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ABSTRACT

The Western Mediterranean fisheries significantly contribute to the regional blue economy, despite evidence of
ongoing, widespread overexploitation of stocks. Understanding the spatial distribution and population dynamics
of species is crucial for comprehending fisheries dynamics combining local and regional scales, although the
underlying processes are often neglected. In this study, we aimed to (i) evaluate the seasonal and long-term
spatio-temporal fluctuations of crustacean, cephalopod, and fish populations in the Western Mediterranean,
(ii) determine whether these fluctuations are driven by the spatial structure of the fisheries or synchronic species
fluctuations, and (iii) compare groupings according to the individual species and life history-based groups. We
used dynamic factor analysis to detect underlying patterns in a Landing Per Unit Effort (LPUE) time series
(2009-2020) for 23 commercially important species and 33 ports in the Western Mediterranean. To verify the
spatial structure of ports and species groupings we investigated the seasonal and long-term spatio-temporal
fluctuations and common LPUE trends that exhibit non-homogeneous and species-specific trends, highlighting
the importance of life history, environmental and demographic preferences. Long-term trends revealed spatial
segregation with a north-south gradient, demonstrating complex population structures of Western Mediterranean
resources. Seasonal patterns exhibited a varying spatial aggregation based on species-port combinations. These
findings can inform the Common Fishery Policy on gaps challenging their regionalisation objectives in the
Mediterranean Sea. We highlight the need for a nuanced and flexible approach and a better understanding of sub-
regional processes for effective management and conservation — a current challenge for global fisheries. Our
LPUE approach provides insight into population dynamics and changes in regional fisheries, relevant beyond the
Mediterranean Sea.

1. Introduction

The majority of marine biota are not distributed uniformly or

communities and populations (Maureaud et al., 2021). However, whilst
investigating seasonal fluctuations can shed new light on recruitment
dynamics and population structure of individual species,

randomly but rather display grouping structures such as gradients or
patches that are dictated by biotic, abiotic and historical factors (Cian-
nelli et al., 2013; Letourneur et al., 2003). Most of the information on
species behaviour, spatial aggregations and their distribution over
continental shelves and slopes come from scientific bottom trawl sur-
veys, which are primarily suited to give seasonal snapshots of

fisheries-dependent information can provide an understanding of both
seasonal and inter-annual fish and fisheries dynamics. Landings data can
be used to reveal the long-term trajectories of populations and can
inform of the effectiveness of management efforts and responses to cli-
matic forcing. A combination of spatial and temporal analyses of fish-
eries landings at small and large scales could therefore provide a more
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holistic overview of the primary triggers and the scale of response for
both individual species and entire communities, but also how these
aggregations and the scale of response relate to the broader objectives
set by fisheries management (Alglave et al., 2022; Poulard, 2002). Such
knowledge can be particularly relevant for ecosystems with strong
ecological and environmental structuring such as the Mediterranean Sea
(D’Ortenzio and Ribera d’Alcala, 2009; Nieblas et al., 2014; Rossi et al.,
2014; Veloy et al., 2022), which may constrain the spatial dynamics of
local fisheries. The majority of landings on the Spanish Mediterranean
coast originate from the vicinity of a port, as fishing expeditions tend to
be short and boats tend to stay loyal to their regular fishing grounds,
resulting in them usually docking at the same harbour where they are
registered (Aragao et al., 2022).

Within European waters, Mediterranean fisheries are worth over
$2.7 billion USD and support around 166,000 vessel-based jobs in the
area, driving the regional blue economy (FAO, 2022). However,
numerous assessments of Mediterranean stocks showed a rapid decline
in commercial fish populations, with about 75% of the EU Mediterra-
nean fish stocks currently experiencing overexploitation and anthropo-
genic pressures (Colloca et al., 2017; FAO, 2018, 2020a; Fortibuoni
et al., 2010, 2017; Hassoun et al., 2015). These constraints result in a
high and diverse accumulation of threats in a sea of relatively small size,
with some of the changes linked to biodiversity shifts and losses (Cost-
ello et al., 2010). For example, The increased dominance of thermoto-
lerant, thermophilic species can occur at the expense of stenothermal,
cold-adapted organisms due to water warming (Lejeusne et al., 2010).
Moreover, a 2009 climate change-associated regime shift in the
ecosystem of the Western Mediterranean (WM) has already been re-
ported, with the environmental shift favouring short-lived invertebrates
at the expense of opportunistic fish (Hidalgo et al., 2022c; Paradinas
et al., 2022). Determining which organisms prevail and for how long
complicates short and medium-term management plans, as it can be
species-specific and responsive to regional hydrodynamics of the
Mediterranean.

The western part of the Mediterranean basin is characterised by high
biodiversity combined with spatial and temporal heterogeneity in hy-
drographic and climatic conditions as well as fisheries structures
(Agostini and Bakun, 2002; Gaertner et al., 2005; Nieblas et al., 2014;
Rossi et al., 2014). Differences along the north-south gradient help to
define five distinct environmental provinces of the WM (Fig. 1a), with
higher surface temperature as well as a smaller depth profile in the north
and high and changeable primary productivity toward the south near
the Strait of Gibraltar (Coll et al., 2010; Nieblas et al., 2014; Veloy et al.,
2022). This spatial structure contributes to complex population dy-
namics and species-specific spatial and temporal patterns, associated
with responses to changes in local conditions and fishing pressure based
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on life traits and population demography (Keller et al., 2017; Pecuchet
et al.,, 2017; Quetglas et al., 2013; Rouyer et al., 2011). Due to the
environmental heterogeneity along the coastline, the structures of sea-
sonal and long-term responses of the same species might not be uniform
across regions, posing a challenge to assessment and for management
(Hidalgo et al., 2008; Puerta et al., 2015, 2016).

Considering the historical trends of stock decline in the Mediterra-
nean and its exploitation (FAO, 2022), knowledge of past and present
structures of WM marine communities can help not only to understand
how WM multispecies fisheries will change in the future, but also how to
improve their assessment in the present by distinguishing between local
and regional scale processes. Under the overarching hypothesis that
continued yet heterogeneous alterations to WM marine population dy-
namics can be expected on seasonal and temporal scale, this study aimed
to (i) evaluate the seasonal and long-term spatio-temporal fluctuations
of commercial species populations along the WM coastline
(2009-2020), (ii) ascertain whether these fluctuations respond to the
spatial structure of the fisheries or the synchronic fluctuations of species,
(iii) assess how the overall models represent the trends in comparison
with individual species models. By utilising LPUE data from ports along
the south-eastern Iberian Peninsula coast and the Balearic Archipelago,
this analysis provides insight not only into the population dynamics but
also into the changes in regional fisheries, which could see broad
application beyond the Mediterranean Sea.

2. Materials and methods
2.1. Data sources

Spanish fisheries landings data between 2009 and 2020 were ob-
tained from the Ministry of Agriculture, Fisheries and Food (MAPA) of
Spain. Daily weights of landings at species level were standardised for
monthly Landing Per Unit Effort considering the weight of landings per
fishing trip (LPUE; kg fishing trip~!), which was used as a proxy of local
abundance. The mean monthly LPUE was calculated for each landing
port and each species per month and year based only on the landings
from bottom trawling vessels (outrigger, twin otter and beam trawls;
single and pair boat trawls) that operate on a daily basis.

The initial dataset with 74 species (Supplementary Materials (SM)
Table 1) and 113 landing ports (i.e. ports where the landings were
registered on return; Fig. 1a) was filtered through a four-step selection
process to include only the most relevant port-species combinations (see
SM for details, Supplement 1; SM Figs. S1-2). The northernmost port
considered was Rosas while the southernmost port in the Western
Mediterranean retained was Estepona. All the other ports located closer
to the Strait of Gibraltar were discounted due to possible fishing outside

Species Criteria
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Fig. 1. (a) Locations of landing ports, with colours separating five identified regions of Spanish Western Mediterranean and the unaligned ports (grey). The labelled
ports were used in the final analysis while the other ports were eliminated during the selection process. (b) The final combination of landing ports and species present

in the investigated region that were used for the analysis.
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of the Western Mediterranean (Fig. 1a). The selection process resulted in
the final 23 species and 33 ports that were subsequently used in the
regional Dynamic Factor Analysis (Fig. 1, SM Tables S1 and 2).

As an additional step for the species-specific analyses, a second
subset of six species was chosen from among the 23 species. These
species were selected based on their different life histories (SM Table 1),
widespread coverage along the WM coast, consistent occurrence
throughout the years and ports (Fig. 1b), as well as high importance
within the demersal fishery (FAO, 2022). The six species selection
included long and short-lived fish, cephalopods and crustaceans with
demersal, pelagic and benthic lifestyles. This subset comprised: common
monkfish (Lophius piscatorius), Norway lobster (Nephrops norvegicus),
European hake (Merluccius merluccius), common octopus (Octopus vul-
garis), deep-water rose shrimp (Parapenaeus longirostris), blue whiting
(Micromesistius poutassou). Those six species were used for separate, in-
dividual models to assess the consistency of the regional models’ outputs
and evaluate how well they represent the trends for distinct species with
unique characteristics.

2.2. Time series analysis

A preliminary time series (TS) analysis to obtain the individual
decomposition components was performed separately for each species in
each of the ports between January 2009 and December 2020. The aim
was to obtain both, long-term (interannual) and seasonal (monthly)
trends together with the random component obtained from the
decomposition, later referred to as TR and SR, respectively (SM Fig. 3).
The decomposition of the obtained TS was conducted by extracting the
opposite decomposition component from the observed values (SM
Fig. 2) for Merluccius merluccius. In case of incomplete records, missing
data was first interpolated for existing port-species combinations using
linear interpolation. Due to the mismatch between records from 2015
and other years and to avoid biased time series analysis outputs, the
entire year was eliminated before fitting the statistical models. Finally,
the TS outputs obtained from the decomposition analyses were log-
transformed before being graphically represented.

2.3. Dynamic factor analysis (DFA)

Dynamic Factor Analysis (DFA) with latent processes modelled as
random walks (Zuur et al., 2003a,b) was used to determine the under-
lying common trends within the SR and TR calculated from the LPUE TS
analysis, both spanning 11 years (discounting the eliminated 2015), for
the 23 species in the 33 associated ports located in the five subregions of
the WM (North Catalan Sea, Ebro Delta, Valencia Channel, Alboran Sea,
Balearic Archipelago; Fig. 1), identified from previous literature (Veloy
et al., 2022). In the DFA, new variables (factor loadings) are created in
order to explain the majority of the variation in the data and in this case,
how different ports are associated with the common trends (i.e. di-
mensions) identified. The common trends are smooth functions with the
smoothing estimated in the two-step expectation-maximization (EM)
algorithm. Those dynamic factor models (DFMs) belong to the family of
Multivariate Autoregressive State-Space (MARSS) models, available
through the R MARSS package (Holmes et al., 2012, 2021a,b), and
constitute a state process (Equation (1)) and observation equations (Eq.

(2)):
my = my_; + W where wy ~ MVN(0,I) (€8]
yt = Zm¢ + a + Dd; + v where v ~ MVN(O,R) (@3]

DFA models sets of observed times series (n) as a linear combination
of unobserved trends (m; where m < n), factor loadings (Z), error terms
(w, v), additional model parameters specifying the DFA model (a) and
optionally the covariates (Dd) to explain temporal variability (Eq. (1)
and (2)), although the latter was not implemented in this work. The
model components are assumed to be stochastic. The correlation of the
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observation errors can be specified with one of four potential error
matrices (unconstrained, equalvarcov, diagonal and equal, diagonal and
unequal). The calculated factor loadings demonstrate the resemblance
of each time series to the common trend.

Here, two separate pathways of DFA were implemented. For the
selection of the six species (SM Table 1) with different life history traits,
the individual DFA (iDFA) was conducted (SM Table 3), while the
regional DFA (rDFA) included the entire community present in each WM
region (SM Table 4). The DFAs were run considering two possible trends
to balance the complexity and accuracy of the model, and four matrix
structures for iDFA or three for rDFA as the unconstrained matrix
resulted in an unstable solution, possibly due to the volume of the data
and its homogeneity. Models were fit separately for SR and TR until
convergence, with the exception of the iDFAs with unconstrained error
structure, Ebro Delta rDFA with the equalvarcov matrix structure and all
Alboran Sea long-term time series rDFAs, which did not reach conver-
gence (at maximum iteration >100,000). However, repeated fits of the
models at constant iteration resulted in the same values for the
computed factor loadings, indicating uniform and clear direction of the
model solution calculations, despite non-convergence between trials. As
such, the models were retained for further selection. The best model
structures for the DFA for each time series were selected based on the
lowest Corrected Akaike’s Information Criterion (AICc) (Holmes et al.,
2021a,b; Zuur et al., 2003a,b).

In all DFA analyses performed, the ports were segregated by latitude,
from south to north. For visual analysis, factor loadings were differen-
tiated based on species’ habitat (benthic, benthopelagic, demersal,
pelagic), lifespan and growth (denoted by the K constant) sourced from
the FishBase and SeaLifeBase websites (Froese and Pauly, 2022; Pal-
omares and Pauly, 2022) available in the Supplementary Materials.

All exploratory and statistical analyses were performed using R
(version 4.2.1) through R studio software (R Core Team, 2023).
Handling was supported by the use of packages included in ‘tidyverse’
(Wickham et al., 2019). For the DFA analysis, the MARSS package was
used (Holmes et al., 2012, 2021a,b).

3. Results

The best model structures from DFA were obtained by comparing the
goodness of fit of different variance and covariance matrices of the error
terms for the observations and the number of trends (SM Tables S1-4).
The best fits for all the iDFA and rDFA included two common trends
(hereafter trend 1, T1, and trend 2, T2) with the exception of iDFA blue
whiting which had one common trend for the SR time series.

3.1. Individual species DFA

3.1.1. Underlying trends for the seasonal component

Patterns present in the seasonal analysis revealed the importance of
port location, with marked groupings observable along the latitude
gradient (Fig. 2a-f). Three general seasonal patterns could be distin-
guished: a summer peak (T2 common monkfish, European hake, deep-
water rose shrimp; T1, T2 Norway lobster; T1 common octopus), an
autumn peak (T1 common monkfish, European hake, blue whiting) and
a winter peak (T2 common octopus; T1 deep-water rose shrimp). On
balance, the Balearic Archipelago resonated more strongly with the
summer trends for most species, while the mainland presented a more
varied and species-specific response.

The summer and autumn trends for the common monkfish were
structured over the mainland area in a nearly alternating fashion
(Figs. 2a and 3a). Conversely, for the Norway lobster, T1 and T2 fol-
lowed a similar pattern in the same timeframe, with an increase over the
summer months and a decrease in winter accompanied by mostly pos-
itive factor loadings (Figs. 2b and 3b). The ports in the south were
associated more with the spring/summer trend T1, while the north was
influenced most by T2 with the peak in June (Figs. 2b and 3b). Centrally
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Fig. 2. Seasonal (left; a-f) and long-term (right; g-1) individual species DFA outputs. Underlying seasonal common trends (top) are presented with averaged seasonal
patterns (bottom). Common trends in orange — trend 1 (T1); blue — trend 2 (T2). All axes are unitless. Y-axis represents the magnitude of the common trends.

located ports, including the archipelago, were nearly equally driven by
both trends. The Balearic ports located in the northeast were associated
with T2 more than ports in the south responding to T1.

A trend with a peak in June (T2) was also observed for the European
hake, although factor loadings were predominantly low or negative,
especially in the north, indicating an opposite behaviour (Figs. 2c¢ and

3c). The autumn trend dominated, particularly in the southern part of
the North Catalan Sea, Ebro Delta and Palma de Mallorca (Figs. 2c and
3c). For the octopus, the LPUE in the southern ports, including the
Alboran Sea and Valencia Channel, and the Balearic Archipelago was
associated with the spring/summer trend with an increasing strength
toward the south (Figs. 2d and 3d). Central and northern mainland ports
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were better defined by the winter trend. The factor loadings for the T2 of
Islands and T1 of Ebro delta were negative, indicating opposite patterns.
In the case of the deep-water rose shrimp, the winter trend T1 was
prominent in the southern parts whilst an opposite pattern was indicated
for the rest of the mainland. Few ports from the Valencia Channel and
Cullera port, together with the archipelago resonated strongly with T2,
suggesting that the highest LPUE occurred there in the summer (Figs. 2e
and 3e). The remaining locations were characterised by negative factor
loadings, pointing towards an opposite pattern in the shrimp LPUE.
Finally, the seasonal analysis of the whiting revealed only a single un-
derlying trend with a peal from September to October and a clear
geographic gradient decreasing from south to north (Figs. 2f and 3f).
Negative factor loadings for the Balearic Archipelago indicated an
opposite seasonal trend in the region.

3.1.2. Underlying trends for the long-term component

Despite a period of an increase in landings evident for most species
between 2010 and 2014, an overall decrease in landings can be observed
for all species, with the exception of T2 of the deep-water rose shrimp
(Figs. 2g-1). Landings of the common monkfish resonated strongly with
the T2, where, after a relatively stable pre-2015 period, the LPUE trend
dropped abruptly with a slight recovery in 2019 (Figs. 2g and 4a). On
the other hand, T1 showed a milder decline that stabilised after 2016.
The North Catalan Sea and Balearic Archipelago followed the decreasing
trend while the Ebro Delta showed a more stable trend.

For both, Norway lobster and European hake, T1 and T2 presented
time-lagged peaks and alternating fluctuations post-2015 (Figs. 2h, i and
4b, c). T1 of the lobster showed low values in the early 2000s, with a
sharp increase leading to a peak in 2013-14 while T2 reached a
maximum peak earlier, in 2011-12. A geographic, opposite gradient of
dominance for T1 and T2 from south to north was visible (Figs. 2h and
4b). In the case of hake overall increasing dominance gradients from
south to north and, although less visibly, north to south can be seen for
the T2 and T1 respectively.

The patterns of the common octopus trends were most comparable to
Norway lobster, although the 2014 drop in T2 was not as sharp and the
range of fluctuations was greater for the cephalopod (Figs. 2j and 4d).
Mainland factor loadings of the common octopus were also consistently
higher for the delayed T1, while the archipelago was better described by
the early T2, with the exception of Ibiza (Figs. 2j and 4d). For the deep-
water rose shrimp, long-term trends of the deep-water rose shrimp were
in complete opposition to each other (Fig. 2k). However, the increasing
trend T1 was less influential, dominating the most northern part of the
North Catalan Sea and having little influence on the remaining mainland
and island locations (Figs. 2k and 4e). For blue whiting, both trends
decreased after 2015, with a partial recovery throughout 2018 (T1) and
2019 (T2) (Fig. 21). All factor loading estimates were, except for Ibiza,
positive and indicated that all trends have some influence over the
investigated region and a mild geographic gradient can be discerned for
both trends (Figs. 21 and 4f). Northern ports and the Balearic Archipel-
ago were described more by the slightly delayed T2, while the southern
ports formed a grouping associated primarily with the early T1.

3.2. Regional DFA

The regional analysis has revealed unique trends across the Iberian
Peninsula and the Balearic Archipelago. Here, two contrasting cases are
included: the North Catalan Sea and the Balearic Archipelago (Fig. 5).
The remaining visual representations of the trends and corresponding
factor loadings (per port and classified based on species’ lifespan and
habitat) for the other regions are available in the Supplementary Ma-
terials (SM Figs. 4-11).

3.2.1. Underlying trends for the seasonal component
Based on the season when the peaks of the trends were observed,
three general patterns could be discerned (Fig. 5a-b; SM Fig. 4a—c):
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winter/early spring peak (T2 Alboran Sea, Balearic Archipelago; T1
Valencia Channel), summer peak (T1 Alboran Sea, North Catalan Sea,
Ebro Delta, Balearic Archipelago; T2 Valencia Channel) and autumn
peak (T2 North Catalan Sea, Ebro Delta). The factor loadings presented a
diverse combination of positive and negative scores, although negative
loadings dominated in some ports.

For the North Catalan Sea, T2 lagged behind T1, reaching its peak in
autumn (Fig. 5a). Benthic species were more affected by the summer
trend (T1), while demersal and pelagic species, associated with autumn/
winter trend (T2) (Figs. 5a and 6a). The T1 for the Ebro Delta had a
wider span than the North Catalan Sea, starting in April and slowly
declining over August and September (SM Fig. 4a). Similarly to their
northern neighbours, demersal species of the Ebro Delta were connected
to the autumn trend, although pelagic species were more consistently
associated with the summer trend (SM Figs. 4a and 5). No clear lat-
itudinal gradient was present and the responses of other habitat classes
were more port-specific. In contrast to the Ebro Delta and the North
Catalan Sea, species from the Valencia Channel and the Alboran Sea
displayed greater association with the late summer trend. Notably,
O. vulgaris correlated strongly with the early spring trend, most resem-
blant of the T1 dominant in the southern regions in iDFA. In the Balearic
Archipelago, the benthic, benthopelagic and pelagic species showed a
greater dependence on the summer trend whilst the winter/early-spring
trend resonated stronger with the demersal class, as seen in the North
Catalan Sea (Figs. 5b and 6¢).

3.2.2. Underlying trends for the long-term component

With the exception of the Alboran Sea and the North Catalan Sea,
regions did not show a universal decrease or increase, with trends
heading in both directions (Fig. 5; SM Fig. 4). However, the period be-
tween 2012 and 2016 remained a reoccurring, important moment where
the biggest shift transpired for both trends in nearly all investigated
regions. In terms of the timing in the long-term trend changes, three
main groups can be distinguished: decrease in the trend prior to 2012
(T2, T1 Balearic Archipelago, Ebro Delta; T2 North Catalan Sea, Alboran
Sea); increase in the trend until around 2015 followed by a decrease (T2
Valencia Channel; T1 Alboran Sea, North Catalan Sea) and increase in
the trend past 2015 (T1 Balearic Archipelago; T2 Ebro Delta). High
factor loadings on the first and second group trends in combination with
negative factor loadings for the third group indicate a progressing
decline in the LPUE of mainland regions (Figs. 5-6; SM Figs. 4-6). The
similarities in trend patterns of non-neighbouring regions are note-
worthy, particularly the North Catalan Sea and the Alboran Sea, located
on opposing sides of the peninsula. The factor loadings for the North
Catalan Sea were primarily positive, indicating that most species were
affected by one or both of the trends, with a slight dominance of the
initially increasing T2 (Fig. 6¢). The Balearic Archipelago, with a
decrease in T2 over time with a simultaneous increase in T1, presented a
more even distribution between the influence of the two underlying
trends, with no clusters forming based on port or habitat classification
(Fig. 6d-SM Fig. 11).

The groupings based on habitat, lifespan and K were investigated
although neither of those traits showed consistent and distinct groupings
or patterns across all five regions (SM Figs. 8-11). Some of the smaller
clusters identified resulted from the aggregation of the same species
across different ports, rather than a common habitat class within the
same port.

3.3. DFA results overview

Seasonal and long-term spatio-temporal fluctuations of Western
Mediterranean fisheries landings showed that two common trends were
best at representing the underlying changes in the LPUE, highlighting a
clear difference in responses on species and regional levels. Both ana-
lyses also revealed a long-term LPUE decline, affecting five out of six
species and the region as a whole. Seasonal synchronies were visible



K. Wozniacka et al.

Factor Loading 2

Factor Loading 2

(b) oot

Mainland Mainland
Rosas Rosas
| Palamos || 1 Palamos |
1 Blanes — | ] Blanes [
Port d'Arenys _— — Port d'Arenys
1 ~ “Barcelona 1 Barcelona
| Vilanova y la Geltru 1 I Vilanova y la Geltru |
1 Tarragona ] = arragona _—
— Cambrils 1 Cambrils -
] Ametlla De Mar [} | Ametlla De Mar |
|1 San Carlos de la Rapita |1 I San Carlos de la Rapita ||
S Benicar] Benicarlo I
] Peniscola Castellon de la Plana ]
] Castellon de la Plana . | ]
1 Burriana ] ] Cullera |
I Cullera | ] Denia |
Denia — Calpe —
| Calpe | ] Altea 1
| Altea | ] Villajoyosa I
Villajoyosa - Santa Pola |
Santa Pola ] | ] Cartagena 1
] Cartagena | Mazairon -
1 Mazarron | - Almeria |
| Caleta de Velez ]
[] Caleta de Velez Motril-Granada r
| Motril-Granada || Fuengirola
| Fuengir | Marbella 1
1 Bai .}\rIaXuclq i 1 BalearES B 1
alearic Archipelago alearic Archipelago
u alcudia o — Aalcudin —
| Cala-Ratjada ] Cala-Ratjada ]
_- Palma de Mallorca \- Palma de Mallorca -_
Andraitx
Tbiza | | Ibiza -
01 0.1 00 01 0 02 00 02
0.15 BJanes .
. - 0.3 Benicarlo
Port d'Arenys Villajoyosa
Fatragond"Alci LAltea —_—
Andraitx  parcelomnoon Calpe Catellon de Ia Plana Villgjoyosa
0.10( ala-Ratjada i _ Burriana Peaiscola Dénja . ool CGalpe
Vilanova y la Geltrii A metlla De Mar. Ben » 02 . Angdr Altea Amgtlla De Mar
. San Carlos de la Ripita ullera L e Tarragona.®
1 Motril-Granada o 3 « Motril-Granada ~ Elancs
0.05 _*.*Santa Pola VAT I3 Gl
g 5 Dénia Cambrils ° Magarron ilandva,y I Geltri
g Caleta de Velez g Ibiza Cala-Ragjada San Carlos de I Ripita
= Almeria Z 01) i de Mallorca FuGngirola  Cambrls Port d’Arenys
S 0.00 . Marbella Cartagena S N S: .
ep V- Palma de Mallorca o = Caleta de Velez Castellon de la Plana Barcelona
] Magarrén ] Cargagena
El 2 e .
0.0 . Burriana
S 005 S Estepona Marbella
20.10 Fuengirola -0.1
Ipiza Cyllera
-0.1 0.0 0.1 0.0 0.1 0.2

Loading on trend 1

Factor Loading 2

(d) rocortonsines
Mainland

0sas
Palamos

Port d'Arenys
" Barcelona
Vilanova y la Geltru

brils
Ametlla De Mar
San Carlos de Ia Rapita
enicarlo
Peniscola
Castellon de la Plana
uriana
Cullera
Denia
Calpe
viihltea
illajoyosa
Sant ol
Cartagena
Mazarron

Motril-Granada
Fuengirola
Marbella

Estepona
Balearic Archipelago
d'Alcudia
Cala-Ratjada
Palma de Mallorca

Andraitx
Ibiza
02 02
Dénia
Villajoyosa, d'Alcadia Benicarlo
P g AU T San Carlos de Ia Ripita
3 Burriana  BJanes
Cambrils .
Altea, 4 Cartagepa Pefiscola
- Santa Pola * Apefliy DesMar
205 Mazarron arragona
g Galpe
s Vilanova y la Geltri
b Motril-Gganada ypyihela
8 Estepona "
go0.1 » Barcelona
3 . Palma de Malloren 4 g Port d'Arenys
Cala-Ratjada Caleta dé VeleZ g b eria
Fuengﬁvla
0.0
Tbiza
Cullera
-0.2 -0.1 0.0 0.1 0.2

Loading on trend 1

Loading on trend 1

Factor Loading 1

Factor Loading 2

©
Mainland
| Palamos
] Blanes
Port d'Arenys
Barcelona
Vilanova y la Geltru
Tarragona
Cambrils
Ametlla De Mar
San Carlos de la Rapita
Cullera
Denia
Calpe
Altea
Villajoyosa
Santa Pola
Cartagena
Mazarron
Almeria
Caleta de Velez
Motril-Granada

Fuengirola
Marbella
Estepona
Balearic Archipelago
d'Aleudia [
Palma de Mallorca [
Andraitx |
Ibiza ||
010 02 -0.100 02
Vilanova y Ia Geltrd
0.3
02 Cargagena
Barcelpna
0.1 Tarragona Y
d'Alclidia

Ihizg Marbella,

4 Almeria
Sap Carlos de la Ripita Mazapron,® %

Loading on trend 2

. Culle .
0.0{Ametlla De Mar Dénia® Altea
Esfepona
o1 Fuengirola
Cabrils
-0.1 0.0 0.1 0.2 0.3
Loading on trend 1
Region Latitude

® Balearic Archipelago

4 Mainland 41 40 39 38 37

©

5

Loading on trend 2

0.0

®

03

i

Loading on trend 2

Marine Environmental Research 197 (2024) 106453

Factor Loading 1 Factor Loading 2

Mainland
] Palamos

Ametlla De Mar
San Carlos de lla Rapita
enjcar

Peniscola
Castellon de la Plana
Burriana
Cullera
Denia

Villajoyosa
Santa Pola
Cartagena
Mazarron

Almeria

Caleta de Velez

Motril-Granada
Fuengirola
Marbella

Estepona
Balearic Archipelago
d'Alcudia

Cala-Ratjada
Palma de Mallorca
ndraitx

" Ibiza

Taryagona

. Blanes Ametlla De Mar
d'Alcddia Port d'Arengs * 4 iibrilsa
cucin Port CATGE Carlog de In Rapifa ™1l pepicart
Barcelona Pediscola
Vilanova y la Geltri
+  Castellon de Ia Plgna
Altea
Villajoyosa
CalaRatjada  Santa l";';‘ .
: urrigna
Palma de Mallorea ¢,y ooy 404 Mygzarrén
«Andraitx 1™ Almeria Estepona
Dénia .
Galpe
Marbella Ibiza Motril-Granada
Caletn de' Velez &)
Fuengirola
0.1 0.0 0.1 0.2 0.3
Loading on trend 1
Factor Loading 1 Factor Loading 2
Mainland
osas
| — | Palamos [ |
= Blanes —
Port d'Arenys [
Barcelona I
Vilanova y la Geltru | ]
I Tarragona ]
] Cambrils ]
Ametlla De Mar
1 San Carlos de Ia Rapita
I Castellon de la Plana [ ]
] a —
— Denia [
I Calpe I
I Altea 1
1 Villajoyosa |
I Santa Pola 1
— Cartagena
E—— Mazarron
1 Almeria
I Caleta de Velez
— Motril-Granada
] uengirola
1 Marbella
— Estepona
Balearic Archipelago
d'Alcudia
Cala-Ratjada
Palma de Mallorea
| Andraitx
| Ibiza
010 -0.2 -0.10.0
Thiza
Vilanova y Ia Gelfri b i
Palma de Mallorea,  Villajoyosa
Barcelona Tarragona
Bla
s I p—
i Carlos de IRADIR 1 evia Castellon de In Plana
“Camprils
d'Aleddia  Cullera gjeeq
Port d"Arenys Cartagena Mazarron
Motril,Granada
Ang
Sanga Pola
Mgrbella
CalaRatjada Fuengipola

Caleta de Velez
Ametlla De Mar
Estepona
Dénia
0.0 0.1 0.2
Loading on trend 1

-0.1 03
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through species and regional analysis, with marked groupings observ-
able along the north-south gradient underlining the importance of port
location. Progression of summer, autumn and winter peaks, with later
seasons dominating in the north was also noted. Regional analysis
revealed unique trends across the Iberian Peninsula and the Balearic
Archipelago, although nearly all have been affected by the change be-
tween 2012 and 2016 and show a continued decline in the LPUE of
mainland regions.

4. Discussion

Our study reports strong spatial segregation of fisheries resources
along the Western Mediterranean geographic gradient attending to the
seasonal and long-term variation of landings in most ports. As expected,
and based on preceding analyses in other components of the Mediter-
ranean ecosystems, a geographical aggregation was reported, yet species
grouping based on life history traits was not explicit. On the scale of the
Spanish region of the Western Mediterranean, the DFA revealed seasonal
synchronies at the species level as well as the whole regional community
level with complex individual patterns and some degree of a north-south
gradient for the peak LPUE timeline. In the long-term, the dominance of
a downward trajectory of LPUE was evident on species-specific and
regional scales with observable synchrony along the north-south
gradient of the Iberian Peninsula. The Western Mediterranean, a
biodiversity hotspot and economic support system for local commu-
nities, is experiencing varied environmental changes, including regime
shifts, and intense anthropogenic pressure that are projected to alter fish
communities by 2040 (Clark et al., 2020; Coll et al., 2010; Hidalgo et al.,
2022b; Nykjaer, 2009; Vargas-Yanez et al., 2008), along with
long-lasting overexploitation of harvested stocks. This study provides
the structural spatial basis of fisheries and their resources to further
investigate and understand potential changes in the future and design
sound adaptation measures to the emerging climate change impacts
(Hidalgo et al., 2022b).

At the individual species level, models showed distinct seasonal re-
sponses, which were expected based on the differing life histories of the
investigated species. The spatial segregation of seasonal trends was
overall more patchy rather than following directional gradients, indi-
cating a complex dynamic possibly related to fisheries dynamics and
local environmental processes (e.g. the influence of Ebro Delta or pri-
mary production bloom originated in the winter in the Gulf on Lion,
Puerta et al. (2016). For instance, the common monkfish exhibited the
highest catches in the Ebro Delta during autumn, while other regions
had increased landings during the early summer months. Small-scale
segregation observed for blue and red shrimp (Aristeus antennatus) can
be attributed to the phenology of primary producers and the timing of
food advection to the seabed (Fanelli et al., 2013; Hidalgo et al., 2015).
The only species where a somewhat directional pattern can be discerned
were Norway lobster and the European hake. Norway lobster showed
dominant seasonal peaks between May and August, a known high-catch
season (Ligas et al., 2011), as well as the most synchronised seasonal
trends of all species considered, likely due to its benthic lifestyle and
lower mobility (Farmer, 1974). Southern ports were characterised by an
earlier peak (May) while the northern regions experienced later highs in
June, supporting spatial segregation as the main driver in Norway lob-
ster population dynamics. The late high season (from June until
October) of the European hake was observed in nearly all the ports with
an increasing dominance from south to north (except for the northern-
most ports of the North Catalan Sea). This could correspond to high
catches following spring and summer recruitment peaks recorded in the
numerous ports of the Western Mediterranean (Maynou, 2003; Recasens
et al., 1998). The North Catalan Sea expressed the opposite of the ex-
pected pattern of the early summer peak (T2), as the spawning in that
area peaks in colder months (Maynou, 2003), with the Alboran Sea also
showing independent dynamics as the spawning in this region occurs in
spring.

For the common octopus, the seasonal analysis revealed two
consecutive peaks in January (T2) and June (T1) and a compatible
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pattern was discovered in Mallorca, which coincides with the highest
catch rates and recruitment peaks observed in the Balearic Sea (Puerta
et al., 2016; Quetglas et al., 1998). However, no such behaviour was
previously seen for the mainland ports in the south, where the highest
LPUE values occurred over autumn and winter (Puerta et al., 2016).
Compared to preceding analyses (Puerta et al., 2016; Sonderblohm
et al., 2014), the trends presented here were shifted and expanded into
late spring and early autumn, however, the difference could be
explained by a greater spatial coverage that incorporated more ports
along an uninterrupted latitudinal gradient. This would support that
spatial segregation occurs along the gradient as a result of hydrological
and environmental factors acting together with fishing pressure. The
shift in abundance from north to south between winter and summer
could also be associated with spawning aggregations and migratory
behaviours exhibited by some cephalopods (Garcia Martinez, 2017;
Pierce et al., 2008; Puerta et al., 2014, 2016). On the regional scale, the
synchronies in cephalopods can be determined by environmental factors
like temperature (Chen, 2010; Zuur and Pierce, 2004) that can act as a
direct driver of growth or survival of paralarvae, but also indirect,
exerting pressure from the bottom of the food chain (Keller et al., 2017).
Primary productivity of the area also plays a role in shaping their dy-
namics in the generally oligotrophic waters of the Mediterranean
through increased competition with small pelagic fish species (Coll
et al., 2006; Keller et al., 2017). Climate change, as well as human ac-
tivities such as fishing, can also alter the stability of marine ecosystems,
leading to a competitive advantage for opportunistic groups such as
cephalopods (André et al., 2010; Keller et al., 2017).

Although the spatial structure was less obvious at the regional level
due to the complementarity among species’ patterns, the sub-regional
communities also displayed some synchronies in seasonal patterns,
with autumn, summer and winter/spring peaks progressing from north
to south and the Balearic Archipelago falling somewhat closer to the
Alboran Sea seasonal pattern. This supports the regional adaptation of
species to their local environmental conditions, which was reported here
and in preceding studies (Garcia-Ruiz et al., 2021; Keller et al., 2017;
Puerta et al., 2016). Synchrony or sometimes asynchrony throughout
the populations can have a buffering role that provides resilience and
aids the recovery of connected populations, making them important
aspects of management mitigation measures (Aragao et al., 2022; Hi-
dalgo et al., 2015, 2022a; Keller et al., 2017). The overall spatial
segregation of seasonal trends was patchy, indicating a more complex
dynamic possibly related to sub-regional and local fisheries dynamics
and pressures.

Five out of the six species analysed showed a decrease in abundance
over time, with unique oscillations accompanying these changes. The
decrease of some of those, like the blue whiting (Mir-Arguimbau et al.,
2022b, p.), Norway lobster and European hake (FAO, 2022) was already
reported previously. For the Norway lobster and blue whiting, the
downward trend could be associated with the negative relationship
between their biomass and SST as well as the reduced freshwater influx
bringing less organic matter for the Norway lobster (Cartes et al., 2009;
Sbrana et al., 2020) or reducing the spawning period of blue whiting
(Cushing, 1990; Mir-Arguimbau et al., 2022a). This is particularly
visible in the 2018-2020 peaks from both long-term trends and the
seasonal trends, which could be the aftermath of a mild 2017 winter,
followed by the more severe winter of 2018 that benefited the Norway
lobster and blue whiting populations (Mir-Arguimbau et al., 2022a, p.).
Interestingly, the decline in the common octopus LPUE was in opposi-
tion to the expected increase in cephalopod production (Hidalgo et al.,
2022c; Keller et al., 2017; Sonderblohm et al., 2014; Veloy et al., 2022),
which should be positively affected by water warming as well as the
negative effect of fishing pressure on their competitors and predators
(Coll et al., 2021; Keller et al., 2017). The dichotomy between this and
preceding research could be reflective of an alternative theory, where
increasing temperatures are not so broadly beneficial for cephalopod
populations due to the likely influence of other environmental drivers
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and extreme weather events brought about by climate change (André
et al., 2010).

Only the deep-water rose shrimp, has shown a positive trend (T1),
which was correlated with the southern, central and Balearic ports and
was already observed in other regions of the Mediterranean Sea (Colloca
et al., 2014; FAO, 2022; Ligas et al., 2011, 2010; Vasilakopoulos and
Maravelias, 2016). This could be attributed to the warming of the water
layers inhabited by the deep-water rose shrimp (Garcia-Lafuente et al.,
2022; Vargas-Yanez et al., 2008, 2009), which has a preference for warm
water conditions (Abello et al., 2002a; Colloca et al., 2014; Sobrino
etal., 2005) and is likely one of the ‘winners’ of the generalized warming
associated to the climate change (Hidalgo et al., 2022a).

The overall decline in Mediterranean stocks is supported by other
accounts regarding the entire basin dating back to 1990 (Vasilakopoulos
etal., 2014). The preceding increase in landings observed between 2010
and 2015 was also already noted for individual species as well as
regional populations (Keller et al., 2017; Ligas et al., 2011; Sonderblohm
et al.,, 2014; Vasilakopoulos and Maravelias, 2016). Certainly, the
alternating increases and decreases could be a part of periodic oscilla-
tions, already reported in the Western Mediterranean for some species
(Karametsidis et al., 2023; Martin et al., 2016; Quetglas et al., 1998).
The upward trends visible for Ebro Delta, Valencia Channel and Balearic
Archipelago were not the dominant trends, possibly resulting from local
fishery dynamics. Indeed, frequent negative factor loadings indicated
opposite trends (i.e. decreasing) for some of the port-species combina-
tions. Some of the landings increase could also be attributed to the
masked effect of fishing depth range expansion, which can target more
abundant, unexploited populations (Damalas et al., 2015), or species of
higher economic value (Farriols et al., 2020; Hidalgo et al., 2009). The
continued decline in 2020 could also be attributed to the decrease in
fishing activities resulting from COVID-19 restrictions and closures as
well as shortages of resources and labour (Clavelle, 2020; FAO, 2020b).
However, given the long-term trends and extensive time series of our
study (2009-2020), the patterns and conclusions obtained in our study
are not affected by the COVID-19 period.

On both, species and regional community levels, the majority of the
modelled long-term trends displayed at least a partial downward tra-
jectory and species-specific trends were clearly driven by spatial segre-
gation with some degree of a north-south gradation. This was likely led
by the spatially varying dependence of the seasonal dynamics of key
environmental processes — mainly primary producers’ blooms, cyclic
convection and temperature which drive the high seasonality of the
Mediterranean (Coll et al., 2010; Hidalgo et al., 2019; Martin et al.,
2016) as well as fishing patterns (Lloret-Lloret et al., 2021). The spatial
gradient was clear for the long-term trends of the European hake or blue
whiting, which have shown an opposing dominance in the north and
south of the peninsula or the Norway lobster with the increasing
dominance of T1 from south to north. This highlights the complex and
fluctuating nature of fish populations in the Mediterranean Sea and the
importance of considering seasonal factors in understanding their trends
and spatial dynamics.

The heterogeneous responses at species and region levels suggest
that regional hydrodynamics, ecological pressures, potential complex
population structures (e.g. metapopulations) and fisheries dynamics at
shorter scales all play an important role in defining the seasonal and
interannual fluctuations of landings (Cuttitta et al., 2018; Hanski, 1998;
Hidalgo et al., 2019; Quattrocchi and Maynou, 2017). Furthermore, the
lack of anticipated distinct grouping based on the three life history traits
for long-term and seasonal analysis indicated a species-specific
response, not shared across the groups. Some differences in the
response of the same species across ports within the same regions point
to a high relevance of fisheries pressure in the local dynamics, as purely
environmental drivers would result in a more uniform behaviour on
such a small scale. A solely climate change-driven response would also
be more homogeneous and not express the timeline differences. These
could be attributed to environmental variations and buffering
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capabilities between the regions. The Alboran Sea is characterised by
strong productivity (Abell6 et al., 2002b) and the influence of Atlantic
currents (Millot, 1999), representing a transitional area of Atlantic
macrofauna with high turnover (Gaertner et al., 2005), which could
benefit local demersal and benthic communities. This could have
contributed to a later decrease in fish abundance that occurred at a
gentler rate than the North Catalan Sea observed here. Similarly, the
presence of the Ebro River constitutes an important local nutrient inflow
source (Gaertner et al., 2005) and could have buffered the climate
change-related decline through bottom-up control (AllEnviAlliance
nationale de recherche pour I’environnement, 2016; Caddy, 2000;
Deleivamoreno et al., 2000; Gaertner et al., 2005). Lastly, the Balearic
archipelago is characterised by high hydrodynamic variability, which
can have a significant impact on the demersal and benthic communities
of its two main fishing zones (Amores and Monserrat, 2014; Ordines
et al., 2011). This could account for the dichotomous behaviour of local
populations, experiencing an evenly-matched increase and decrease,
already observed in other deep-sea species (Hidalgo et al., 2015).

5. Implications, future and broad applications

By highlighting the decline in fisheries landings and the existence of
seasonal and long-term spatial synchronies, our study shows the
importance of implementing management practices based on substan-
tiated knowledge of seasonal and spatial resource dynamics, which are
specific to a particular area. As the Mediterranean boasts a diverse,
efficient fishing fleet with high catchability (Sanchez Lizaso et al.,
2020), fishing pressure is one of the more important drivers that can be
addressed directly. Considering the reported progressing decline of fish
stocks, attempts at the management of Mediterranean fishery in line
with the Common Fisheries Policy (CFP) continue in their unsuccessful
record (Vasilakopoulos et al., 2014; Vasilakopoulos and Maravelias,
2016), while more time is needed to assess the impact of the most
recently applied measures (e.g. Multiannual Management Plan). Un-
derstanding of the regional segregation of species and future expansion
of species analysis, particularly on the seasonal scale, could support
tailored management measures that fall in line with current CFP policies
and help identify key periods of protection (Puerta et al., 2016), or
seasons with a higher fisheries portfolio (Anderson et al., 2017). The
dichotomous DFA approach used has shown considerable overlap be-
tween individual and regional models that cover diverse ecosystems and
management areas with high spatial variability in the catches. As
regional analysis revealed a small to moderate shift in the peak timeline
of each region, supporting the management with regional analysis is
advisable.

6. Conclusions

This study evaluated the seasonal and long-term spatio-temporal
fluctuations of Western Mediterranean fisheries landings and revealed
the dominance of a downward trend affecting the majority of species
and the Western Mediterranean region as a whole. Seasonal synchronies
were also observed for individual species and within each region.
Divergence from the decreasing trend was species-specific and shown by
organisms with warm water affinity or ones that benefit from the indi-
rect effects of climate change (Ligas et al., 2010; Sobrino et al., 2005).
Spatial segregation along the north-south gradient was revealed to have
a clear influence on the underlying long-term trends and, to a lesser
degree, on the progression of summer, autumn and winter peaks, with
later seasons dominating in the north. Spatial segregation of seasonal
trends was more irregular, indicating a complex dynamic possibly
resulting from multiple pressures (Lloret-Lloret et al., 2021; Vasilako-
poulos et al., 2014). Incorporation of the regional adaptation of species
to the local environmental conditions and the presence of synchronies,
as well as asynchronies, is crucial in understanding the resilience of
ecosystems and the adaptive capacities of local fisheries communities to

11

Marine Environmental Research 197 (2024) 106453

environmental changes (Hidalgo et al., 2022a; Keller et al., 2017).
Considering the progressing and generalized decline of Mediterranean
fish stocks, the CFP applied to the Mediterranean appears to be still in
need of information on dynamics at the sub-regional scale. This data is
essential for enhancing the implementation of CFP regionalisation ap-
proaches and spatial fishing restrictions in a more effective direction.
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