herring behavior and distribution in ways not fully represented by
the abiotic predictors used in our model.

The HSI model for European seabass identifies suitability zones,
but sparse occurrence data suggests incomplete geographical
coverage. The fewer data points for European seabass may be
attributed to the species being relatively novel in some of these
areas, possibly due to recent shifts in distribution patterns
influenced by environmental changes (Dambrine et al., 2020; De
Pontual et al., 2023). This novelty could result in underreporting or
gaps in data collection, illustrating the need for more
comprehensive surveys and improved data collection methods.
The limited occurrence points may also reflect the species’
broader tolerance to environmental variations, which allows them
to inhabit a wide range of suitable habitats not fully represented in
the dataset (Pickett and Pawson, 1994).

The performance of the HSI models for Atlantic herring and
Atlantic mackerel illustrates the critical need for comprehensive and
accurate occurrence data in validating predictive models. For
European seabass, addressing data deficiencies would significantly
enhance validation reliability, better capture the species’
environmental preferences, and provide a more accurate
representation of habitat suitability. Additionally, the limited
observation data in regions with a high HSI index indicates
insufficient sampling efforts, potentially overlooking critical
habitats or fishing grounds. Addressing these biases is essential.
Future research should prioritize standardized and systematic
sampling methods to reduce over-representation, ensure balanced
data, and improve the robustness of habitat suitability models for
broader ecological and management applications.
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5 Conclusion

From our study, climate change-induced changes are projected
to have significant impacts on the distribution of suitable habitats
for Atlantic herring, Atlantic mackerel, and European seabass in
European seas as early as 2030, with changes extending in
magnitude until the predicted conditions for 2090. Responding to
increasing water temperatures, Atlantic herring and Atlantic
mackerel shifted 638.25 km and 799.2 km respectively
northwards, and European seabass about 13.32 km northwards at
SSP5-8.5 by 2090. In conclusion, this study emphasizes the need for
adaptive management strategies to address the effects of climate
change on pelagic fish distributions in a post-Brexit climate. To
support these strategies, there is a need for international
cooperation and data sharing. The knowledge gained here will
contribute to more holistic fisheries management considering
climate-induced habitat shifts.
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SUPPLEMENTARY FIGURE 1

Validation maps with habitat suitability index (HSI) maps based on both
temperature and salinity for Atlantic herring (C. harengus) (A), Atlantic
mackerel (S. scombrus) (B), and European seabass (D. labrax) (C). White
dots show occurrence data retrieved from EurOBIS, aggregated to a
hexagonal grid of 2 degrees. Point size shows the number of occurrences.

SUPPLEMENTARY FIGURE 2

Habitat suitability index (HSI) difference maps based on temperature for adult
non-spawning Atlantic herring [(C. harengus) (A, B)], Atlantic mackerel [(S.
scombrus) (C, D)], and European seabass [(D. labrax) (E, F)l. Maps show
differences from baseline suitability to SSP5-8.5 scenario for 2030-2040 (A,
C, E) and SSP5-8.5 scenario for 2090-2100 (B, D, F).

SUPPLEMENTARY FIGURE 3

Habitat suitability index (HSI) difference maps based on salinity for adult non-
spawning Atlantic herring [(C. harengus) (A, B)], Atlantic mackerel [(S.
scombrus) (C, D)], and European seabass [(D. labrax) (E, F)l. Maps show
differences from baseline suitability to SSP5-8.5 scenario for 2030-2040 (A,
C, E) and SSP5-8.5 scenario for 2090-2100 (B, D, F).
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