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Abstract

Climate change is disrupting marine ecosystems, necessitating a deeper understanding of
environmental and fishing-related impacts on exploited species. This study examines the
effects of physical factors (temperature, thermal anomalies, salinity, seabed conditions),
biogeochemical elements (pH, oxygen levels, nutrients, primary production), and fishing
pressure on the biomass of commercially important species in the Alboran Sea from 1999
to 2022. Data were sourced from the Copernicus observational program, focusing on the
geographical sub-area 1 (GSA-1) zone across three depth ranges. Generalized Additive
Models were applied for analysis. Rising temperatures and seasonal anomalies have
largely negative effects, disrupting species’ physiological balance. Changes in water quality,
including improved nutrient and oxygen concentrations, have yielded complex ecological
responses. Fishing indices highlight the vulnerability of small pelagic fish to climate change
and overfishing, underscoring their economic and ecological significance. These findings
stress the urgent need for ecosystem-based management strategies that integrate climate
change impacts to ensure sustainable marine resource management.

Keywords: global change; Copernicus; functional groups; overfishing; small pelagic
fish; temperature

1. Introduction

For decades, research has examined the long-term effects of inadequate fisheries man-
agement [1-3] leading to local species extinctions, such as the anchovy in the Alboran
Sea [4]. In response, numerous international agreements have been established to im-
prove regulation, most notably the FAO’s Code of Conduct for Responsible Fisheries [5],
which recognizes fishing as “a vital source of food, employment, recreation, trade, and
economic well-being for people worldwide” that must be preserved for present and fu-
ture generations. Despite these efforts, global production—both from wild captures and
aquaculture—has continued to rise [6]. The Mediterranean, along with the Black Sea,
ranks first in unsustainable fishing, with 62.5% of catches exceeding sustainability levels
in 2017 [6]. Additionally, unregistered fishing (e.g., discards, illegal fishing, recreational
fishing) in the Alboran Sea is nearly twice the reported amount [7].

The Spanish fishing sector has historically been crucial for the regional economy of
coastal communities, though its profitability has declined in recent years [1,8]. In the
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Alboran Sea, artisanal fishing has been an integral part of local culture for generations, with
small pelagic species—such as sardines and anchovies—being particularly important [9,10].
Following the 20th century, capture techniques advanced significantly, reducing equipment
size and workforce needs, leading to increased production. This growth was further
supported by the tourism boom of the 1960s and 1970s, which drove high demand for these
species [11]. The FAO [6] highlighted that small pelagic fish, including sardines, anchovies,
herring, and mackerel, are among the most exploited globally. In 2018, this group reached
a market value of approximately €10.638 billion in the Alboran Sea [12].

Beyond fishing pressures, small pelagic fish are particularly sensitive to environmental
fluctuations [13]. These species are primarily plankton feeders [14], and plankton avail-
ability is directly influenced by water temperature, being more abundant in colder waters.
Consequently, chlorophyll concentration is used as a key indicator of their status [15].
Moreover, they play a crucial role in marine food webs due to their “wasp-waist” struc-
ture [16,17], dominating their trophic level and facilitating energy transfer from primary
producers to predators [18]. The loss of these species could trigger cascading negative
ecological effects.

Several studies [19-22] emphasize the importance of considering environmental fluc-
tuations when managing this resource. Rising water temperatures, for instance, have been
linked to reductions in fish size, reproduction, and survival rates, directly affecting biomass
yields [19]. Generalist species have increased their minimum depth in response to warming,
potentially restructuring trophic interactions [23] and leading to the disappearance or rarity
of cold-water stenothermic species [20]. Climate models predict that the Mediterranean will
be one of the most affected regions, experiencing significant warming and more extreme
events [24]. Studies by the Spanish Institute of Oceanography indicate that intermediate
and deep Mediterranean waters are warming at a rate of 0.2-0.3 °C per century, while
surface waters in the Alboran Sea show a trend of 2 °C per century [25].

In addition to temperature, changes in thermohaline circulation, stratification, and
salinity have also been observed [20]. Mediterranean research suggests rising temperatures
may decrease oxygen levels in the water, negatively impacting large, active fish species,
which are also among the most heavily fished [26,27]. Another factor contributing to
oxygen depletion is eutrophication, which occurs when water contains high concentrations
of nutrients such as phosphates and nitrates [28]. Although these nutrients typically limit
phytoplankton growth, excessive concentrations—often caused by wastewater discharges—
can result in excessive primary production [29].

These fluctuations in temperature and biogeochemical conditions, combined with
increasing fishing pressures, are expected to impact the Alboran Sea species in different
ways. This study aims to determine the influence of physical factors (potential water tem-
perature, seasonal thermal anomalies, seabed temperature, euphotic zone depth, salinity),
biogeochemical factors (pH, alkalinity, dissolved oxygen concentration, dissolved inorganic
carbon concentration, ammonium, nitrate, phosphate, net primary production, phytoplank-
ton concentration, chlorophyll concentration), and fishing pressure (primary production
required to sustain fishing index, secondary production loss index, mean trophic level
index) on functional groups of exploited species landed in Andalusian fish markets from
1999 to 2024. Additionally, this study assesses the impact of these factors on key commercial
species in the region. It also includes biomass projections under two contrasting climate
change scenarios, mitigation and catastrophic, providing insight into future vulnerabilities.
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2. Materials and Methods
2.1. Study Area

The Alboran Sea is a sub-basin of the western Mediterranean that extends from the
Strait of Gibraltar to Cape Gata, serving as a natural border between Europe and North
Africa [30]. It is characterized by the inflow of the Atlantic Current into the Mediterranean,
generating large anticyclonic gyres in the upper part of the water column. Below the surface,
this Atlantic water progressively sinks and accumulates at intermediate depths. At greater
depths, the water is colder and saltier, primarily composed from the deep Mediterranean
layers [25]. These conditions create a transition zone that favors the presence of a wide
variety of marine species [31].

The climate found in the Mediterranean Sea is defined as subtropical and mid-
latitude [32]. Therefore, the climate of the Alboran Sea is characterized by predominantly
mild and humid winters (October to April) and hot, very dry summers (June to August) [33].
As is typical of the boarder Mediterranean basin, evaporation exceeds freshwater input
thought the year [34], which results in high salinity levels in the water [25].

To carry out a rigorous assessment and monitoring of living marine resources, the
Food and Agriculture Organization of the United Nations established the General Fisheries
Commission for the Mediterranean (https://www.fao.org/gfcm/data/maps/gsas/en/
(accessed on 1 January 2022)), which divides the Mediterranean Sea and the Black Sea into
30 Geographical Subareas (GSAs). Our study focuses on GSA-1, located in the northern
Alboran Sea (24.099 km?), encompassing the Andalusian coastline (Figure 1). Additionally,
this study covers depths of up to 701.93 m, divided into depth ranges to account for the
varying environmental conditions encountered throughout the water column.
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Figure 1. Bathymetric map of the study area marked in red. Created in R Studio version 4.3.3
(29 February 2024 ucrt) using the “ggOceanMaps” package.

The first range lies within the euphotic zone, which extends approximately to 50 m in
depth, and in this study spans from 1 to 42 m (R1). The euphotic zone is the uppermost
layer of the ocean that receives sunlight, supporting a high concentration of photosynthetic
organisms that form the base of marine food webs [35]. The second depth range, span-
ning from 51 to 182 m (R2), reflects the transitional layer influenced by the inflow of the
Atlantic Current into the Mediterranean. This Atlantic water tends to accumulate at depths
approaching 200 m, resulting in temperatures and salinity conditions that differ from those


https://www.fao.org/gfcm/data/maps/gsas/en/

Water 2025, 17,2313

4 of 28

of the underlying Mediterranean waters. The third and deepest range, from 226 to 701 m
(R2), corresponds to the denser and saltier Mediterranean water [25].

2.2. Experimental Design

The experimental design for modeling and forecasting fisheries dynamics in the study
area involved a structural workflow encompassing data acquisition, environmental and
fisheries data integrations and advance statistical analysis, culminating in future scenario
projections (Figure 2).
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Figure 2. Workflow and experimental design starting with data acquisition for both fisheries and
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environmental variables, statistical analysis, and future predictions.

2.2.1. Geospatial Data Extraction and Processing

Amongst the various oceanographic products available in Copernicus” Marine Envi-
ronment Monitoring Service (https://data.marine.copernicus.eu/products (accessed on
1 March 2025)), two key datasets were used in this study: Mediterranean Sea Physics
Reanalysis and Mediterranean Sea Biogeochemistry Reanalysis. Data were collected for the
study period from January 1999 to December 2022, covering a vertical depth range from
1to 702 m. A temporally dimensioned raster layer was generated for each depth level in
NetCDF format (.nc).

To extract and process the explanatory variables, a combination of geospatial and
tabular data handling was carried out using R. The workflow relied on several packages,
including terra, sf, dplyr, lubridate, stringr, tibble, and readxl.

First, a grid composed of approximately 19,000 cells (each covering 1.21 km?) was
created over the study area. Within each cell, a random point was selected. The resulting
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shapfile of sampling points was then converted into a SpatVector object using the terra
package to enable compatibility with raster operations.

Each environmental factor was then batch-processed through a four loop. Raster
files were loaded into R as SpatRaster objects. The temporal metadata embedded in each
NetCDF file were extracted and converted into a proper date-time format, which was then
used to label each raster layer according to its corresponding year.

For each raster file, the environmental values were extracted through our sampling
points using the extract () function. The extracted data were then averaged across all points
to obtain a single mean value per timestamp. This process was repeated for each raster file,
and the results were compiled into a single data frame, where each row represented each
raster file (depth layer), and each column corresponds to the average for each year.

Additional averages were then computed for the entire depth range (TOT) as well
as for the predefined depth zones: R1, R2, and R3. In the case of potential temperature,
monthly means at 1.02 m depth were also calculated for the period 1987-2022 to estimate sea
surface temperature anomalies following the methodology proposed by Iglesias et al. [36].
These anomalies were computed seasonally: winter (December, January, and February),
spring (March, April, and May), summer (June, July, and August), and autumn (September,
October, and November). Seasonal superficial temperature anomalies, derived from the
monthly means at 1 m, were used for TOT and R1. In contrast, seasonal thermal anomalies
specific to each depth were calculated for R2 and R3. A detailed list of all environmental
and biogeochemical variables can be found in Table S1 in the Supplementary Material.

2.2.2. Fisheries in Andalusia

Landings data for each commercially harvested species within GSA-01 from 1999 to
2022 were obtained from IDAPES, the Andalusian Information System for Fishery Produc-
tion and Commercialization Data (https://www.juntadeandalucia.es/agriculturaypesca/
idapes/servlet/FrontController?ec=observatorio (accessed on 1 March 2025)). For further
analysis, each species was assigned to a trophic level and an estimate of its trophic transfer
efficiency to the next level, based on values from Coll et al. [37].

Following a literature review, species were classified into functional groups based
on criteria such as feeding behavior and habitat similarity. For this study, five groups
were selected: benthic cephalopods (7 species), benthic mollusks excluding cephalopods
(45 species), decapods (35 species), small pelagic fish (32 species), and large pelagic fish
(28 species). The detailed species composition for each group can be found in the Sup-
plementary Material (Table S2). Each species was assigned to one or more depth range,
depending on the zone in which they typically reside [38—44]. This study focuses on the
above cited due to their ecological relevance and importance in fisheries.

The most commercially important species in the Alboran Sea, according to several
sources [9,45], were also considered separately and are listed in Table 1, along with their
corresponding depth ranges.

To include fishing pressure on these populations, three indexes were considered and
used as explanatory variables in the statistical analysis: the Primary Production Required
(PPR), the Loss in Secondary Production (L), and the Mean Trophic Level (MTL) of catches.

Following previous studies conducted in the Mediterranean Sea, a trophic transfer
efficiency (TE) value of 0.14 was used [46]. Species-specific trophic level values (TL;) were
obtained from numerous sources and are provided in Table S2 of the Supplementary Material.
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Table 1. List of the most commercially important species in the Alboran Sea and their assigned depth

range(s).
Common Name Scientific Name Ranges
Atlantic bonito Sarda sarda (Bloch, 1793) 1
Anchovy Engraulis encrasicolus (L., 1758) 1
Mackerel Scomber spp. 1
Norway Lobster Nephrops norvegicus (L. 1758) 2,3
Deep-Water Rose Shrimp Parapenaeus longirostris (Lucas, 1846) 2,3
Blue and Red Shrimp Aristeus antennatus (Risso, 1816) 2,3
Horse mackerel Trachurus spp. 1
Hake Merluccius merluccius (L., 1758) 2,3
Common octopus Octopus vulgaris (Cuvier, 1797) 2,3
Red mullet Mullus barbatus (L., 1758) 1,2
Sardine Sardina pilchardus (Walbaum, 1792) 1

The first index is PPR as proposed by Pauly & Christensen [1]. Using the annual
landings of each species from the previous year (Y;), their respective trophic levels (TL;),
and the trophic transfer efficiencies (TE), according to the following formula:

PPR=1/9X[Y; x (1/TE)™H-1]. (1)

The second index is L, which is applied to assess overfishing in ecosystems managed
by industrial fisheries [39]. The index considers primary production (P), as the capture of
species across different trophic levels result in a progressive loss of production:

L=—1/P; x InTE X (PPR; x TETH—1) 2)

Lastly, the MTL was used to monitor biodiversity loss in marine ecosystems [47]. This
index combines the TL; with total catches (Yiot) to reflect changes occurring within the
ecosystem and is widely applied in fisheries science and management [48]:

MTI = % (TL; % Y;)/Yiot 3)

2.3. Statistical Analysis

All throughout the statistical analysis, R version 4.3.3 (29 February 2024 ucrt) was used.
A normality check was performed for the response variables, in other words, the functional
groups and the most commercially relevant species. For this purpose, the Shapiro-Wilk test
was applied, using a significance level of p < 0.05. In cases where the data did not follow a
normal distribution, data transformations were applied to improve normality depending
on the distributional characteristics of each variable:

- Logarithm transformation: blue and red shrimp, horse mackerel, large pelagic fish,
mackerel, Norway lobster and small pelagic fish.
- Square root transformation: anchovies and deepwater rose shrimp.

Inverse transformation: decapods and hake

Since the use of highly correlated explanatory variables in a statistical model can
lead to biased results, a Pearson correlation matrix was computed. According to previ-
ous studies, variables with correlation coefficients below 0.6 were considered suitable
for inclusion [49]. Based on this criteria, different combinations of factors were created
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for subsequent incorporation into the model. To automate this selection, a custom R
function was developed. This function iteratively tests all possible combinations of the
selected variables, filtering out those in which any pair of variables exceeds the predefined
correlation threshold.

The algorithm works by generating combinations of decreasing size (from the total
number of variables down to pairs), and for each combination, it evaluated the maximum
pairwise correlation. Only those where all correlations remain below the threshold are
retained. The function ensures that the largest possible sets of uncorrelated variables
are selected for model input. This approach minimizes multicollinearity and ensures
model robustness.

To assess the relationship between the explanatory factors to the response variable,
Generalized Additive Models (GAMs) were used. Unlike traditional Generalized Linear
Models (GLMs), GAMs allow for the detection of non-linear and curvilinear patterns
in the predictors [50]. To determine which explanatory variables required smoothing, a
comparative analysis was performed using GAMs with and without smoothing terms. For
each variable, two models were fitted: a linear GAM and a smoothed one, both using the
Restricted Maximum Likelihood (REML) estimation method.

The performance of both models was evaluated using the Akaike Information Criterion
(AIC). If the smoothed version produced a lower AIC value than the linear one, the variable
was considered to benefit from the inclusion of a smoothing term. This approach allowed
for an objective and reproducible selection of variables that exhibited non-linear temporal
patterns, thereby justifying the use of cubic regression spline with a knot value (k) below 5
to avoid overfitting.

To identify the most robust models for each species, a stepwise backward selection
approach was implemented within the GAM framework. The selection process began with
a full GAM containing all uncorrelated explanatory variables, where smoothing functions
were applied selectively. A function was developed to iteratively eliminate terms that did
not contribute significantly to model performance. At each step, the function evaluated all
possible reduced models by removing one term at a time. The best model was retained only
if it produced a lower AIC value, provided that the drop in explained variable (R?) did not
exceed the threshold (R? < 0.02), thus preventing significant loss of model performance.

This stepwise method was applied across all the dependent variables. For each one,
the data were filtered, and a set of GAMs was fitted using the pre-validated combinations
of explanatory variables. Each model was dynamically constructed by applying smoothing
functions only those variables that had previously shown improved performance under
non-linear transformations.

Final models were stored and labeled systematically, allowing for later inspection, vi-
sualization and comparison. Additionally, each model was evaluated using the gam.check()
function from the mgcv package to verify the adequacy of residual patterns and smoothness
selection. To assess model stability and the variability of performance metrics, a nonpara-
metric bootstrap with replacement was applied, fitting each model to 1000 resampled
datasets. This case-resampling bootstrap was used to estimate 95% confidence intervals
for R?, providing insight into the robustness of each model. Although there is no strict
threshold, wide intervals may suggest potential instability, especially in small samples.

2.4. Climate Change Scenarios and Projections

The relationship between fishery biomass and seasonal sea temperature anomalies, as
well as sea floor temperature, and the other biogeochemical variables, was used to project
potential responses under future climate change scenarios. Following the latest IPBES
report [51], two contrasting thermal scenarios were defined for projections extending to
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the year 2100: a mitigation scenario, characterized by a +2 °C increase, and a catastrophic
scenario, with +3.5 °C increase.

All thermal parameters applied in the simulation were based on projections presented
by Soto-Navarro et al. [52], which closely approximate the conditions of the defined thermal
scenarios. Specifically, under the Representative Concentration Pathway (RCP) 4.5 scenario,
with a reported sea surface and intermediate water temperature increase of +1.3 °C and
+1.15 °C, respectively. Under the RCP8.5 scenario, these increases reached +2.42 °C at
the surface and +2.24 °C in intermediate waters. For sea floor temperature, anomalies at
deepwater levels were used, with a +0.16 °C for the mitigation scenario and +0.21 °C for
the catastrophic scenario.

Finally, projections from Reale et al. [53] were used for salinity, phosphate and nitrate
concentrations, dissolved oxygen, dissolved inorganic carbon, phytoplankton, primary
production, and pH. These combined parameters were used to predict the expected fishery
biomass under each climate scenario using the fitted GAMs.

3. Results
3.1. Modelling

Significant variables, depth ranges, R? coefficients, and confidence intervals for each
final model selected for the commercial groups and the species of highest commercial
interest within the study area are presented in Table 2. These models correspond to the
depth range that most accurately represents the response variable after computing the
Akaike Information Criterion (AIC). The full model formula, as it appears in the R output,
is available in Table S3 of the Supplementary Material.

Table 2. Summary of GAMs results for each species or functional group. The selected model’s depth
range, adjusted R?, 95% CI, and significant linear and non-linear predictors are shown. Predictor
abbreviations are defined in Table S1. The full R model formulas are provided in Table S3.

. . Significant
Species/Group Depth Range R? (95% CI) Slgmﬁca.n tLinear Non-Linear
(m) Predictors .
Predictor
ANOM_T_SPR (-); . . PLT.
Atlantic Bonito 1-702 0.90 [0.91, 1] FLOOR_TEMP (—); NO3 SAL; NH4; PH;
MTI
(=), CHL (+)
: . MTI (—); 02_2 (—);
Benthic Mollusks 51-182 0.65 [0.53, 0.87] ANOM. SPR 2 ()
MTI (+); FLOOR_TEMP (+);
Blue and Red . SAL (—); NH4 (+);
Shrimp 1-702 0.71 [0.63, 0.97] ANOM T _SPR (—); 02
ANOM_T_AUT (—)
Lindex (—); SAL_1 (—); FLOOR_TEMP;
Anchovy 1-42 0.86 [0.825, 1] ANOM_T_SPR (—); ANOM_T_AUT;
ANOM_T_SUM (—) NH4_1; PHY_1
Benthic FLOOR_TEMP;
Cephalopods 1-702 0.77 [0.58, 0.94] ANOM_T_WIN (-) SAL
L index (—); MTI (—);
Decapods 1-702 0.74 [0.72, 0.98] FLOOR_TEMP (—); SAL (+); NH4

PH (—); ANOM_T_SPR (+);
ANOM_T_AUT (+)
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Table 2. Cont.
. . Significant
Species/Group Depth Range R? (95% CI) Slgmﬁca.n t Linear Non-Linear
(m) Predictors R
Predictor
Deepwater Rose 51-182 0.78 [0.60, 0.96] Lindex (—); CAR_2 (-) TEMP_POT 2
Shrimp
MTI (—); ANOM_T_AUT NH4; PP;
Hake 1-702 0.75 [0.71, 0.98] (+); ANOM. T SUM (4) ANOM T SPR
Horse Mackerel 1-702 0.611 [0.36, 0.93] Lindex (+); (i‘;“L (=); PHY PH
Larce Pelagic MTI (+); SAL (—); NO3 (-); NH4;
gFish 5 1-702 0.82 [0.72,1] ANOM_T_SUM (—); ANOM._T_SPR;
ANOM_T_AUT (-) PHY; PH
. . NH4;
Mackerels 1-42 0.78 [0.85, 1] L zi‘i?zggﬁl\%o%ﬁ—(vf§N ANOM T _AUT;
' —'- ANOM_T_SPR
L index (+); SAL (—); NH4
N (+); PHY (—);
Norway lobster 1-702 0.80 [0.76, 0.98] ANOM. T WIN (=); ANOM_T_SPR
ANOM_T_AUT (-)
Common FLOOR_TEMP;
oetopus 51-182 0.65 [0.44, 0.91] MTI (+) AL
MTI (+); 02_1 (—); NH4_1 PP_1;
Red Mullet 1-42 0.726 [0.70, 0.98] @ FLOOR TEMP
PPR (+); CAR (—); CHL (+);
. ANOM_T_WIN (—); PH (+);
Sardine 1-702 0.80 [0.72, 0.95] ANOM.T SPR (4);
ANOM_T_AUT (+)
Small Pelagic NH4_1 (-); ANOM_T_WIN FLOOR_TEMP;
Fish 1-42 0.75 [0-71,1] (—); ANOM_T SUM (=)  ANOM_T_AUT

3.1.1. Functional Groups
e  Benthic cephalopods

The final GAM selected, based on the lowest AIC value, corresponds to the total water
column range and exhibited a high explanatory power (R? = 0.77). Significant parametric
effects were observed for winter anomalies (p = 0.006) showing a strong negative influence
on the landings’ biomass. Smooth terms revealed a highly significant nonlinear effect of
FLOOR_TEMP (p < 0.001) and a significant effect of SAL (p < 0.001). As illustrated in
Figure 3, the floor temperature showed a decreasing effect on the biomass before stabilizing
between 13.30 °C and 13.4 °C, followed by a further decline. In contrast, biomass tended to
increase at intermediate salinity levels.

e  Benthic Mollusks

The GAM selected explained 71.5% of the deviance, with an adjusted R? of 0.655.
ANOM_SPR_2, 02_2 and MTI had very significant negative effects (p < 0.01).

e  Decapods

Decapods’” selected model also belongs to the total water column range. The model
explained 98,9% of the deviance, with an adjusted R? of 0.74. Among parametric terms, L
index, MTI, floor temperature and pH had very significant (p < 0.001) negative effects on
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the landings, while SAL (p < 0.001), ANOM_T_AUT (p = 0.009) and ANOM_T_SPR (p =
0.019) were positively associated.
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Figure 3. GAM plots showing partial effects of selected explanatory variables on the landings’
biomass of benthic cephalopods: (a) Salinity and (b) Sea floor temperature. The y axis represents the
partial effect of the variable, the tick marks on the x axis represent observed data. The shaded area
shows the 95% confidence interval. Created in R Studio version 4.3.3 (29 February 2024 ucrt).

As Illustrated in Figure 4 the smooth term revealed a peak of biomass at around
0.26 mmol/m3 of NHy (p < 0.001), before rapidly decreasing as its concentration increased.
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Figure 4. GAM plots showing partial effects of Ammonia concentration on the landings’ biomass
of Decapods. The y axis represents the partial effect of the variable, the tick marks on the x axis
represent observed data. The shaded area shows the 95% confidence interval. Created in R Studio
version 4.3.3 (29 February 2024 ucrt).

e Large Pelagic Fish

The final GAM selected for this functional group explained a very high proportion
of the variability in the data, with an adjusted R? of 0.817 and 94.2% deviance explained.
Among the parametric terms, MTI index (p = 0.007) had a strong positive effect, while SAL
(p = 0.023) and NOs (p = 0.002) showed significative negative associations with biomass.
Superficial temperature anomalies during summer (p = 0.039) and autumn (p = 0.006) also
presented strong negative effects.

All smooth terms exhibited significant nonlinear effects, with NH4 having a partic-
ularly strong association with the caught biomass of large pelagic fish species (p < 0.001).
As illustrated in Figure 5, biomass levels had strong fluctuations in relation to ammonium
concentration, with notable peaks around 0.26 mmol/m? and again from 0.28 mmol /m?
onwards. ANOM_T_SPR (p = 0.001) had a very sharp decline in biomass under warmer
anomalies. Although phytoplankton concentration was significant (p = 0.006), its effect
appeared weaker and predominantly negative. Lastly, pH (p = 0.004) had a negative effect
on landing biomass as pH increased.
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Figure 5. GAM plots showing partial effects of selected explanatory variables on the landings
biomass of Large pelagic fish: (a) pH; (b) Ammonium concentration; (c) Phytoplankton biomass
concentration, and (d) Superficial temperature anomaly in spring. The y axis represents the partial
effect of the variable, the tick marks on the x axis represent observed data. The shaded area shows
the 95% confidence interval. Created in R Studio version 4.3.3 (29 February 2024 ucrt).

e  Small Pelagic Fish

The model selected for small pelagic fish explained 88.6% of the deviance, with an
adjusted R? of 0.75, indicating a good explanatory power. Among parametric terms,
NH;4_1, ANOM_T_WIN and ANOM_T_SUM had very significant negative effects on
biomass (p < 0.001).

Regarding the smooth terms, FLOOR_TEMP (p = 0.009) showed a sharp decrease in
biomass at lower temperatures (13.2-13.25 °C), followed by a mild increase toward 13.3 °C
before dropping once more, indicating a narrow optimum thermal range. As can be seen in
Figure 6, another very significant term was the superficial temperature anomaly in autumn
(p = 0.001), with landings” biomass increasing under moderate cooler anomalies, peaking
around —0.2 to 0 °C, and declining as anomalies become warmer.

3.1.2. Commercially Important Species and Groups

e Atlantic bonito

In this first species, the selected GAM explained 95.4% of deviance, with an adjusted
R? of 0.90, slightly below the upper limit of the CI 95% calculated with the bootstrap
(Table 2). Almost all parametric terms were significant, CHL (p = 0.03) showed a positive
association with biomass, while FLOOR_TEMP, NO3 and ANOMT_T_SPR showed a strong
negative effect (p < 0.001).

Smooth terms graphs are presented in Figure 7; pH (p < 0.001) showed a clear negative
effect on biomass. SAL (p = 0.003) displayed a weak U-shaped curve, with higher biomass
at both low and high salinity levels. Lastly, NHy4 also had a U-shaped curve, but with a
sharp decrease in biomass up to 0.28 mmol/m?.
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Figure 6. GAM plots showing partial effects of selected explanatory variables on the landings’
biomass of Small pelagic fish: (a) Sea floor temperature; (b) Phytoplankton biomass concentration,
and (c) Superficial temperature anomaly in autumn. The y axis represents the partial effect of the
variable, the tick marks on the x axis represent observed data. The shaded area shows the 95%
confidence interval. Created in R Studio version 4.3.3 (29 February 2024 ucrt).
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Figure 7. GAM plots showing partial effects of selected explanatory variables on the landings’
biomass of Atlantic bonito: (a) Salinity; (b) pH; (¢) Ammonium concentration, and (d) Superficial
temperature anomaly in autumn. The y axis represents the partial effect of the variable, the tick marks
on the x axis represent observed data. The shaded area shows the 95% confidence interval. Created
in R Studio version 4.3.3 (29 February 2024 ucrt).

e  Anchovy

The model developed for anchovy explained 93.8% of the deviance, with an adjusted
R? of 0.861. Among the parametric terms, L index had a highly significant negative effect on
biomass (p < 0.001), while ANOM_T_SUM, SAL_1 and ANOM_T_SPR showed less strong
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negative impact (p < 0.05). All smooth terms had significant non-linear responses (Figure 8).
FLOOR_TEMP (p < 0.001) had a positive effect on biomass, while ANOM_T_AUT (p < 0.001)
showed a steep negative effect up approximately —0.2 °C, followed by a slight increase
and a final decrease, indicating that moderate warm anomalies could be favorable to
biomass. NHy_1 (p < 0.001) has a U-shaped association with a rapid increase starting from
0.275 mmol/m?. Lastly, PHY_1 (p < 0.001) displayed the opposite to the previous variable,
peaking around 1.4 mmol/m? and declining at both lower and higher concentrations,
suggesting an optimal productivity threshold.
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Figure 8. GAM plots showing partial effects of selected explanatory variables on the landings’ biomass
of Anchovies: (a) Sea floor temperature; (b) Ammonium concentration in range 1; (c) Phytoplankton
biomass concentration, and (d) Superficial temperature anomaly in autumn. The y axis represents the
partial effect of the variable, the tick marks on the x axis represent observed data. The shaded area
shows the 95% confidence interval. Created in R Studio version 4.3.3 (29 February 2024 ucrt).

e  Blue and red Shrimp

The model developed for Blue and Red Shrimp explained 81.3% of the deviance, with
an adjusted R? of 0.714. Among the parametric terms, MTI, FLOOR_TEMP and NH4
had a significantly positive effect on biomass (p < 0.05), while SAL, ANOM_T_SPR and
ANOM_T_AUT had a negative significant association (p < 0.05). As for the smooth term
02, it had a very significantly high non-linear effect (p < 0.001) as shown in Figure 9. The
biomass was negatively affected around 225 mol/m?3.
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Figure 9. GAM plots showing partial effects of Oxygen concentration on the landings’ biomass of
Blue and red Shrimp. The y axis represents the partial effect of the variable, the tick marks on the
x axis represent observed data. The shaded area shows the 95% confidence interval. Created in R
Studio version 4.3.3 (29 February 2024 ucrt).

e  Sardine

The selected GAM for sardines explained 86.3% of the deviance, with an adjusted
R? of 0.803. All linear predictors had a significant effect on biomass. PPR (p = 0.003),
CHL (p = 0.037), pH (p = 0.012), ANOM_T_SPR (p = 0.008) and ANOM_AUT (p = 0.016)
were positively associated, whereas ANOM_T_WIN and CAR had a strong negative effect
(p < 0.001).

e  Mackerel

The model had an adjusted R? of 0.78, slightly below the CI 95% calculated with the
bootstrap. ANOM_T_WIN (p = 0.022), ANOM_T_SUM (p = 0.006) and L_index (p = 0.033)
all showed a significant negative relationship with mackerel biomass.

Regarding smooth terms, in Figure 10 it is shown how the biomass decreased once the
concentration of ammonium (p < 0.001) surpassed 0.26 mmol/m?3. As for ANOM_T_AUT
(p = 0.002), the biomass seemed to benefit from slightly cooler anomalies, decreasing with
very cold or mildly warm anomalies. Lastly, ANOM_T_SPR (p = 0.048) showed an increase
of biomass at around +0.2 °C.

e Red Mullet

The model selected explained a high proportion of the variability, with an adjusted R?
of 0.73 and 83% of deviance explained. Among the linear predictors, both MTI (p = 0.022)
and NH4_1 (p = 0.011) showed positive associations with red mullet’s biomass. On the
other hand, O2_1 showed a significant negative effect (p = 0.026).

Graphs for the smooth terms are presented in Figure 11, and all the predictors had
significant non-linear effects on biomass. The sea floor temperature (p = 0.046) showed a
positive relationship up to 13.30 °C and then decreased as temperatures went up. PP_1
(p = 0.005) had a positive effect on biomass around 9.5 mol/m?-day and then decreasing
rapidly and then increasing.

e  Common Octopus

The selected GAM for common octopus explained 73.9% of the deviance, with an
adjusted R? of 0.654. The only parametric term, MTI (p = 0.014) had a positive significant
effect on biomass. While both smooth terms had significant non-linear responses (Figure 12).
FLOOR_TEMP (p = 0.006) had a negative effect on biomass, while salinity (p = 0.0475)
showed an increase in biomass towards 37.7 PSU, until reaching a threshold.
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Figure 10. GAM plots showing partial effects of selected explanatory variables on the landings’
biomass of Mackerel: (a) Sea floor temperature; (b) Ammonium concentration; (c) Superficial temper-
ature anomaly in spring, and (d) Superficial temperature anomaly in autumn. The y axis represents
the partial effect of the variable, the tick marks on the x axis represent observed data. The shaded
area shows the 95% confidence interval. Created in R Studio version 4.3.3 (29 February 2024 ucrt).
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Figure 11. GAM plots showing partial effects of selected explanatory variables on the landings’
biomass of Red mullet: (a) Sea floor temperature and (b) Net Primary Production in range 1. The y
axis represents the partial effect of the variable, the tick marks on the x axis represent observed data.
The shaded area shows the 95% confidence interval. Created in R Studio version 4.3.3 (29 February
2024 ucrt).

e Hake

The GAM selected for hake had an adjusted R? of 0.747 and explained 86.1% of the
deviance. Almost all linear and non-linear predictors significantly influenced hake’s landing
biomass. Among parametric terms, MTI (p < 0.001) had strong negative effects, while
ANOM_T_SUM (p = 0.047) and ANOM_T_AUT (p = 0.006) had significant positive effects.
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Model plots for the smooth terms are presented in Figure 13, NHy (p = 0.002) showed
decreasing effect at higher values. Primary production (p < 0.001) and the superficial
temperature anomaly in spring (p = 0.007) showed a positive non-linear relationship with
landed hake biomass.
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Figure 12. GAM plots showing partial effects of selected explanatory variables on the landings’
biomass of Common octopus: (a) Sea floor temperature and (b) Salinity in range 2. The y axis
represents the partial effect of the variable, the tick marks on the x axis represent observed data.
The shaded area shows the 95% confidence interval. Created in R Studio version 4.3.3 (29 February
2024 ucrt).
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Figure 13. GAM plots showing partial effects of selected explanatory variables on the landings’
biomass of Hake: (a) Ammonium concentration; (b) Net Primary Production, and (c) Superficial
temperature anomaly in spring. The y axis represents the partial effect of the variable, the tick marks
on the x axis represent observed data. The shaded area shows the 95% confidence interval. Created
in R Studio version 4.3.3 (29 February 2024 ucrt).
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e  Horse Mackerel

The model explained 72.8% of the deviance and an adjusted R? of 0.611. Among the
linear predictors, L index and PHY had a significantly positive effect on biomass (p = 0.01),
while SAL had a much stronger positive association (p < 0.001).

Figure 14 shows the only non-linear predictor, PH (p = 0.001), exhibited a notable
increase of biomass up to around 8.08.

e  Deepwater Rose Shrimp

The model selected for deep-water rose shrimp explained 84.3% of the deviance, with
an adjusted R? of 0.78. Among the linear terms, index L (p < 0.001) and CAR_2 (p = 0.006)
had a negative effect on the landings. As of smooth terms, only TEMP_POT_2 showed a
significant (p < 0.001) U-shaped relationship (Figure 15). The response decreased up to
around 14 °C, then increased sharply.
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Figure 14. GAM plot showing partial effects of pH on the landings’ biomass of Horse mackerel. The
y axis represents the partial effect of the variable, the tick marks on the x axis represent observed data.
The shaded area shows the 95% confidence interval. Created in R Studio version 4.3.3 (29 February

2024 ucrt).
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Figure 15. GAM plots showing partial effects of selected explanatory variables on the landings’
biomass of Deepwater Rose Shrimp: Potential Temperature in range 2. The y axis represents the
partial effect of the variable, the tick marks on the x axis represent observed data. The shaded area
shows the 95% confidence interval. Created in R Studio version 4.3.3 (29 February 2024 ucrt).
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e Norway Lobster

The GAM selected explained a high proportion of the variability in Norway lobster
(R2 = 0.80; deviance explained = 87.6%). For the linear terms, biomass had a significant
positive association with index L and NHy4 (p < 0.05), while SAL (p < 0.001), PHY (p < 0.001),
ANOM_T_WIN (p < 0.001) and ANOM_T_AUT (p = 0.025) had significant negative effects.
Regarding the non-linear terms, as shown in Figure 16, landings had a clear decrease with
warm anomalies during spring (p = 0.0367).

3.2. Predictive Models with Climate Change Scenarios

During the study period, a clear warming trend was observed in FLOOR_TEMP,
with sea floor temperatures steadily increasing over time. In contrast, seasonal anomalies
showed more interannual variabilities but with warmer anomalies in the last couple of
years. Figure 17 shows the temporal evolution of the sea floor temperature and anomalies
for the complete data series.

w
— o
=
~
.
xr o
o o |
wl
'_I
wn
= o
O T
Z
<
n o
d 1 Ll 1 1 1 L ALLL L1l 1 Ll 1 1 1
Ay I

T 1 T I I
-04 -02 00 02 04 06

Superficial T anomaly in spring
(ANOM_T_SPR)
Figure 16. GAM plot showing partial effects of selected explanatory variable on the landings” biomass
of Norway Lobster: Anomaly in the spring temperature. The y axis represents the partial effect of
the variable, the tick marks on the x axis represent observed data. The shaded area shows the 95%
confidence interval. Created in R Studio version 4.3.3 (29 February 2024 ucrt).

The projected anomalies under both scenarios, mitigation and catastrophic, present
substantial differences from historical averages (Table 3), especially in winter and summer.
While the floor temperature already showed a notable historical rise that is expected to
increase even more by the end of the century.

Table 3. Projected seasonal superficial temperature anomalies and sea floor temperature under the
mitigation and catastrophic scenarios by the year 2100 in the Alboran Sea. Values are in °C.

Scenario ANOM_T_WIN ANOM_T_SPR ANOM_T_SUM ANOM_T_AUT FLOOR_TEMP
Mitigation 1.69 1.62 2.18 1.57 13.59
Catastrophic 2.78 2.71 3.27 2.66 13.64

Not all species were included in the predictive analysis, based on the results obtained in
the bootstrap assessment. Models whose 95% confidence interval upper bounds included
1.00 were excluded, as this may indicate potential overfitting. These excluded species
included Atlantic bonito, anchovies, small pelagic fish, mackerels, and large pelagic fish.
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In addition, horse mackerel was also excluded due to its broad CI 95% results (0.36-0.93),
which suggested instability in model performance.
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Figure 17. Temporal evolution of (a) seasonal superficial temperature anomalies and (b) sea floor
temperature in the Alboran Sea.

As shown in Table 4, there was a decrease in biomass throughout almost all species to
varying degrees under both climate scenarios. The most affected commercially important
species were deepwater rose shrimp, Norway lobster, and sardine. As for functional groups,
benthic cephalopods and benthic mollusks were also severely impacted.

Table 4. Projected catches for the different species and functional groups in Mitigation and Catas-
trophic scenarios.

Species/Group Mean Catch (kg) Mitigation (+2 °C) Trend Cis_a; tsr(;I():I)uc Trend
Blue and Red 258,878.00 101,296.70 Decrease 180,218.30 Stable
Shrimp
Common Octopus 924,241.35 55,004.66 Decrease 0 Disappear
Deepwater Rose . .
Shrimp 211,640.83 0 Disappear 0 Disappear
Hake 434 ,068.01 43,618.55 Decrease 26,418.58 Decrease
Norway Lobster 76,078.61 0 Disappear 0 Disappear
Red Mullet 261,873.87 175,309.20 Stable 341,680.00 Stable
Sardine 5,235,253.91 0 Disappear 0 Disappear
Benthic . .
Cephalopods 1,027,025.05 0 Disappear 0 Disappear
Benthic Mollusks 1,183,861.15 0 Disappear 0 Disappear

Decapods 520,997.38 41,101.05 Decrease 20,131.52 Decrease
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The rest showed less severe decline, including common octopus, hake, and decapods,
which experienced reductions in biomass but without completely disappearing. The only
species that seemed to not decrease substantially were blue and red shrimp and red mullet.

4. Discussion
4.1. Fishing Impact

In recent years, there has been growing evidence of the impacts of fishing on trophic
networks and marine ecosystems [54]. As a result, various indicators have been developed
to assess the degree of overexploitation in marine environments. Among these, the MTL
index, calculated in the present study, was 3.4, which corresponds to the trophic level of
small pelagic fish. However, it is important to note that experts have cautioned against
relying solely on this index for assessing fishing pressure, as it can underestimate the
impact on areas with high productivity [55,56]. It is for this reason that it is advised to use
this index alongside index PPR [57,58].

The PPR index revealed that sardines require for high levels of primary production to
sustain current fishing landings. This is expected given its status as one of the most heavily
fished species in the Alboran Sea.

High values of L indicate a greater disruption of the food web. In the present study,
elevated L values were negatively associated with deepwater rose shrimp, anchovy, horse
mackerel, decapods, and benthic mollusks. This is particularly notable given that MTL is
3.4 and these species occupy relatively low trophic levels. Such associations may reflect
from broader alterations in ecosystem structure and function, caused by fishing pressures,
leading to reduced resilience and changes in species composition [58].

4.2. Environmental Impacts

Several studies have demonstrated that the surface temperature of the Mediterranean
Sea has been increasing rapidly in recent decades, and this trend is expected to continue in
the future [20,25]. The temperature-related data collected in this study support this pattern.
Over the past 20 years, the potential temperature of the water has shown a consistent
upward trend, both throughout the entire water column and within specific depth ranges.
In terms of surface thermal anomalies, a clear increase in warm anomalies was observed
across all seasons in the last couple of years of the study period. Of particular interest is the
winter thermal anomaly, which was associated with biomass loss in all models where it
was identified as a significant variable.

Regarding the most important functional group—both economically [9] and ecologi-
cally [17]—the results showed that the biomass of small pelagic fish was negatively affected
by warm anomalies, particularly in winter and summer. In our study, anchovies showed
clear negative associations with warm anomalies during summer, spring, and autumn,
suggesting their sensitivity to rising temperatures during key periods of their life cycle.
Numerous studies [59] have documented this link between sea surface temperature and
the abundance of small pelagic species. For instance, Giraldez & Abad [60] found a strong
correlation between gonadosomatic index and the temperature in the months preceding the
reproductive period that goes from early spring to early autumn with a peak in June-July.
Moreover, these species are generally considered planktivorous, meaning that rising tem-
peratures can reduce the availability of their primary food source [14,15]. During 2000-2001,
a decrease in average temperature was recorded in the Alboran Sea, which resulted in areas
of high chlorophyll concentration-indicative of high primary production. In these areas,
many anchovy larvae were detected [61].

Similarly, sardines exhibited a nuanced response to thermal anomalies. Studies on
reproductive ecology and larval dynamics in the Alboran Sea suggest that sardine biomass
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may benefit from warm anomalies to a certain degree in spring and autumn, but not
necessarily in winter, as supported by our findings. Warmer spring temperatures have
been associated with earlier reproductive readiness [61], as well as enhanced larval growth
and survival [62]. These conditions could increase recruitment success and support higher
biomass. However, warm anomalies during winter may not provide similar benefits, be-
cause of possible phenological mismatch between spawning and planktonic availability [63].
This potential mismatch could decrease larval survival rates and reduce recruitment, ulti-
mately leading to lower biomass.

The sea floor temperature data collected for this study revealed a clear increase in the
last decades. This trend had already been reported by the Spanish Institute of Oceanogra-
phy [25], which emphasized that although +0.3 °C may seem minor, warming such large
volumes of water requires a significant amount of energy. A functional group directly
affected by this rise are benthic cephalopods and particularly, the common octopus. In our
results, their biomass was negatively impacted by both increasing sea floor temperatures
and warm thermal anomalies, indicating their vulnerability to ongoing warming in deeper
marine layers. Previous studies have shown that elevated temperatures can negatively
affect cephalopods, which are ectothermic organisms, particularly during their early life
stages. This thermal sensitivity may lead to reduced recruitment success [63-67].

Phytoplankton depends on sunlight and atmospheric carbon dioxide, which is why it
is restricted to the upper layer of the ocean, known as the euphotic zone. Carbon dioxide is
generally not a limiting factor, as the ocean is its largest reservoir. In contrast, a potential
limitation for primary production is the availability of dissolved inorganic nutrients, such
as phosphates and nitrates [26,68]. However, excessively high concentrations of these
nutrients can lead to an overproduction, resulting in a decrease of dissolved oxygen, which
can cause anoxic conditions and the subsequent death of other marine organisms that rely
on oxygen [29]. Fortunately, this does not appear to be the case in the Alboran Sea, as
oxygen concentration levels registered in the study period remained within healthy ranges.

Nevertheless, several models identified ammonium as a highly significant factor with
a negative influence on landed biomass (small pelagic fish, decapods, Atlantic bonito, hake,
and mackerel). Ammonium is a compound synthesized though the fixation of atmospheric
nitrogen by primary production. It serves as the initial substrate in the nitrification process,
which ultimately lead to the formation of nitrate [28]. Interestingly, benthic cephalopods
were negatively affected by nitrate concentrations in our results. A study done by newly
hatched common octopus paralarvae observed that increased exposure to ammonium and
nitrate affected not only their chromatophore activity, but also their feeding [69].

4.3. Prediction Models

Understanding how climate change will impact marine ecosystems is crucial for
sustainable fisheries management. The Alboran Sea, a biologically rich transition zone
between the Mediterranean and Atlantic waters, is particularly vulnerable to environmental
fluctuations [31,70]. Exploring climate change scenarios allows researchers and managers
to anticipate potential shifts in species distribution, biomass, and trophic dynamics, offering
vital insights into the resilience of marine resources [71-73]. As expected, in the catastrophic
scenario (+3.5 °C), almost all species included in the model disappeared from fisheries
landings, effectively collapsing the entire industry. The only exceptions being red mullet
and blue and red shrimp. This result is consistent with predictions of severe ecological
disruptions and species extinctions observed in other regions worldwide and across other
marine ecosystems [74-77].

However, in the Mitigation Scenario, which assumes compliance with the Paris Agree-
ment and limits global temperature increase to +2 °C above pre-industrial levels [78], the
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models predict the functional extinction of fisheries in the Alboran Sea for five of the
analyzed species and functional groups, along with an alarming reduction in catches for
the remaining groups. The only exception are again red mullet and blue and red shrimp
that show a positive association with the ammonia levels in the water. This underscores
two critical points: first, that a +2 °C temperature increase goal may not be sufficient to
prevent ecosystem degradation and fisheries collapse; and second, that climate change
mitigation alone is not enough to sustain an essential economic activity that simultaneously
places ecosystems under pressure, reducing their resilience and, consequently, their ability
to maintain functionality and provide ecosystem services [79-81].

Even the most favorable scenario proposed already seems insufficient to protect and
sustain some of the planet’s most fragile ecosystems [82]. Moreover, it appears inadequate
to safeguard naturally resilient ecosystems, which are nevertheless subjected to intense an-
thropogenic pressures such as fishing exploitation, pollution, and habitat destruction [83-85].
These cumulative impacts are evident along the Andalusian sector of the Alboran Sea,
where 764 fishing vessels—representing a total gross registered tonnage (GRT) of 10,739—
currently support 2605 active fishers [69]. Historical data indicate a pronounced decline in
fishing productivity in the northern Alboran Sea, with its contribution to national landings
decreasing from 17% in 1941 to just 2% today. Paradoxically, despite this decline in landings,
the economic yield per capita has increased significantly, from approximately €6000 per
fisher in 1941 to €22,650 per fisher in recent years [69]. Although it is important to mention
here that these data have not been adjusted for inflation over this period of time. This trend
underscores a decoupling between ecological sustainability and economic indicators, with
potential implications for long-term ecosystem resilience and management strategies.

The species most threatened under both scenarios include common octopus, deepwater
rose shrimp, Norway lobster and sardines, all of which potentially face local extinction.
The loss of sardines, a small pelagic species, would not only have dramatic consequences
for local fisheries but also severely impact ecosystem functioning. Small pelagic fish exert
bottom-up control, regulating marine ecosystem functionality especially in upwelling
systems, due to their short generation times, tight coupling with lower trophic levels,
and high relative abundance at intermediate trophic levels—where they serve as vital
links between higher and lower trophic levels [18,86]. Their local extinction would disrupt
energy flow, potentially triggering a trophic cascade, affecting both upper and lower trophic
levels in the Alboran Sea.

Although other small pelagic fish were not included in the fishery biomass predictions,
their ecological role remain relevant. One could argue that these remaining species could
maintain ecosystem functionality. However, there is a real risk of fisheries shifting toward
alternative species of lower commercial value, such as round sardinella or other small
pelagic fish. These shifts in fisheries have already occurred in the region [81] and in other
parts of the world [2,87]. Other groups affected by seafloor warming and future thermal
anomalies include benthic cephalopods and benthic mollusks. Both groups are particularly
sensitive to warming, likely due to changes in oxygen levels, pH, and primary production.
Deepwater rose shrimp exhibited a strong negative response under both scenarios, likely
driven by the species’ sensitivity to elevated carbon levels, water acidification, which may
have negative effects on early development stages [88]. In contrast, blue and red shrimp
experienced a decline under the mitigation scenario but appeared to stabilize under the
more extreme scenario. This pattern may be explained by the favorable effect the increase
of sea floor temperature and ammonium concentration had, both of which have been
associated with high productivity [89]. By comparison, the broader group of Decapods
disappeared under both scenarios, suggesting a high vulnerability to rising temperatures
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and acidification. This group includes Cancer pagurus, for which studies have suggested
this combination of stressors may increase mortality rates [89,90].

Despite the long-term (end of the century) and relatively broad scope of these pre-
dictions, they highlight the pressing need to integrate the impacts of climate change into
fisheries management strategies. Two priority actions emerge in this context. First, transi-
tioning from a single-species stock management approach to an Ecosystem-Based Fisheries
Management (EBFM) strategy is crucial. This approach accounts for species interactions
and evaluates not only the sustainability of fishing activities but also the potential loss of
resilience within the exploited ecosystem [72,91]. Ecotrophic models, such as Ecopath with
Ecosim, could be a suitable tool to achieve this integrated ecosystem-based approach [92,93],
and developing such a model for the study area could provide critical guidance for both
science and policy in the future. The second necessary action involves reviewing current
regulations and potential mitigation strategies—such as limiting or managing fishing effort,
establishing catch limits, regulating minimum catch sizes, or implementing full protection
measures for certain species—within an adaptive management framework that periodically
responds to new pressures and the consequences of climate change. These two strategies
combined would allow decision-makers to respond to climate-driven pressures and could
lessen their anticipated effects in the fishing industry.

In spite of their utility in conventional assessments, our models focused on single
species and functional groups have some limitations. They often oversimplify the dynam-
ics of marine ecosystems by overlooking key ecological interactions like predation and
competition. This can lead to increased uncertainty in biomass predictions and reduce
the ability to anticipate nonlinear or cascading ecosystem responses to change. Future
refinements to climate change projections in Alboran Sea fisheries should consider addi-
tional environmental and socioeconomic variables that could influence species biomass
trends and their interactions. Ocean acidification, for instance, has been shown to affect
calcifying organisms and disrupt trophic interactions, potentially exacerbating ecosystem
instability [88]. Likewise, habitat shifts due to coastal development, pollution, and changes
in water circulation could influence species distribution beyond temperature effects. Addi-
tionally, socioeconomic factors such as fluctuations in fishing pressure, market demands,
and regulatory changes might alter fishing effort, directly impacting biomass estimates [81].
By integrating these variables into EBFM models, researchers can improve the accuracy
of long-term predictions, leading to more adaptive fisheries management strategies that
better account for dynamic environmental and human-driven influences [79,90-93].

5. Conclusions

The findings of this study highlight the substantial threat that climate change poses
to the long-term sustainability of fisheries in the Alboran Sea. Interactions among rising
sea temperatures, biogeochemical variability, and fishing pressure have led to negative im-
pacts on the biomass of key commercial species, particularly those ecologically sensitive to
thermal and chemical anomalies, such as sardine (Sardina pilchardus), anchovy (Engraulis en-
crasicolus), deepwater rose shrimp (Parapenaeus longirostris), and common octopus (Octopus
vulgaris). Projections under future climate scenarios indicate a high likelihood of functional
extinction for several taxa, alongside potential ecosystem disruption, if urgent mitigation
measures are not implemented. These results emphasize the urgent need to implement
ecosystem-based fisheries management, including the development of ecotrophic modeling
approaches to capture complex trophic interactions. Additionally, the incorporation of
climate-resilient criteria into fisheries policies at regional, national, and international levels
is essential to strengthen the socioecological resilience of marine systems in the face of
accelerating environmental change.
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