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cristina.gonzalez.cap80@gmail.com

Beatriz Guijarro

beatriz.guijarro@ieo.csic.es

†These authors have contributed equally to
this work

RECEIVED 04 March 2025

ACCEPTED 06 October 2025
PUBLISHED 06 November 2025

CITATION
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Long term predictions on the
population dynamics of two
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Eduardo Ramı́rez-Romero2,3 and Enric Massutı́ 1

1Centre Oceanogràfic de les Balears (COB-IEO), Consejo Superior de Investigaciones Científicas
(CSIC), Palma, Spain, 2Instituto de Ciencias Marinas de Andalucı́a (ICMAN), Consejo Superior de
Investigaciones Científicas (CSIC), Puerto Real, Cadiz, Spain, 3Department of Ecology and Geology,
Faculty of Sciences, University of Malaga, Málaga, Spain
In the context of global change, studying the synergic effects of climate and

marine resources is key to understanding and predicting their impact on

exploited stocks and improving adaptive fisheries management. In the western

Mediterranean, European hake (Merluccius merluccius) and deep-water rose

shrimp (Parapenaeus longirostris) are two key demersal species with distinct

ecological preferences. This study models long-term projection of their

population dynamics at two geographical subareas (GSAs) established by the

General Fisheries Commission for the Mediterranean (FAO-GFCM), Balearic

Islands (GSA 5) and Northern Spain (GSA 6), under different management

strategies and climatic scenarios. The methodological approach followed three

steps. First, recruitment and spawning stock biomass temporal series of these

stocks were obtained from fisheries assessment models, developed within the

framework of the FAO-GFCM. Then the influence of parental stock and

environmental drivers on their recruitment was modelled. In GSA 5, European

hake recruitment was mainly driven by winter sea surface temperature, while in

GSA 6, additional factors included chlorophyll-a and mean salinity. For deep-

water rose shrimp, bottom temperature was the key driver in both GSAs. Lastly,

we projected the population dynamics of the stocks along the whole 21st century

by combining five potential fishing management strategies, including those

currently applied in the investigated area (European Union Multiannual Plan)

and the models of main explanatory drivers developed concurrently with an

ensemble of four Regional Climate Models under two climatic scenarios (RCP4.5

and RCP8.5) adopted by the Intergovernmental Panel on Climate Change, which

describe medium and extreme heating. From the combination of these

management strategies and climatic scenarios, projections of the population

parameters of European hake and deep-water rose shrimp and its catches were

carried out up to 2100. The projections revealed a decline in European hake

recruitment, population, and catches across all climate scenarios, regardless of

fishery management strategies. In contrast, deep-water rose shrimp showed an
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overall improvement in population parameters and catches under all conditions.

Our results may enhance scientific advice for implementing an adaptive fisheries

management and highlight the need of integrating climatic effects in the

assessment and management processes to enhance stock sustainability under

global change.
KEYWORDS

demersal stocks, population dynamics, projections, climate change, fisheries
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1 Introduction

Fishing exploitation is a well-known stressing factor for marine

ecosystems, modifying not only the population structure of the

main target and by-catch species, but also producing indirect effects

in populations and communities (Branch et al., 2010). Aside from

this, the influence of environmental variability on the population

dynamics of exploited species has been a key point in fisheries

oceanography since its beginnings (Hjort, 1914). Authors such as

Duffy-Anderson et al. (2005) and Harley et al. (2006) pointed out

that local, regional and large-scale physical factors are of great

importance in the communities and the population dynamics,

highlighting the influence of climate on the production patterns

of marine ecosystems.

In the current context of global change, both climate change

and overfishing has been demonstrated as responsible factors of a

quick restructuration of highly productive marine ecosystems, with

effects in the pelagic and benthic domains (Kirby et al., 2009). The

current vision is that it is not possible to separate the effects induced

by both climate and fishing (e.g. Planque et al., 2010), as they

probably act in a synergic way (Kirby et al., 2009). Fishing

exploitation can produce demographic changes in exploited

populations, which make them less resilient and more vulnerable

in front of changes of environmental conditions (Stenseth and

Rouyer, 2008). Hence, the study of synergic effects of climate and

fishing in exploited communities is basic for the improvement of

fisheries oceanography. This allowed in the last years developing of

different approaches to predict the consequences of climate change

in fisheries, their main threats and opportunities, as well as to assess

different strategies for adapting to these changes (Daw et al., 2009).

In the case of fisheries, it is also important to know in advance

any change and its potential effects, for providing scientific advice to

manage the fisheries at medium and long term. For that, it is needed

to develop predictions and projections, which are considered

among the most valuables products of applied fisheries research

(Brander et al., 2013), as they provide a quantitative basis for

assessing strategies and adapting measures. Such predictions and

projections should be made at a regional and local scale, where

historical data can contribute to improve complex models, as global

models have a limited value (Brander, 2015).
02
European hake (Merluccius merluccius) and deep-water rose

shrimp (Parapenaeus longirostris) are two key fishery resources in

the Mediterranean, each with distinct distributions and ecological

preferences. Catches and abundance of both species have shown

interannual changes off north-eastern Iberian Peninsula and the

Balearic Islands (western Mediterranean), suggesting the influence

of environmental factors on their distribution and population

dynamics (Massutı ́ et al., 2008; Hidalgo et al., 2011; Maynou,

2011; Sbrana et al., 2019; González-Andrés et al., 2024; Mingote

et al., 2024, among others). These studies indicate that higher

temperatures enhance the abundance and distribution of deep-

water rose shrimp, a thermophilic species, but in the case of

European hake, which is a cold adapted Atlantic species (Lloris

et al., 2003), its variability is more related to productivity changes.

Thus, the role of environmental drivers on their recruitment and

population dynamics have been analyzed, but they did not project

future scenarios under combined climate and management

conditions. In fact, there is limited work combining climate

projections with alternative fishing management strategies to

simulate long-term stock dynamics of these species under climate

change, particularly using ensembles of regional climate models.

For instance, in the Adriatic Sea (Central Mediterranean), Panzeri

et al. (2024) predicted the future spatial distribution of some

demersal species, including European hake, under a warming

scenario, but without considering potential changes from fishing

management measures.

This study aims to fill this gap by modelling mid- and long-term

projections of the population dynamics of European hake and deep-

water rose shrimp at the two geographical subareas established by

the General Fisheries Commission for the Mediterranean (FAO-

GFCM), Balearic Islands (GSA 5) and Northern Spain (GSA 6)

(Figure 1). For that, we integrated environmental drivers, derived

from regional climate models and fishing management strategies,

inspired by the current European Union Multiannual Plan (EU-

MAP). From the available knowledge on both species, we

hypothesize that the thermophilic species P. longirostris will be

more positively affected by warmer waters than European hake and

that the recovery of this latter species may be influenced by its

current state of exploitation, as it is considered to be the most

overexploited species in the Mediterranean (GFCM, 2024).
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2 Study area and species

Within the general oligotrophic environment of the

Mediterranean, the north-eastern Iberian Peninsula and the Gulf

of Lions stand out as highly productive zones, due to several

oceanographic features. These include a wide continental shelf,

significant land run-off (e.g. from Rhône and Ebro rivers) and

intense vertical water mixing in winter, induced by strong, dry, and

cold north-westerly winds, which occasionally lead to coastal

upwelling. These factors collectively enhance nutrient availability

in the marine ecosystem, resulting in increased planktonic

production (Estrada, 1996; Bosc et al., 2004). This high

productivity benefits various fish and invertebrate fishing stocks,

including European hake (Lloret et al., 2001).

In contrast, the waters around the Balearic Islands show a more

pronounced oligotrophy, due to the lack of the previous

oceanographic features (Estrada, 1996; Bosc et al., 2004). Frontal

meso-scale events between Mediterranean and Atlantic waters

(Pinot et al., 2002) and input of cold northern water into the

Balearic channels (Fernández de Puelles et al., 2004) can act as

external fertilization mechanisms that enhance productivity off the

Archipelago. This cold water is originated in the north-easternmost

Iberian Peninsula and the Gulf of Lions by deep convection (Pinot

et al., 2002), producingthe Northern Current which flows

southwards along the continental shelf edge and upper slope of

the Iberian Peninsula. This current bifurcates when reaches the

Ibiza Channel: one part forms the Balearic Current, which flows

along the northern coast of the Balearic Islands (Monserrat et al.,

2008). The major or minor formation of this cold water affects the

interannual variability of hydrodynamism and productivity around

the Archipelago (Massutı ́ et al., 2014) influencing also biology and

population dynamics of deep-water species, including European

hake and deep-water rose shrimp (Massutı ́ et al., 2008; Quetglas
et al., 2012; Rueda et al., 2014). Such regional oceanographic

differences likely influence the life history strategies of key

demersal species such as the longer lifespan and protracted
Frontiers in Marine Science 03
spawning period of European hake versus the faster growth and

shorter lifespan of deep-water rose shrimp thereby modulating their

population responses to environmental variability.

Due to its geomorphological, oceanographic and fishing

specificities, the Balearic Islands have been considered as an

individualized area for the assessment and management of

fisheries in the western Mediterranean (Quetglas et al., 2013).

According to these authors, the demersal resources and the

fishing exploited benthic ecosystems in GSA 5 are in a healthier

state than in the adjacent Iberian Peninsula (GSA 6), in part because

the trawl fishing effort in GSA 5 is much lower than in GSA 6.

The European hake (M. merluccius) is a demersal gadoid fish

species that prefers cold and temperate waters (Olivar et al., 2003;

Maynou et al., 2003), with a wide geographic distribution covering

the north-eastern Atlantic, from Norway and Iceland to Mauritania,

including the Mediterranean (Casey and Pereiro, 1995; Oliver and

Massutı,́ 1995). It has great ecological and economic importance

both in the Atlantic and the Mediterranean (Alheit and Pitcher,

1995). In this last area, it is distributed between 30 and 1000m

depth, although the largest abundance and biomass and optimal

depth range occur between 100 and 400m (Relini et al., 2002; Sion

et al., 2019). It is one of the main target species of the Mediterranean

fisheries, mainly exploited by bottom trawling, but also by other

gears such as bottom longlines and gillnets (Oliver and Massutı,́

1995). This species historically shows the highest levels of

overexploitation in the area (Colloca et al., 2014; GFCM, 2024).

The deep-water rose shrimp (P. longirostris) is a demersal

decapod crustacean with a wide geographic distribution along the

Atlantic Ocean. In its eastern part it is found from northern Iberian

Peninsula to southern Angola, including the Mediterranean Sea

(Sobrino et al., 2005). It is a fast-growing species, with a

thermophilic preference, that inhabits muddy and sandy bottoms

mainly of the deep shelf and upper slope between 100 and 400m

depth (Fortibuoni et al., 2010). Deep-water rose shrimp is also a key

fisheries resource in the Mediterranean (Sbrana et al., 2006;

Guijarro et al., 2009). Its bathymetric distribution in the Spanish
FIGURE 1

Maps of the western Mediterranean showing the climatology of annual values of sea bottom temperatura (°C) (A; between 150 and 400 m depth)
and surface chlorophylln (mg*m-3) (B; log10 transformed satellite data). The FAO-GFCM geographical sub-areas considered in the present study,
GSA 5 (Balearic Islands) and GSA 6 (Northern Spain), both in red, are also shown.
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Mediterranean coast (GSAs 1, 5 and 6) has historically been defined

between 20 and 750m, with the greatest densities in terms of

biomass recorded between 100 and 300m (Sobrino et al., 2005),

although the depth at which this maximum is detected can be

different even at short-spatial scales (Guijarro et al., 2009). It is more

abundant in the eastern and central basins (Abelló et al., 2002;

Sbrana et al., 2019). The current catches of this species, exclusively

provided by bottom trawling, shown a clear increasing trend at

Mediterranean level since 2005 (FAO, 2023). Juveniles and early life

stages share a similar bathymetric distribution with adults,

occurring within the same depth range and often showing

continuous recruitment throughout the year, which results in the

coexistence of multiple cohorts on the fishing grounds (Sobrino

et al., 2005; Guijarro et al., 2009; Druon et al., 2015).

In the Balearic Islands, catches of European hake have shown

interannual changes during the last decades, suggesting a possible

influence of climatic factors on this species. This relationship was

suggested in the past by Astudillo and Caddy (1988) and Oliver

(1993), confirmed more recently by Massutı ́ et al. (2008) and

Hidalgo et al. (2009, 2011). In this area, macro and meso-scale

climate regimes can influence the population dynamics of hake

recruitment, which seems to be enhanced during colder-than-

normal winters and and increase of productivity in the area, that

may be favorable to hake. The influence of climate indices on the

population dynamics of European hake has been also suggested in

the north-eastern Iberian Peninsula, also related with an enhanced

productivity (Hidalgo et al., 2011; Maynou, 2011).
Frontiers in Marine Science 04
As regards deep-water rose shrimp, several environmental

factors have been suggested to be influencing its dynamics. Thus,

its abundance enhances and its distribution expands to northern

both in the western and central Mediterranean, with the increase of

sea temperature and salinity (Colloca et al., 2014; Sbrana et al., 2019;

Quattrocchi et al., 2020; González-Andrés et al., 2024; Mingote

et al., 2024). A decrease of wind circulation seems to be linked to an

increase of potential preys for this species, which may be also

positive for its life cycle and abundance (Ligas et al., 2011).
3 Material and methods

The main milestones raised have been: (i) exploration of the

temporal trends during the last two decades in the Recruitment (R)

and Spawning Stock Biomass (SSB) of European hake and deep-

water rose shrimp, coming from stock assessments of the two

species in GSAs 5 and 6, developed within the framework of the

FAO-GFCM; (ii) modelling the influence of environment and SSB

on R, using an aprioristic set of environmental variables as

potential predictors in both species; and (iii) projection of R,

SSB and fishing catches by species and GSA along the 21st

century, using concurrently the main explanatory drivers with

an ensemble of Regional Climate Models, under two climatic

scenarios adopted by the Intergovernmental Panel on Climate

Change (IPCC) and five fishing management strategies in each

climatic scenario (Figure 2).
FIGURE 2

Schemes of the procedure applied for projecting recruitment (R) and spawning stock biomass (SSB) of European hake (Merluccius merluccius) and
deep-water rose shrimp (Parapenaeus longirostris) along the 21st century in the FAO-GFCM geographical sub-areas GSA 5 (Balearic Islands) and
GSA 6 (Northern Spain). WSST, Winter Sea Surface Temperature; ASST, Annual Sea Surface Temperature; ASAS, Annual Sea Average Salinity; ACHL,
Annual Surface Chlorophyll; ASBT, Annual Sea Botton Temperature. MS1, MS2, MS3, MS4 and MS5 correspond to the fishing management strategies
1, 2, 3, 4 and 5, respectively. RCP, Regional Climate Models.
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3.1 Biological data

Time series of R (age 0) and SSB for European hake and deep-

water rose shrimp stocks in GSAs 5 and 6 were obtained from the

GFCM Working Group on Stock Assessment of Demersal Species,

available at https://www.fao.org/gfcm/data/star/en/. Times series

were 1998–2020 in GSA5 and 2002–2020 in GSA 6 for European

hake (Supplementary Figure S1) and 2001–2021 for deep-water rose

shrimp in both GSAs (Supplementary Figure S2).

Stock assessments were carried out using the catch-at-age

model a4a (Jardim et al., 2014), considering as input data: (i) age

composition of catches, estimated from monthly length frequency

sampling on board the fishing fleet and/or in port, depending on the

year; (ii) official data on landings and discards; and (iii) biological

parameters of the species. These parameters were: length-weight

relationship and maturity ogive, estimated in each area from the

analysis of biological samples of the two species coming from the

European Union Data Collection Framework (https://

dcf.ec.europa.eu/general-information_en), the von Bertalanffy

growth parameters obtained from tagging experiments (Mellon-

Duval et al., 2010) and the natural mortality (M) estimated using

Prodbiom program (Abella et al., 1998). The assessment model was

calibrated with age-structured abundance indices coming from the

MEDITS bottom trawl surveys (Spedicato et al., 2019).

The a4a model uses three major components, called submodels:

fishing mortality (F), survey catchability and recruitment (Jardim

et al., 2014). They are essentially log-linear models, although the full

model is still non-linear. The final model for provision on advice

was selected during the GFCM Working Group on Stock

Assessment of Demersal Species (Online, 17–21 January 2022),

considering the best combination of submodels taking into account

the fit of the models versus observed data, the model comparison

(AIC, BIC, GCV) and the absence of patterns in the retrospective
Frontiers in Marine Science 05
analysis. The model adjustment was carried out using the Fisheries

Libraries in R (FLR). The results of the assessment showed an

overexploitation for the four stocks, with a ratio between current

fishing mortality and the reference point (F0.1) around 2 for the two

stocks of deep-water rose shrimp (with relatively high biomass in

both cases), 4 for the European hake in GSA 5 and 11 for the

European hake in GSA 6, with relatively low biomass in both cases

(FAO, 2022, 2024).
3.2 Environmental data

The initial selection of variables was based on available

bibliographic information and include hydrological variables,

such as water temperature and salinity, indicators of

hydrodynamic conditions which had been previously identified as

potential drivers of European hake recruitment in GSA 5 (Massutı ́
et al., 2008; Hidalgo et al., 2011) and deep-water rose shrimp

(Sbrana et al., 2006; Fortibuoni et al., 2010). Additionally, sea

temperature and salinity are related to marine productivity, as

they may affect nutrient availability, metabolic rates and water

stratification, which act as potential drivers of many demersal

species (Katsanevakis et al., 2009). Another factor related to

productivity is chlorophyll, whose concentration is considered as

a potential index of primary production in the ecosystem and

markers of the trophic state of the water column (Richardson and

Schoeman, 2004; Piroddi et al., 2017). Several studies have shown

that primary production can be an important factor driving the

recruitment of European hake (Bartolino et al., 2008; Druon et al.,

2015; Coll et al., 2016) and deep-water rose shrimp (Guijarro

et al., 2009).

Data were mostly extracted from Copernicus Marine

Environment Monitoring Services (CMEMS; Table 1), which use
TABLE 1 Summary of the environmental variables considered as potential predictors to develop population dynamics models of European hake (M.
merluccius) and deep-water rose shrimp (P. longirostris) in the western Mediterranean.

Species Variable Period Data type CMEMS Product

M. merluccius

Winter Sea Surface
Temperature: WSST (°C)

1982-2020 Satellite SST_MED_SST_L4_REP_OBSERVATIONS_010_021
Annual Sea Surface
Temperature: ASST (°C)

M. merluccius Annual Sea Average
Temperature: ASAT (°C)

1987-2019
Reanalysis
(model)

MEDSEA_MULTIYEAR_PHY_006_004

P. longirostris
Annual Sea Bottom
Temperature: ASBT (°C)

M. merluccius
Annual Sea Average Salinity:
ASAS

1987-2019
Reanalysis
(model)

MEDSEA_MULTIYEAR_PHY_006_004
Annual Sea Bottom Salinity:
ASBS

P. longirostris
Annual Sea Surface Salinity:
ASSS

M. merluccius
Winter Surface Chlorophyll:
WCHL (CHL, mg*m-3)

1998-2019 Satellite OCEANCOLOUR_MED_CHL_L4_REP_OBSERVATIONS_009_078
CMEMS, Copernicus Marine Environment Monitoring Services (https://marine.copernicus.eu/).
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remote sensing observations and include reanalysis products

specifics for the Mediterranean. These variables were extracted

restricting the habitat of European hake recruits and deep-water

rose shrimp (150–400 and 50–1000 m depth, respectively; Oliver

and Massutı,́ 1995; Sobrino et al., 2005; Druon et al., 2015; Sion

et al., 2019). For deep-water rose shrimp, the larger bathymetric

range was selected due to potential differences in the distribution of

the species among even nearby areas (Guijarro et al., 2009) and the

known spatial changes of this species in the area, which has spread

northwards in the two last decades (González-Andrés et al., 2024;

Mingote et al., 2024), and whose depth distribution range increases

with temperature (Quattrocchi et al., 2020). Subsequently, the

variables were spatially averaged over each GSA using shapefiles

provided by the GFCM (https://www.fao.org/gfcm/data/maps/gsas/

es/). Monthly time series were averaged with annual and winter

basis (JFM) for both species and summer averages (JJA) for

European hake, since the recruitment of this last species mainly

occurs during this season. The annual environmental variables were

included because, in the study area, recruitment of deep-water rose

shrimp occurs year-round without marked seasonality (Guijarro

et al., 2009). Winter season was also considered because of

particular oceanographic circulation in this sub-basin, due to the

intensified mixing processes and changes in water mass

distribution, driving nutrient availability and primary productivity

(Estrada, 1996; Monserrat et al., 2008).
3.3 Climate change projections

To describe the potential future conditions in the western

Mediterranean, a set of simulations (ensemble) were collected ad

hoc for this study from four downscaled Regional Climate Models

(RCM), under the frame of Coupled Model Intercomparison

Project Phase 5 (CMIP5) to assess the certainty and plausibility of

the projections. The methodology applied is well established in

regional climate modeling studies. The use of downscaled CMIP5

RCMs, bias correction via the delta method and ensemble modeling

to account for uncertainty are widely accepted approaches (van

Vuuren et al., 2011; Zappa et al., 2013). RCM provide high-

resolution simulations that allow capturing the particular and

complex oceanographic characteristics, such as the formation of

deep waters, the presence of fronts or oceanic eddies that occur in

this sub-basin. The main characteristics of these simulations have

been summarized and compiled in Supplementary Table S1. The

methodology used to extract the variables projected into the future

was similar to the extraction of the present variables, with the

aforementioned bathymetric restrictions for the habitat of recruits

for European hake and deep-water rose shrimp.

We used projections for the greenhouse gas concentration

scenarios adopted by the Intergovernmental Panel on Climate

Change (IPCC) of the two Representative Concentration

Pathways: RCP 4.5 (average warming) and RCP 8.5 (extreme

warming), based on moderate and high concentrations of

greenhouse gases, which by the end of the 21st century increase

radiative forcing on Earth by 4.5 and 8.5 Wm-2, respectively.
Frontiers in Marine Science 06
The RCM ensemble simulations (Supplementary Figure S14)

were bias-corrected using a delta correction method. Specifically,

the mean deviation between simulated and observed values during

the overlapping historical period (2006–2020) was calculated and

subtracted from future projections to align them with present-day

conditions. This method preserves the projected climate change

signal while correcting systematic biases in model outputs. To

compare the simulations with the current values of the variables

(Table 1), different sources have been used. When available, satellite

observations were extracted and, otherwise, information was

obtained from reanalysis-type models with data assimilation.

Although confidence intervals were not graphically displayed in

the projection figures due to the high number of scenarios and the

need to maintain figure readability, model uncertainty was explicitly

addressed by incorporating multiple Regional Climate Models

(RCMs) and contrasting fishing management strategies. This

approach allowed us to explore a plausible range of future

outcomes but are not discussed in this article to simplify the

interpretation of the results.
3.4 Fishing management strategies

Although some of the fishing management strategies considered

(e.g. MS2 and MS3) reflect actual management measures

implemented under the EU-MAP since 2020, others represent

plausible alternative scenarios (e.g. MS4 and MS5) used to

explore future stock responses under different fishing pressure

levels. Within each climate scenario, different fishing management

strategies were considered, taking into account both the scientific

advice on the state of exploitation of European hake stocks in GSAs

5 and 6 and the EU-MAP currently in force (Regulation 2019/1022

of the European Parliament and of the Council of 20 June 2019) that

establishes a multiannual plan for the fisheries exploiting demersal

stocks in the western Mediterranean. This regulation considers

some target species, including European hake, which shows the

highest levels of overfishing in the Mediterranean (FAO, 2022) and

deep-water rose shrimp, which has shown an important increasing

trend in the western Mediterranean during the last years. Following

Article 7 of the EU-MAP, a fishing effort regime to all trawling

vessels was applied since 1 January 2020, with an effort reduction of

10, 7.5 and 6% of the fishing effort (expressed as fishing days) in

2020, 2021 and 2022, respectively, considering as baseline the

average value of the period 2015-2017. According to the EU-

MAP, the maximum allowable fishing effort shall be reduced by a

maximum of 40% during its implementation period.

According to this, the following five fishing management strategies

were considered: MS1) fishing mortality (F) in the status quo

(considering the status quo as the average of the last three years of

the time series; 2019-2021); MS2) the F reduction considered in EU-

MAP of 10, 7.5, 6 and 4% in 2020, 2021, 2022 and 2023, respectively;

MS3) the maximum reduction of 40% F in 2024, according to the EU-

MAP; MS4) fishing mortality reaching values of the target reference

point F0.1 in 2025, which corresponds to 0.34 for GSA 5 and 0.12 for

GSA 6 in the case of European hake and to 0.57 for GSA 5 and 0.78 for
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GSA 6 in the case of deep-water rose shrimp, according to the stock

assessment results (FAO, 2022); and MS5) strategies without fishing

activity (F=0), through gradually reducing the F value. This gradual

reduction was modelled based on the current decreasing trend of

bottom trawlers in both GSAs, adjusting a linear model in its number

for each GSA, which predicted that the bottom trawl fleet will

disappear in 2039 and 2061 in GSA 5 and GSA 6, respectively

(Supplementary Figure S3). In order to limit the total biomass in the

model results, twice the maximum SSB found in the series studied was

considered as the carrying capacity of the system. This decision aimed

to prevent biologically unrealistic exponential growth projections, as

historical biomass increases likely reflect recovery from reduced fishing

pressure. A linear regression was used to project the disappearance of

the fleet (in 2039 for GSA 5 and 2061 for GSA 6), allowing us to assess

the potential effects of a gradual reduction in fishing impact under

extreme conservation conditions. The approach, supported by

demersal species modelling (Colloca et al., 2017), adopts a

conservative cap aligned with Mediterranean oligotrophic ecosystem

carrying capacity. The projections were made using the free software R.

Although some of the fishing strategies considered (MS1- MS3) reflect

actual management measures implemented under the EUMultiannual

Plan since 2020, others (MS4 and MS5) represent plausible alternative

scenarios used to explore future stock responses under different fishing

pressure levels.
3.5 Statistical analysis

The selection of the environmental variables was carried out in

two stages: i) Pearson’s correlations of recruitment series were

carried out in each GSA for European hake and deep-water rose

shrimp, with a total of 20 and 12 environmental variables,

respectively (Supplementary Table S2). More information about

this process is included in Supplementary Information; ii) the

predictor variables selected in the first stage were filtered based

on two metrics to avoid overfitting and reduce correlation and

collinearity between variables. First, all predictor covariates were

examined using Pearson’s correlation (Wood, 2006) and pairs of

variables with high correlation values (r>0.7) were identified and

only one of the correlated pairs was included in the modelling

process (Lezama-Ochoa et a l . , 2017) . Subsequent ly ,

multicollinearity between predictor variables was tested by

calculating the variance inflation factor (VIF) with a cutoff value

of 5 and using the corvif function from the AED package in R (Zuur

et al., 2009). As a result, highly correlated and multicollinearity

variables were tested separately during the modelling, and only the

one with the highest total explained variance was included in the

final models.

To study the effect of environmental variability on European

hake and deep-water rose shrimp recruitment, Generalized

Additive Models (GAM; Hastie and Tibshirani, 1990; Wood,

2006) were adjusted for each GSA, considering the SSB of the

previous year (SSBi-1) and the environmental variables of the

corresponding year. The models were fitted through a Gamma

distribution with logarithmic link function. The GAM models were
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fitted in the R software (Wood, 2017) using the mgcv package

(Wood, 2004), where the degrees of freedom of the smoothing

functions were limited to 3 (K=3) for the splines of the different

explanatory variables. Cubic regression splines (Wood, 2006) were

used for all explanatory variables.

To establish the best models for each stock, a forward stepwise

variable selection procedure was applied. In each case, the best model

was selected based on Akaike Information Criterion (AIC), the

unbiased risk estimator (UBRE; Burnham and Anderson, 2004),

the significant explanatory variables and the highest explained

deviance. To evaluate the predictive model for R, the Pearson

correlation coefficient was calculated between the values predicted

by the model and the observed values. In addition, diagnostic plots

including those derived from Generalized Cross Validation (GCV)

using the mgcv package are provided as Supplementary Material.

These plots offer further insight into model behavior and contribute

to transparency in the fitting process. To ensure a robust and

ecologically interpretable model selection, we did not rely

exclusively on minimizing the Akaike Information Criterion (AIC).

Instead, model choice was based on a combination of multiple

metrics, including explained deviance, statistical significance of

predictor variables, the Pearson correlation coefficient (r) between

observed and predicted values, and inspection of residuals to assess

model adequacy. This approach aims to balance predictive accuracy

with parsimony and biological interpretability. For instance, in GSA 5

for European hake, the selected model explained 52% of the deviance

and had a moderate predictive fit (r= 0.5), although it did not yield

the lowest AIC. Its selection was supported by its simplicity,

significant predictors, and ecological coherence. In GSA 6, a model

with a slightly higher AIC but fewer variables (four instead of five)

and 79% deviance explained was preferred over a more complex

alternative, aligning with the principle of parsimony. This multi-

criteria selection strategy helps to avoid overfitting and improves the

ecological relevance of projections, particularly when environmental

predictors are intercorrelated or show strong interannual variability.

To implement the population dynamics forecasting model, we

used the FLR (Fisheries Library in R) framework, integrating the

empirical relationships obtained between spawning stock biomass

(SSB), recruitment (R), and the selected environmental variables

through Generalized Additive Models (GAMs). For each year of the

projection period (2021–2100), recruitment was estimated based on

the SSB from the previous year and the environmental conditions

projected by Regional Climate Models (RCMs) under the RCP 4.5

and RCP 8.5 scenarios. From the projected recruitment, the SSB for

the following year was calculated using constant biological

parameters —growth, natural mortality and maturity— averaged

over the period 2019–2021 (Figure 2).

The structural model implemented in FLR follows a production

model logic with recruitment dependence, incorporating selectivity

and catchability functions derived from the stock assessments

conducted using the a4a model developed by the GFCM. Fishing

mortality rates (F rates) were simulated under five different

management strategies, ranging from status quo to progressive

reductions and complete fishing cessation (F=0). In all scenarios,

a maximum carrying capacity was assumed to constrain population
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growth in the absence of fishing, defined as twice the highest SSB

observed in the historical time series.
4 Results

4.1 Trends in population dynamics and
effect of environmental variables

In the period 2003-2020, the R and SSB data series of European

hake showed a pronounced decrease in GSA 6, while this decreasing

trend was smaller in GSA 5. Despite these trends, both R and SSB

values were much higher in GSA 6 than in GSA 5 (Supplementary

Figure S1). On the contrary, R and SSB of deep-water rose shrimp

showed a continuous increase since 2015, reaching higher values in

GSA 6 (Supplementary Figure S2). These contrasting trends between

species and GSAs highlight the importance of region-specific
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dynamics, which may be influenced by differing environmental and

fishing conditions to be explored in the discussion.

In the first stage, Pearson correlations between recruitment

series for European hake and deep-water rose shrimp in each GSA

and environmental variables (20 in GSA 5 and 12 in GSA 6)

indicated 5 and 9 of them, respectively as potential predictors for

European hake recruitment, while 6 environmental variables

determined the deep-water rose shrimp recruitment in both GSAs

(Table 1, Supplementary Table S2):
- European hake in GSA 5: Winter Surface Chlorophyll

(WCHL) and Annual Surface Chlorophyll (ACHL), both

in mg*m-3; Winter Sea Surface Temperature (WSST),

Annual Sea Surface Temperature (ASST) and Annual Sea

Average Temperature (ASAT), all of them in °C.

- European hake in GSA 6: WCHL, ACHL, WSST, ASST,

ASAT and Annual Sea Bottom Temperature (ASBT) in °C;
FIGURE 3

GAM partial plots for the best recruitment models of European hake (Merluccius merluccius) in the FAO-GFCM geographical sub-areas: (a) GSA 5
(Balearic Islands); and (b) GSA 6 (Northern Spain). The Y axis (logit scale) represents the recruitment probability and the X axis represents the range of
values of the predictor variables SSB, Spawning Stock Biomass; WSST, Winter Sea Surface Temperature; SSB, Spawning Stock Biomass; ACHL, Annual
Surface Chlorophyll; ASST, Annual Sea Surface Temperature; ASAS, Annual Sea Average Salinity.
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Fron
and Annual Sea Surface Salinity (ASSS), Annual Sea

Average Salinity (ASAS) and Annual Sea Bottom

Salinity (ASBS).

- Deep-water rose shrimp in both GSAs: ACHL, ASAT, ASBT,

ASAS, ASBS and ASST.
In the second stage, the environmental variables selected to

model European hake R differed between GSAs. According to the

cross-correlation matrix of the 5 potential predictor variables in the

GSA 5, WSST was highly correlated (Pearson correlation; r>0.7)

with ACLH, while WSST was highly correlated with ASAT. Most of

the variance inflation factor (VIF) values were between 1.4 and 4.9,

which was considered as an indication of the absence of

multicollinearity between the explanatory variables. The variable

showing the presence of multicollinearity was ASAT, with a value of

6.68 (Supplementary Figure S4). As a result, highly correlated

variables with multicollinearity were tested separately in the

GAMs and only those with the greatest total variance explained

were included in the final models. In GSA 5, the WSST was selected

as the main environmental driver of European hake R, with an

explained deviation of 52%, an AIC value of 8633 and a correlation

between observed and predicted of 0.5 (Supplementary Table S3).

The smooth functions of the final model indicated that the

probability of R was lower as WSST and SSB increase (Figure 3a).

This suggests that temperature-related factors may play a

predominant role in recruitment variability in GSA 5, in contrast

with GSA 6, where other variables are more relevant.
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Among the 9 explanatory variables included in the GSA 6 models

of European hake R, the most highly correlated were the following

(Supplementary Figure S5): SBB with ASBT; WCHL with ACHL;

WSST and WSST with WCHL, ACHL and ASAT; ASBT with SSB

ASAT and ASBS; and ASSS with ASAS. The variables without the

presence of multicollinearity were SSB, WCHL, ACHL, ASST, ASBT

and ASAS, with values of 3.7, 4.6, 5.0, 4.9, 5.0 and 4.50, respectively.

Finally, ASST, ACHL and ASAS were selected as the main

environmental drivers of European hake R in the GSA 6, with an

explained deviation of 79%, an AIC value of 88489 and a correlation

between observed and predicted of 0.9 (Supplementary Table S3). The

smooth functions of the response variables for the final model indicated

that there was greater R with ASST of 18.9-19°C and that R decreased

when ASAS and ASST increased. Finally, for SSB and ACHL there was

a positive linear relationship with R (Figure 3b). These results point to a

broader suite of environmental drivers influencing European hake R in

GSA 6, particularly involving productivity and salinity.

For deep-water rose shrimp, among the 7 explanatory variables

included in GSAs 5 and 6 models, the highest correlation in GSA 5

were between SSB, ASAT and ASBT (Supplementary Figure S6). In

GSA6, the variables with higher correlation were ASAT and ASBT

(Supplementary Figure S7). Regarding collinearity, ASAT presents a

value >5 in both GSAs: 8.82 and 12.22, respectively (Supplementary

Figures S6, S7).

ASBT was selected as the main environmental driver for

European hake and deep-water rose shrimp R in GSAs 5 and 6,

with respectively an explained deviation of 82.62 and 95.1%, an AIC
FIGURE 4

GAM partial plots for the best recruitment models of the deep-water rose shrimp (Parapenaeus longirostris) in the FAO-GFCM geographical sub-
areas: (a) GSA 5 (Balearic Islands); and (b) GSA 6 (Northern Spain). The Y axis (logit scale) represents the recruitment probability and the X axis
represents the range of values of the predictor variables SSB, Spawning Stock Biomass; ASBT, Annual Sea Bottom Temperature.
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value of 371.13 and 450.04, and a correlation between observed and

predicted of 0.87 and 0.83 (Supplementary Table S4). The smooth

functions of the final model indicated that probability of R was

greater as SSB and ASBT increased (Figure 4). The consistent

importance of ASBT across GSAs for deep-water rose shrimp,

compared to the more variable drivers in European hake,

indicates a potentially stronger link between benthic thermal

regimes and the life cycle of this species. The diagnostic plots

derived from GCV, suggested that the selected models are generally

acceptable, showing reasonable fit and residual patterns for the

recruitment models of both species across GSAs (Supplementary

Figures S8-S11).
4.2 Projections

4.2.1 Environmental variables
The results of the projections along the 21st century of the

selected environmental variables for European hake and deep-

water rose shrimp in GSAs 5 and 6 are shown in Supplementary

Figures S12-S14. In GSA 5, the WSST will increase up to 1.5 or 3°C

in 2100, depending on the emission scenario (Supplementary

Figure S12). In GSA 6, the ASST is expected to reach up to 21.5
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or 23°C at the end of the century, depending on the RCP

(Supplementary Figure S13).

In the GSA 6, the models also predicted a slight increase in

mean ACHL levels and a slight decrease in ASAS, more evident for

RCP 8.5 and from 2050 onwards (Supplementary Figure S13).

These two variables presented a greater dispersion in the

predictions compared to ASST. For ASBT the model predicted an

increase of 1 or 2°C and 1.5 or 3°C in 2100, respectively, depending

on the emission scenario (RCP4.5 and 8.5). In general, the RCP4.5

scenarios presented a greater dispersion in the predictions

compared to RCP 8.5 (Supplementary Figure S14).

4.2.2 Population dynamics of European hake and
deep-water rose shrimp and their catches

Although some common patterns in the population dynamics

of European hake were observed in both GSAs under fishing

management strategies (MSs) 1, 2 and 3 and climatic scenarios

RCPs 4.5 and 8.5 (Figures 5–8), no consistent patterns were

observed in R and SSB between GSAs under the more extreme

MSs 4 and 5. In general, MSs 1–3 showed decreasing trends in R,

SSB and catches along the whole time period under both RCPa 4.5

and 8.5, although greater fluctuations were observed in GSA 6

under RCP 8.5 compared to RCP 4.5.
FIGURE 5

Predictions and projections along the 21st century of the recruitment and the overall stock of European hake (Merluccius merluccius) in the FAO-
GFCM geographical sub-area GSA 5 (Balearic Islands), under the five fishing management strategies considered (see Material and methods and
Figure 2 for more details) and the Regional Climatic Models under two climatic scenarios (RCP 4.5 and RCP 8.5).
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In GSA 5, the trends in R and the overall stock under MSs 1–3

were similar, showing relative stability or a slight decrease throughout

the projection period. This decline was more pronounced under the

climatic scenario RCP 8.5 compared to RCP 4.5 (Figure 5).

This decrease was more evident in MSs 4 and 5, especially

during the first projected decade. By contrast, the SSB showed an

increase during the first years or one-two projected decades under

the fishing management scenarios MSs 1–3 and 4-5, respectively,

with certain stability or slight decrease afterwards (Figure 6). Trends

of catches along the 21th century were similar to those observed in

R, except for MS 5 (F=0), in which there are no catches (Figure 6).

The population dynamics of European hake in GSA 6 showed

absolute values of parameters much higher than those of GSA 5 and

also quite different trends (Figures 7, 8). Both R and the overall

stock decreased along the whole projected period within MSs 1-3,

while increments of both population parameters were projected

within MSs 4 and 5 (Figures 7, 8). However, this increment was at

the beginning of the time series within MS 4, followed by a slight

decrease, while within MS 5 the increment was during the 2060s. In

all cases, greater fluctuations in the values were estimated in the

climatic scenario RCP 8.5 than in RCP 4.5. The SSB also showed a

continuous decrease along the whole projected period under SCMSs

1–3 and a progressive increase after the middle of 2030s within MS

5, while the MS 4 showed abrupt increment and decrease at the
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beginning and the end of the time series, respectively (Figure 8).

Catches showed similar trends, with a decrease along the whole

projected period under MSs 1-3 (Figure 8) and zero catches for MS

5, since the moment F is set to zero (beginning of 2060s)

(Supplementary Figure S3). Within MS 4, values increased at the

beginning of the time series, followed by a continuous decrease,

which in that fishing management strategy was more pronounced

than in the others. In MS 4, the differences in the fluctuations of

values between the climatic scenarios RCP 4.5 and 4.8 were not as

large as those observed in the other fishing management strategies.

For the deep-water rose shrimp, some common increasing

patterns in the population dynamics were observed in both GSAs

within all MSs considered and both climatic scenarios (Figures 9–

12). In GSA 5, MSs 1–3 showed increasing trends in R, overall stock,

SSB and catches along the whole time period under both climatic

scenarios, which was more pronounced in RCP 8.5 than in RCP 4.5

(Figures 9, 10). This growth becomes more notable in MSs 4 and 5

for the SSB, while MS 5 showed greater growth in the second

decade. For R, overall stock and catches, these scenarios show lower

values than MSs 1-3, although the trend, like the rest of fishing

management strategies, showed a gradual increase throughout the

time series (Figures 9, 10).

GSA 6 showed quite similar trends in the population dynamics

of deep-water rose shrimp within the MSs 2–5 for R, overall stock
FIGURE 6

Predictions and projections along the 21st century of the SSB and catches of European hake (Merluccius merluccius) in the FAO-GFCM geographical
sub-area GSA 5 (Balearic Islands), under the five management strategies considered (see Material and methods and Figure 2 for more details) and
the Regional Climatic Models under two climatic scenarios (RCP 4.5 and RCP 8.5).
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and SSB, reaching higher values in the most severe climatic scenario

(RCP8.5). These projections showed a greater increase in the first

decade, followed by gradual growth (Figures 11, 12). The

management strategy with the greatest fishing restriction, MS 4,

presents the lowest values of R, overall stock, SSB and catches,

although its trend is one of growth, being more notable in the RCP

8.5 climate scenario, where the greatest growth appears in 2070

(Figures 11, 12).
5 Discussion

Within the current context of global warming, it is important to

highlight the relationship between oceanographic dynamics and the

dynamics of fish populations, as fisheries management will be

improved by accounting for changing productivity in a warmer

ocean (Beamish et al., 2000; Free et al., 2019). However, the

environmental impact on fishery resources and our knowledge of

the underlying mechanisms can vary greatly between areas and

stocks (e.g. Bakun, 1996; Brander, 2010) and will likely affect fishing

activities and seasonal patterns, due to changes in their spatial

distribution (Panzeri et al., 2024). According to Brander et al.

(2013), the predictions and projections on the impact of climate

on fisheries must be made at regional and local scales, where
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historical data series can contribute to improving complex

models, being global models of limited value (Payne et al., 2016;

Rutterford et al., 2015). This was the approach considered in the

present study, focused on species relevant for the fishing sector in

the western Mediterranean and currently subjected to a

management plan (EU-MAP), which has brought important

management measures for the demersal fisheries.

In this study, we modelled the effects of environmental variables

on the recruitment (R) of European hake and deep-water rose

shrimp, two key demersal resources in the western Mediterranean,

under various fishing management strategies and climate scenarios

projected throughout the 21st century. We integrated long-term

fisheries data (15–20 years) from stock assessment models and

oceanographic information from platforms with adequate spatial

and temporal resolution. This approach enables the exploration of

mesoscale environmental influences on population dynamics and

supports improved stock assessments and fisheries advice in the

context of global change (Hidalgo et al., 2019; van der Sleen

et al., 2022).

Our results have shown that environmental changes affect

differently the two species analyzed. The results of European hake

also suggested different relationships between the population

parameters and the environmental variables, depending on the

GSA. While in GSA 5 R is lower when SSB and sea temperature
FIGURE 7

Predictions and projections along the 21st century of the recruitment and overall stock of European hake (Merluccius merluccius) in the FAO-GFCM
geographical sub-area GSA 6 (Northern Spain), under the five fishing management strategies considered (see Material and methods and Figure 2 for
more details) and the Regional Climatic Models under two climatic scenarios (RCP 4.5 and RCP 8.5).
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increases (Winter Sea Surface Temperature), in GSA 6 a positive

relationship between R and SSB with chlorophyll (Annual Surface

Chlorophyll), and a negative relationship with temperature (Annual

Sea Surface Temperature) and salinity (Annual Sea Average

Salinity) has been detected. For deep-water rose shrimp, a

positive relationship has been observed between R and SSB and

sea temperature (Annual Sea Bottom Temperature) in both GSAs.

To understand this pattern, we can consider the differences in

productivity between these two areas. The north-eastern Iberian

Peninsula (GSA 6) and the Gulf of Lions (GSA 7) are two of the

most productive areas in the Mediterranean. Although GSA 6 has

historically been considered one of the most productive areas in the

western Mediterranean due to nutrient inputs from the Ebro River

and vertical mixing processes (Estrada, 1996; Bosc et al., 2004),

recent studies confirm a sustained decline in riverine nutrient

inputs over last decades, linked to reduced river discharge and

anthropogenic interventions (Cozzi et al., 2018). Consequently, a

decrease in vertical nutrient transport, particulate carbon flux and

net productivity has been observed on the continental shelf of the

Gulf of Lions, suggesting a progressive loss of productivity in the

GSA 6 (Many et al., 2021; Ser-Giacomi et al., 2020). Nevertheless,

both areas remain productivity hotspots overall, though they now

face intensifying thermal stratification and nutrient limitation

under climate change. The historical high productivity stemmed

from nutrient availability supporting planktonic production and
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fisheries such as European hake (Lloret et al., 2001) and deep-water

rose shrimp (Guijarro et al., 2009).

On the contrary, the Balearic Islands (GSA 5), where there is no

supply of nutrients from land runoff, show a more pronounced

oligotrophy (Estrada, 1996; Bosc et al., 2004). In this area, the input

of the northern waters, a system of fronts generated by deep

convention driven by intense sea-atmosphere heat exchanges and

the subsequent temperature and buoyance lost of surface waters

during winter induced by cold, dry and persistent northern and

north-western winds during winter in the more productive

northern coasts of the western Mediterranean (Monserrat et al.,

2008) can act as an external fertilization mechanism that enhances

the productivity (Darmaraki et al., 2019), along with the frontal

meso-scale events between the Mediterranean and Atlantic waters

(Pinot et al., 2002; Barceló-Llull et al., 2019). The major or minor

presence of these cold waters determines the interannual variability

in the hydrodynamism and productivity around the Archipelago

(Massutı ́ et al., 2014; Menna et al., 2022) and influences

recruitment, somatic condition and fishing yields of demersal

fishing resources (Hidalgo et al., 2008; Massutı ́ et al., 2008;

Quetglas et al., 2012; Rueda et al., 2014). Recent studies confirm

that these physical mechanisms are highly sensitive to climate

change. Since 2000, the depth of winter mixing has decreased by

approximately 3.5% per decade, limiting the vertical transport of

nutrients to surface waters and potentially constraining primary
FIGURE 8

Predictions and projections along the 21st century of the SSB and catches of European hake (Merluccius merluccius) in the FAO-GFCM geographical
sub-area GSA 6 (Northern Spain), under the five fishing management strategies considered (see Material and methods and Figure 2 for more details)
and the Regional Climatic Models under two climatic scenarios (RCP 4.5 and RCP 8.5).
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production (Darmaraki et al., 2019). At the same time, intensified

marine heatwaves are destabilizing frontal systems, which are

critical for nutrient retention and larval transport (Garrabou

et al., 2022). These changes in oceanographic conditions,

particularly in winter mixing and stratification dynamics, have

been shown to significantly influence the recruitment success of

key demersal species such as European hake (Lloret et al., 2001).

These differences in productivity between GSAs 5 and 6, and the

different level of European hake overfishing in these areas

( Fcurrent
F0:1(reference   point)

) is almost three times higher in GSA 6 than in

GSA 5) could explain the opposite effect of SSB on R. In

oligotrophic GSA 5, density-dependent mortality likely stabilizes

hake recruitment near carrying capacity. In contrast, the greater

productivity of GSA 6, jointly with recruitment overfishing of

European hake in this area, which has resulted in a progressive

decrease of spawning stock biomass during the last decade (Ordines

et al., 2019), would explain the positive effect of SSB on R. These

authors reported that in GSA 6, lower competition for food among

recruits allows individuals to achieve better somatic condition than

in other GSAs, such as the Balearic Islands. This mechanistic

framework like integrating productivity gradients (Many et al.,

2021; Hidalgo et al., 2022b), climate-sensitive physical processes

(Darmaraki et al., 2019), and fishing impacts (Ordines et al., 2019),
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ultimately explains the observed negative temperature-R

relationship for hake in both GSAs.

Water temperature and salinity, among other environmental

factors, affect the distribution and production of plankton (e.g.

Edwards, 2017; Benedetti et al., 2021) and, subsequently, the food

for larvae, juveniles and adults of fishing resources (e.g. Brander,

2017). European hake in the Mediterranean is not an exception,

being temperature a key factor for its larval survival, through the

influence on growth and mortality (Palomera et al., 2005).

Specifically, several studies have demonstrated a negative effect of

elevated water temperatures on hake recruitment, where summer

thermal anomalies were associated with lower autumn recruit

abundance in the Central Mediterranean (Bartolino et al., 2008).

Similar patterns were found in the Galician shelf (Garcıá-Fernández

et al., 2021), where winter and spring temperature increases were

shown to reduce growth in younger hake, potentially impacting

population trajectories (Vieira et al., 2020). We have observed

similar results both in GSAs 5 and 6, where an increase in

temperature (Winter and Annual Sea Surface Temperature,

respectively) influenced negatively on European hake recruitment.

This aligns with evidence that warmer winters reduce deep-water

formation and nutrient upwelling in the western Mediterranean,

limiting productivity (González-Gil et al., 2018; Habib et al., 2022).
FIGURE 9

Predictions and projections along the 21st century of the recruitment and the overall stock of deep-water rose shrimp (Parapenaeus longirostris) in
the FAO-GFCM sub-area GSA 5 (Balearic Islands), under the five fishing management strategies considered (see Material and methods and Figure 2
for more details) and the Regional Climatic Models under two climatic scenarios (RCP 4.5 and RCP 8.5).
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As established by Estrada et al. (1985) and further supported by

recent studies, years with reduced winter cooling tend to be less

productive in the western Mediterranean, due to weaker convective

mixing and diminished formation of nutrient-rich deep waters

(Pastor et al., 2019; Macıás et al., 2015; Von Schuckmann et al.,

2022). In contrast, colder-than-average winters promote deep

winter convection in the Gulf of Lions, enhancing the upward

transport of nutrients and fueling spring phytoplankton blooms

(Estrada et al., 2014; Conan et al., 2018; Fourrier et al., 2022). These

events contribute to the formation of Western Mediterranean

Intermediate Waters, which flow southwards and can reach the

Balearic Channels in spring, potentially increasing productivity in

these regions and creating favorable conditions for the recruitment

of European hake (Massutı ́ et al., 2008; Estrada et al., 2014; Colin

et al., 2021).

Physiologically, European hake, a cold adapted Atlantic species

(Lloris et al., 2003), faces thermal stress in warming Mediterranean

waters. While early twenty first century populations showed

resilience (Hidalgo, 2007), recent studies confirm that chronic

overfishing has eroded adaptive capacity, exacerbating climate

vulnerability (Bastardie et al., 2022). Thus, its recruitment decline

reflects both Mediterranean warming (Vieira et al., 2020) and

fishing impact.
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Warming favors smaller zooplankton, which have shown

declining biomass and size in areas like the Bay of Marseille

(north-western Mediterranean), particularly during warmer

winters with reduced nutrient input (Garcia et al., 2023).

Biochemical shifts in these communities (such as decreased lipid

content despite stable energy density due to higher protein and

carbohydrate levels) suggest reduced nutritional quality for higher

trophic levels (Garcia et al., 2024). These bottom-up changes impair

energy transfer to small pelagics, the main prey of European hake

(Palomera et al., 2007; Coll et al., 2013), and illustrate a “trophic

squeeze” that may intensify with continued warming (Archibald

et al., 2022).

Parras-Berrocal et al. (2022) have studied the effect of global

warming under the RCP 8.5 climatic scenario and predicted a

possible collapse of the deep water formation in the Gulf of Lions

during the period 2040-2050, with impacts on the overturning

circulation and even in the heat and salinity exchange between the

Mediterranean Sea and the Atlantic Ocean. Taking into account the

importance of deep water formation in the productivity of the

north-western Mediterranean (Estrada et al., 1985) and its effect on

demersal species (Massutı ́ et al., 2008; Quetglas et al., 2012; Rueda
et al., 2014), this change in oceanographic dynamics could impact

significantly on fish populations and fishing resources. While our
FIGURE 10

Predictions and projections along the 21st century of the SSB and the catches of the deep-water rose shrimp (Parapenaeus longirostris) in the FAO-
GFCM sub-area GSA 5 (Balearic Islands), under the five fishing management strategies considered (see Material and methods and Figure 2) and the
Regional Climatic Models under two climatic scenarios (RCP 4.5 and RCP 8.5).
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models did not incorporate this collapse scenario, they project

declining European hake recruitment, population biomass, and

catches throughout the 21st century under medium/extreme

warming trends largely unaffected by fishing management

strategies. Using the same global warming scenario for spatial

distribution projections, Panzeri et al. (2024) found spatial

changes for hotspot areas of juveniles and adults in the Adriatic

Sea for certain demersal species, including European hake. This

aligns with established synergies between environmental stress and

overexploitation (Rosenberg, 2003; Hidalgo et al., 2011), now

quantified for Mediterranean hake (Moullec et al., 2016).

Critically, even high intrinsic resilience (Hidalgo et al., 2011)

cannot compensate for compound climate-fishing pressures under

projected warming, as evidenced by population declines under

conservative (MS 4) and zero-fishing (MS 5) scenarios. Our

results also show that this future decline in western

Mediterranean European hake populations, due to climate

change, will be more pronounced in the Balearic Islands (GSA 5)

than in the Iberian Peninsula (GSA 6), even if the current state of

exploitation is better in the former than in the later. This can be due

not only to the greater oligotrophy of the waters surrounding the

Archipelago, but also because its productivity depends on the

greater or lesser reinforcement of the shelf-break fronts, as a

consequence of the deep water formation in the northern coast of
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the north-western Mediterranean (Massutı ́ et al., 2008; Richon

et al., 2019). On the contrary, off Iberian Peninsula, in addition to

the greater productivity of its waters, there are other factors such as

runoff from rivers that can contribute to increasing it, although

these will also be negatively affected by climate change (Navarro-

Ortega et al., 2012; Alvarez et al., 2024). This shows the important

role climatic conditions play in the dynamics of European hake,

even higher than management measures, and how much relevant is

the incorporation of its influence in the current process of

assessment and management of this resource.

The case of deep-water rose shrimp represents the opposite

scenario, as the abundance of this thermophilic species is enhanced

by the increment of water temperature, as shown in our results, with

the positive influence of temperature (Annual Sea Bottom

Temperature) in R both in GSAs 5 and 6. These results

corroborated those reported by Abelló et al. (2002) and Fortibuoni

et al. (2010) and are reinforced by recent studies documenting

significant range expansions of this species under Mediterranean

warming (Sbrana et al., 2019; Quattrocchi et al., 2020; Mingote et al.,

2024; González-Andrés et al., 2024). Colloca et al. (2014) also pointed

out a positive relationship between its abundance and the increase in

water temperature in the Ligurian, Ionian and Tyrrhenian seas, a

pattern now observed throughout the western Mediterranean. The

mechanistic basis for this response involves improved survival of
FIGURE 11

Predictions and projections along the 21st century of the recruitment and the overall stock of deep-water rose shrimp (Parapenaeus longirostris) in
the FAO-GFCM geographical sub-area GSA 6 (Northern Spain), under the five fishing management strategies considered (see Material and methods
and Figure 2 for more details) and the Regional Climatic Models under two climatic scenarios (RCP 4.5 and RCP 8.5).
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planktonic stages. As larvae predominantly inhabit upper slopes and

deep continental shelves (Torres et al., 2013), temperature-mediated

acceleration of larval metamorphosis and growth enhances

recruitment (Zeng et al., 2020). The SSB of deep-water rose shrimp

also shows a positive relationship with temperature. In this short-

lived species, the increase in temperature can accelerate the growth

and sexual maturation, thus increasing the spawning biomass

(Sobrino et al., 2005).

In contrast to European hake, an increase in the abundance and

fishing yields of the thermophilic species deep-water rose shrimp

along the 21st century has been detected. In GSA 5, this species also

shows lower R and overall stock in the most restrictive fishing

strategies (MSs 5 and 6). This may be due to the pronounced

oligotrophy of the Balearic Islands, and the lower carrying capacity

of their ecosystems, which increases competition for food and does

not allow an increase in the abundance due to a more limiting

carrying capacity. Recent empirical and theoretical research

supports density-dependent regulation in marine decapods:

reductions in individual condition and size under high population

densities have been observed in juvenile penaeid shrimps (Blanco-

Martıńez et al., 2020). Although specific studies focused on P.

longirostris in the Mediterranean are still limited, bio-ecological

assessments of crustacean fisheries in the western Mediterranean
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provide ecologically consistent evidence that intra- and inter-

specific competition likely modulate stock biomass at higher

densities (Awadh and Aksissou, 2020).

Given the multispecificity of the Mediterranean demersal

fisheries (Lleonart and Maynou, 2003), it is necessary to balance

the economic losses and gains from changes in the catchability of

different species in the context of climate change (Cheung et al.,

2010). That is the case of European hake and deep-water rose shrimp,

among the most important target species for the Mediterranean

bottom trawl fleets, and currently subjected to a management plan

(EU-MAP). The impacts of climate change on fisheries can manifest

in various ways. Several studies suggest the idea that an increase in

water temperature could lead to greater availability of thermophilic

(warm-water) species, potentially boosting catches of some

commercial species. For instance, research indicates that as ocean

temperatures rise, species adapted to warmer conditions may expand

their range, becoming more abundant and available to fisheries in

certain areas (Pecl et al., 2017; González-Andrés et al., 2024).

Conversely, species that thrive in colder waters may see their

populations decline or migrate to deeper, cooler areas, reducing

their availability to fisheries. This redistribution of species can

significantly impact the economic outcomes for fisheries,

depending on their ability to adapt to these changes (Barange et al.,
FIGURE 12

Predictions and projections along the 21st century of the SSB and the catches of the deep-water rose shrimp (Parapenaeus longirostris) in the FAO-
GFCM sub-area GSA 6 (Northern Spain), under the five fishing management strategies considered (see Material and methods and Figure 2 for more
details) and the Regional Climatic Models under two climatic scenarios (RCP4.5 and RCP8.5).
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2018; Pecl et al., 2017; Payne et al., 2021). The overall commercial and

economic impacts of these shifts can be complex and unpredictable

(Panzeri et al., 2024). While some regions might experience increased

profitability from higher catches of thermophilic species, others

might face economic challenges due to the decreased availability of

traditionally targeted cold-water species. Furthermore, changes

influenced by climate change can also affect the trophic networks

and, consequently, the availability to fisheries of some target species

(Gambaiani et al., 2009; Hidalgo et al., 2022a). These insights

underscore the needs to adopt an ecosystem-based approach to

fisheries management taking into account the multifaceted impacts

of climate change on marine ecosystems and the socioeconomic

systems dependent on them (Hidalgo et al., 2022a; Ofir et al., 2023).

Expanding our knowledge on how oceanographic variables

influence the population dynamics of European hake, deep-water

rose and other species of fishing interest, as well as knowing their

evolution in response to different management measures is

fundamental in the current context of global warming. The two

species analyzed in the present study, jointly with other demersal

resources (red mullet Mullus barbatus, blue and red shrimp Aristeus

antennatus, giant red shrimp Aristaeomorpha foliacea and Norway

lobster Nephrops norvegicus) are currently subjected to a multiannual

plan for fisheries exploiting demersal stocks in the western

Mediterranean (EU-MAP). This management plan focuses on the

short-term biological impact offisheries on these populations and the

application of certain management measures to reach their

sustainable exploitation in the long term. The assessment models in

which the management measures from the EU-MAP are applied, do

not consider the influence of global warming on the population

dynamics of the target stocks. Thus, the results of this study highlight

the need of considering these aspects as they show that the forecast of

the population dynamics of two of the main demersal resources in the

western Mediterranean will depend more on the influence of the

climate than on the current and future fishing management.

It is important to acknowledge several limitations in the current

modeling approach. First, the model assumes static relationships

between environmental variables and species recruitment over the

period studied (up to 80 years), which may overlook potential

temporal changes due to evolutionary adaptations or shifting

environmental regimes. Additionally, multispecies interactions,

habitat shifts, and abrupt ecosystem changes such as regime shifts

have not been incorporated. These factors can significantly affect

population dynamics and may introduce additional uncertainty

into projections. Explicitly recognizing these limitations is essential,

and future research should aim to integrate these complex

ecological processes to improve model accuracy and applicability.

Furthermore, the transferability of the model results to other

Mediterranean subareas (GSAs) and demersal species with similar

ecological and fishery characteristics should be done with caution.

While the combination of long-term fisheries data, regional climate

models, and adaptive management scenarios provides a valuable

tool, its effectiveness depends heavily on the availability and quality

of local data, as well as on appropriate validation efforts. Thus,

specific studies from each species and subareas should be carried

out to obtain realistic results.
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The present study has shown good predictive results that

highlight how environmental factors can affect the recruitment of

European hake and deep-water shrimp in the westernMediterranean.

The projections along the 21st century indicate that climate change is

a dominant long-term driver of the population dynamics of these two

species, with similar outcomes regardless of the fishing management

strategies applied. The contrasting temporal evolution observed is due

to the opposite thermal affinities of the two species. These results

emphasize the critical importance of integrating environmental and

climate change scenarios into fishery assessments, in line with the

Ecosystem Approach to Fisheries. We strongly advocate for the

incorporation of climate influence and projections into existing

scientific advisory and management bodies, such as those of the

FAO- GFCM and the EU-STECF (Scientific, Technical and

Economic Committee for Fisheries), to enhance adaptive strategies

and ensure sustainable exploitation of demersal resources under

changing climatic conditions.
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their help in the creation and development of the FishClim project.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Marine Science 19
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fmars.2025.1587297/

full#supplementary-material
References
Abella, A., Serena, F., and Caddy, J. F. (1998). Estimation of the parameters of the
Caddy reciprocal M-at-age model for the construction of natural mortality vectors.
Cahiers Options Mediterraneennes (CIHEAM) 35, 191-200.
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