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Seafood is an essential source of protein globally. As its demand continues to rise, balancing food security and the
health of marine ecosystems has become a pressing challenge. Ecosystem-based fisheries management (EBFM)
has been adopted by the European Union (EU) Common Fisheries Policy (CFP) to meet this challenge by ac-
counting for the multiple interacting natural and socio-economic drivers. The CFP includes both the imple-
mentation of regulatory measures to EU stocks and the establishment of bilateral fisheries agreements with
neighbouring countries, known as sustainable fisheries partnership agreements (SFPAs). While the effects of
fisheries management regulations are well acknowledged, the consequences of the SFPAs on EU ecosystems have
been commonly overlooked. Here we investigate the development of the Gulf of Cadiz marine ecosystem over the
last two decades and found evidence of the impact of both policy interventions. Our findings reveal the effec-
tiveness of regulatory measures in reverting a progressively degrading ecosystem, characterised by high fishing
pressure and dominance of opportunistic species, to a more stable configuration, characterised by higher biomass
of small pelagics and top predators after 2005. Knock-on effects of the EU-Morocco SFPA and climate effects were
detected before 2005, resulting in increased purse seine fishing effort, lower biomass of pelagic species and
warmer temperatures. This southern EU marine ecosystem has been one of the latest to introduce regulations and
is very exposed to fishery agreements with neighbouring Morocco. Our study highlights the importance of taking
into consideration, not only the effects of in situ fisheries regulations but also the indirect implications of political
agreements in the framework of EBFM.

potential impacts within their EEZs.
In the EU, a number of directives aim at harmonising efforts in order

1. Introduction

Marine ecosystems provide us with valuable services, contributing to
nutrition, economic and socio-cultural well-being. Commercial fishing
(alone) captures about 90 million tonnes of biomass per year, providing
an essential source of protein to more than 3.1 billion people worldwide
(FAO, 2016). But fishing is also a top pressure on marine ecosystems.
Fish stocks decline together with habitat loss, pollution and climate
change are compromising these ecosystem services (Halpern et al.,
2008; Hoegh-Guldberg and Bruno, 2010; Lam et al., 2016; Pauly and
Zeller, 2016).

The United Nations Convention on the Law of the Sea (UNCLOS, UN,
1982) delineated the area of national rights over marine resources,
known as exclusive economic zones (EEZs). Consequently, each country
is responsible for sustainable fishing and sea-dependent-sectors
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to achieve sustainable fisheries and healthy ecosystems. The most
important are the Common Fisheries Policy (CFP, EC, 2013) and the
Marine Strategy Framework Directive (MSFD, EC, 2008). These di-
rectives as well as higher-level environmental policies and obligations,
such as the resolutions of Regional Sea Conventions, the Convention on
Biological Diversity (CBD, 2005) or the United Nations Food and Agri-
culture Organization (FAO) call for ecosystem-based fisheries manage-
ment (EBFM) as the optimal framework to implement these policies.
Quoting Patrick and Link (2015) EBFM recognizes “the combined
physical, biological, economic, and social tradeoffs for managing the
fisheries sector as an integrated system, specifically addresses competing
objectives and cumulative impacts to optimize the yields of all fisheries
in an ecosystem”.
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Components of EBFM are being adopted in compliance with the CFP,
which foresees regionalization of decision structures, multi-annual
plans, discard plans and establishment of stock recovery areas. But
countries also hold responsibility beyond their EEZs since their flag
vessels and fleets operate on other EEZs (Sumaila et al., 2015; McCauley
et al., 2018).

Several EU countries have negotiated access agreements, through
sustainable fisheries partnership agreements (SFPAs), for their fishing
fleets, particularly in waters off neighbouring developing countries (Le
Manach et al., 2013; Mallory, 2013). The number of SFPAs notably
increased after the implementation of the CFP in 1983 (Le Manach et al.,
2013). These agreements affected around 266 EU vessels and generated
about 31,500 jobs (including processing) for EU and third-country na-
tionals. SFPAs production amounts to 45% of EU vessels total catches
(Goulding, 2016). The number of active SFPAs has oscillated largely
over the last two decades because of difficulties to approve (e.g.,
Morocco and Micronesia), renew agreements (Mauritius and Senegal) or
due to political instabilities (Guinea suspended in 2009) (EC, 2009; Le
Manach et al., 2013).

The entry into force (or suspension) of SFPAs results in displacement
of entire fishing fleets, which can significantly release (or increase)
fishing pressure within the home ecosystem. While the ecosystem effects
of regulation measures taken under CFP guidelines are commonly
acknowledged and investigated, those that are consequence of SFPAs are
not often considered. Yet, EBFM should consider all human activities
impacting the marine ecosystem, be these direct or indirect. For these
reasons, integrated ecosystem assessments are recognised as useful tools
in support of EBFM (Levin et al., 2009, 2014). Using the Gulf of Cadiz as
an illustrative case study we here show evidence of the impact of both
EU/national fisheries management regulations and bilateral political
decisions on a particular ecosystem.

The Gulf of Cadiz (GoC) is the southernmost European Atlantic shelf
sea, between Europe (Portugal, Spain) and Africa (Morocco) (Fig. 1). Itis
a relatively young ecosystem in terms of policy implementation and
regulations; for instance, the first total allowable catch for anchovy and
the first marine protected area were set in 2004 (BOE, 2004; BOJA,
2004). Fishing fleets are highly diversified and target a number of spe-
cies: anchovy, sardine, hake, rose shrimp, prawn or Norway lobster
(Jiménez et al., 2004; Coll et al., 2014). At the same time, its proximity
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to Morocco’s EEZ makes its fisheries dynamics dependent on the status
of the SFPA with that country.

By using a comprehensive dataset consisting of abiotic drivers
(environmental and human pressures) and biotic (state) variables we
investigate how the different components of the GoC ecosystem have
changed over the last two decades (1993-2015) and relate them to
major changes in the natural, anthropogenic and political settings. Un-
derstanding the interplay between these driving factors and the state
and structure of marine ecosystems is crucial to implementing
ecosystem-based management.

2. Material and methods
2.1. Data collection

We compiled all available data featuring the GoC ecosystem (Spanish
waters) over the period 1993-2015. Data on biotic, abiotic (including
oceanographic and climatic variables) and human pressures were ob-
tained from various sources (Fig. 1, Table S1 in Supplementary Material

1).
2.1.1. Biotic data

2.1.1.1. Sampling and classification. Yield per species was obtained from
a bottom trawl survey program (15 to 800 m depth) carried out in spring
between 1993 and 2015 (IEO, 2018; http://www.ices.dk/marine-dat
a/data-portals/Pages/DATRAS.aspx). The time series comprised a
total of 876 hauls (around 40 per year), carried out during daylight
hours at a mean towing speed of 3.0 knots, using Baka 40/60 trawl gear
with a 43.6 m footrope and a 60.1 m headline (details are given in Silva
et al., 2011). In each haul, samples were sorted and individuals were
counted and weighted. Individual species biomass was standardized to
one square km (kg/km?) and classified into thirty functional groups
(Table S1). The functional groups were chosen based on ecological
similarities from a previous Ecopath model developed with the same
database (Torres et al., 2013). A review and update of the species
assigned to each group was performed and the complete species list is
given as Supplementary Material (SM 2). Among others, these groups
included: polychaetes, crabs and lobsters, sharks, skates, two groups of
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Fig. 1. Map of the Gulf of Cadiz showing the location of the various data sources. Satellite squares, bottom trawl hauls, fishing ports, Guadalquivir River dam as well
as some other important features of the ecosystem, like the Guadalquivir mouth fishing reserve, are illustrated.
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cephalopods (benthic and benthopelagic) or benthic invertebrates, the
latter also separated into two categories according to their feeding
preferences: carnivores and filter-feeders/detritivores/suspensivores (F/
D/S invertebrates). Eleven of those thirty functional groups correspond
to commercial species (or genus) and were considered separately: an-
chovy, blue whiting, hake, horse mackerels, mackerels, mullets, sardine,
mantis shrimp, Norway lobster and rose shrimp (Table S1).

Time series of comparable length were not available for nekton (e.g.
acoustics surveys started in 2004). However, we included some pelagic
species (anchovy and horse mackerels), which are known to have ver-
tical diurnal migrations (feed on the bottom during the day) and are
relatively well-sampled by bottom trawls (ICES, 2014; Ramos, 2015).

2.1.2. Abiotic data

2.1.2.1. Satellite data. Daily sea surface temperature data (SST, °C)
matching the biotic time series described above (1993-2015) were ob-
tained from the satellite-based Advanced Very High Resolution Radi-
ometer (Pathfinder v5; see SI 1) of the National Oceanic & Atmospheric
Administration (http://www.ncdc.noaa.gov/oisst; Reynolds et al.,
2007). Grid cells of 0.25° x 0.25° resolution (overlapping the area of
biotic samplings, see Fig. 1) were generated with QGIS 2.18.2 - L. Pal-
mas de Gran Canaria (http://qgis.org) — and averaged to annual values.
The latter were validated with in-situ measurements.

Daily Chlorophyll (Chl, mg/m?®) and Particulate Organic and Inor-
ganic Carbon (POC, PIC, mol/m3) were obtained from the GlobColour
project (European Space Agency, http://globcolour.info) (Maritorena
et al.,, 2010). Annual averages were calculated similarly to SST data.

2.1.2.2. Other environmental data. Precipitation (total rainfall, I/m?%
1993-2015) was acquired from “El Palacio” meteorological station
(http://icts.ebd.csic.es/datos-meteorologicos). Sea surface height (SSH;
1996-2015) was obtained from a buoy moored off the coast of Cadiz
(36.48°N, 6.96°W; maintained by the Spanish State Port Agency
(“Puertos del Estado”, http://www.puertos.es/).

2.1.2.3. Climate indices. The North Atlantic Oscillation (NAO; http://
www.esrl.noaa.gov/psd/data/climateindices/list/) (Hurrell and Dick-
son, 2004), the unsmoothed Atlantic Multidecadal Oscillation (AMO;
http://www.esrl.noaa.gov/psd/data/correlation/amon.us.long.data)
(Enfield et al., 2001) and the annual Gulf stream index (GSNW; http
://www.pml-gulfstream.org.uk/data.htm) (Taylor, 1995; 1996) were
included as climate indices.

2.1.3. Pressures

2.1.3.1. Fisheries. Harvest rate of commercial functional groups/spe-
cies (anchovy, blue whiting, hake, horse mackerel, mackerel, mullets,
piscivores, sardine, mantis shrimp, Norway lobster and rose shrimp) was
calculated as proportion of estimated total biomass over landings
(tonnes) (FAO, 2003). Landings from the fishing ports shown in Fig. 1
and fishing effort (fishing days/year) were obtained from official fishery
statistics 1993-2015 (IEO Database; http://datos.ieo.
es/geonetwork/srv/eng/catalog.search#/home).

2.1.3.2. River runoff. Freshwater discharges (hm®) from the “Alcalé del
Rio” dam (Fig. 1) were provided by the Regional River Authority
(“Confederacion Hidrografica del Guadalquivir”; http://www.chgu
adalquivir.es/saih/DatosHistoricos.aspx).

2.1.3.3. Marine litter. Anthropogenic debris items (size greater than 25
mm) were collected by the bottom trawl survey and classified following
the master list of categories of the guidance document of the MSFD
Common Implementation Strategy (Galgani et al., 2013). Densities of
marine litter were standardized similarly to the benthos data (number of
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items/km?).

2.2. Statistical methods

A total of 55 variables (Table S1) characterizing the biota (30 func-
tional groups), natural drivers (9 abiotic variables) and human pressures
(16 variables) were used in the analyses. To reduce complexity and help
trend visualisation a panoply of multivariate and plotting techniques,
traditionally utilized for integrated trend analysis (Diekmann and
Mollmann, 2010), was used (Table 1). Before-hand, missing values were
replaced by the average of the neighbouring 2 years (or 4-year in the
case of 2 consecutive missing years). Subsequently, data were log-
transformed [In (x + 1)] to both reduce skewness and normalize vari-
ances. Pairwise correlations are presented in Figure S1 (SM 1). These
techniques included:

i) Principal Component Analysis (PCA). This dimension-reduction
technique is commonly used to extract the major modes of variability
(principal components, PC) in a data set on an ordination plot (Legendre
and Legendre, 1998) but see also Planque and Arneberg (2018). Yearly
scores of the first two principal components (PC1 and PC2) are usually
plotted over time to visualize temporal trends and ecosystem shifts
(Beaugrand et al., 2001, 2003). The trajectory of the system can be
illustrated by placing the years in a scatter plot where the PC1 and PC2
define the x and y-axes (Link et al., 2002; Kenny et al., 2009; Mollmann
et al., 2009; Lindegren et al., 2012; Mollmann et al., 2013).

ii) Sequential t-test analysis of regime shifts (STARS). The STARS al-
gorithm (Rodionov, 2004; 2006) is commonly applied on time-series of
PCs scores to detect abrupt changes or regime shifts (see details in
Mollmann et al., 2009). We ran STARS on the 1st and 2nd PCs of the
previous analysis. In addition, STARS was used to identify statistically
significant shifts in mean values in each time series separately
(Table S2). Cumulative Regime Shift Indices (RSI) (Rodionov, 2004)
were also estimated and are given in Table S2 (SI 1). The RSI represents a
cumulative sum of normalized deviations and used to detect the time of
an abrupt change.

iii) Min/max autocorrelation factors analysis (MAFA). MAFA is a
multivariate statistical method, similar to PCA, that extracts common
trends from multiple time series (Shapiro and Switzer, 1989). One of the

Table 1
List of statistical techniques used for integrated trend analysis including ad-
vantages (pros) and disadvantages (cons) of each method.

Method Pros Cons

PCA

- Great reduction of
dimensionality.- Identification of
variables most related to the PCs.-
Widely used and available.- It
allows for system’s trajectory
inspection.

- It can’t handle missing values.-
Shortest time series limits the
analysis.- Selection of variables
may affect results.- Sensitive to
the presence of autocorrelation
and non-stationarity in the times
series.

STARS - Simple and easy to apply.- It can - Sensitive to parameters’
be applied to mean or variance, tunning (type 1 error).
on raw series or PCs.

MAFA - Reduces complexity by selecting - Not so widely used as PCA or CC
the most continuous indicators.- and, hence, a bit more difficult to
Focus on autocorrelation rather interpret.
than variance.

CC - Widely used and available.- - Does not indicate which
Identification of periods of similar ~ variables are drivers (less able to
characteristics. infer causality).

TLP - Intuitive (colour-coded).- - Magnitude of change not
Visualisation of general trends, assessed (same scale, quintiles).-
patterns.- It can handle missing Not information about causality.-
values. Sensitive to transformations and

sorting.

Anomalies - Visualisation of single trends.- - As it is not a joint analysis

No assumptions need to be met.-
Very little transformation of the
data (almost raw).

dimensionality is not reduced.-
Better in combination with other
methods.
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key differences between PCA and MAFA is that the latter maximizes the
temporal autocorrelation structure rather than the variance. As with
PCA, MAFA provides a series of orthogonal factors (MAFs) of decreasing
autocorrelation that are continuous in time (see details in Woillez et al.,
2009; Doray et al., 2018). The MAF analysis consists of 3 steps: (1) an
initial selection of indicators based on the one-lag variogram of each
indicator, scaled to the indicator variance and ranked. Since the number
of variables cannot exceed the number of years, we selected the 17 most
continuous variables following the pattern displayed by the variogram
and the approach taken by Woillez et al. (2009); (2) MAFs are calculated
on this reduced set of variables; (3) a continuity index is computed based
on the loadings and one-lag variogram values of the first 2 MAFs. Sub-
sequently, a selection of indicators is carried out based on this continuity
index, aka MAF-based indicator selection procedure (Doray et al., 2018).

iv) Chronological Clustering (CC). CC was used as another ordination
technique, independent and complementary to PCA, STARS and MAFA.
CC is based on a Euclidean distance matrix and was carried out to
identify the years in which the largest shifts in the mean value of the
time series occurred. This standardized method builds a hierarchy from
the sequential years based on a time-variable matrix (Legendre and
Legendre, 1998).

vi) Traffic Light Plot (TLP). A TLP was generated to visualize overall
systematic patterns based on single time series (Link et al., 2002;
Mollmann et al., 2009). The raw values of each variable are categorized
into quintiles and each one of these is assigned a specific colour: red for
the lowest (0-20%), green for the highest (80-100%) and a gradation of
colours in between. The variables were then sorted by the 10-year
standardized average and plotted against years. The use of the first PC
loadings to sort variables on the y-axis was intentionally avoided in
order to make the arising patterns independent of PCA. The code to
produce the TLP was provided by Diekmann et al. (2012).

vii) Temporal anomalies. Temporal anomalies were calculated for the
main functional groups or drivers detected by PCA, MAFA and TLP.

All analyses were carried out in R version 3.5.0 (R Development Core
Team 2018) with the R packages “vegan” (Version 2.5-5; Oksanen et al.,
2019), “factoextra” (Version 1.0.5; Kassambara and Mundt, 2017),
“ggplot2” (Version 3.2-0; Wicham and Chang, 2019) and “gridExtra”
(Version 2.3; Auguie and Antonov, 2017).
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3. Results
3.1. Principal components analysis (PCA)

The first two PCs of the PCA on the full dataset (biotic and abiotic
variables and pressures) described 60% of the total variance (Fig. 2A).
The variable loadings (i.e. the length and orientation of vectors on the
biplot) show the degree of correlation with the corresponding PC
(Fig. 2A). The variables that correlated the most with the main mode of
variability (PC1; 37%) are those arrows more or less parallel to the
horizontal axis coloured in red/orange. Those showing positive corre-
lations were anchovy, horse mackerels, sharks, skates, hake, and mul-
lets. By comparison, demersal trawl effort, marine litter, carnivore
benthic invertebrates, crabs & lobsters and polychaetes presented
negative correlations with PC1. The variables that contributed the most
to PC2 (23%) were: benthopelagic and benthic cephalopods, purse-seine
effort and AMO all showing negative correlations. No clear-cut associ-
ations could be identified on the positive side of PC2 (Fig. 2A).

In terms of time trajectories, the first PC was characterized by minor
variations during the first decade, followed by an abrupt increase in the
period 2005-2006 (Fig. 2B) and showed little variation thereafter. On
the other hand, PC2 showed a steep decline at the end of the 1990 s
followed by moderate fluctuations (Fig. 2B). STARS analyses on PC1 and
PC2 detected jumps in 1998-1999 and 2005-2006 (Fig. 2B) (RSI = 0.87
and 1.32, respectively).

The system trajectory over time (Fig. 2C) described a progressive
drop within the left quadrant between 1993 and 1998, followed by a less
marked downward trend towards the lower-left corner until 2004. This
period (1993-2004) was mainly driven by changes in the second PC,
which turned from positive to negative. The most remarkable change
happened between 2005 and 2006 when the system jumped to the right
side of the plot to describe a somewhat circular pattern for the remaining
decade (2006-2015). This abrupt change was primarily driven by the
first PC which turned positive in 2006, while PC2 showed little varia-
tion, oscillating around zero.

3.2. Min/max autocorrelation factor analysis (MAFA)
A normalized one-lag variogram was computed across the dataset

and the 55 variables were ranked according to their variance (Fig. 3A).
Based on this variogram, the 17 most continuous indicators to be
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included in the MAF computation were selected. The continuity index
(Fig. 3B) showed that the most continuous, and hence most represen-
tative, indicators were: fishing pressure (artisanal, bottom trawl and
purse-seine) and two functional groups (sharks and hake). Indeed,
fishing pressure went down, from high to low values, over the studied
period while sharks and hake showed the opposite trend (Fig. 7).

MAF1 exhibited positive values at the beginning of the series
(1993-2004) and negative ones from 2005 to 2015 (Fig. S2A), dis-
playing an almost linear decrease. The temporal autocorrelation of
MAF1, as shown by its variogram (Fig. S2B), has a period of around 20
years. Two indicators contributed the most to MAF1; bottom trawl effort
and litter (positive loadings) (Fig S2C). The high contribution of these
indicators (similarly to PCA) indicates the importance of these two
variables in driving the ecosystem in the past (Fig. 3B) as well their
reduced contribution in recent times (Table 2).

MAF2 displayed negative values from 1993 to 1997 (Fig. S2D),
became positive from 1998 until 2007, turned again to negative around

Table 2

List of the 17 most continuous indicators (MAFA ordering) indicating the (pos-
itive and negative) effect of each of the drivers on the state of the ecosystem
(degraded or stable).

Type Variable Driver State
Pressure Bot_Trawl - Degraded
Pressure Litter - Degraded
Pressure Pur_Seine -

Pressure Artisanal

Biotic Crab_Lobster - Degraded
Biotic Hake + Stable
Pressure HR_Mullets -

Biotic Anchovy + Stable
Biotic Hor_mack + Stable
Pressure HR_NorwLobster -

Biotic Sharks + Stable
Abiotic Chl +

Biotic Shrimps - Degraded
Biotic Cephalop_ben +

Biotic Skates + Stable
Abiotic PIC -

Pressure HR_Mack -

2008-10 and decreased constantly thereafter. MAF2 temporal autocor-
relation has a period of 9-10 years (Fig. S2E). As before, two indicators
contributed the most to MAF2; artisanal fisheries and sharks (positive
loadings) (Fig S2F).

3.3. Chronological clustering (CC)

The CC broke the time series into two periods: 1993-2005 and
2006-2015, being 2005-2006 the major breakpoint (Fig. 4). Surpris-
ingly, the changes detected in the late 1990 s by the previous analyses
did not show up as significant at this detection level (Cophenetic coef-
ficient = 0.57).

3.4. Traffic light plots (TLP)

The temporal development of the GoC is shown in Fig. 5 in the form
of a traffic light. Those variables that increased towards the end of the
studied period are located in the upper half of the TLP. These were hake,
anchovy, horse mackerels, skates, sharks and mullets. It can be appre-
ciated how they turned from red (low values) to green (high values) after
2005. The lower half of the plot gathered those variables that showed
the opposite pattern, turning from green to red after 2005. Here, we
found demersal trawl effort, marine litter, carnivore-benthic in-
vertebrates, benthopelagic small fishes, polychaetes, F/D/S in-
vertebrates, crabs & lobsters, Norway lobster and shrimps. All these
groups decreased after 2005.

3.5. Sequential regime shift analysis (STARS)

Sequential regime shift analysis (STARS) carried out on individual
time series (Table S2) revealed that most of the significant changes
occurred at the end of the 1990 s and around the mid/late 2000 s. The
RSI identified 1994-2000 and 2002-2006 as potential periods of shifts.

Specifically, 5 out of 7 environmental variables (SST, precipitation,
NAO, AMO, GSNW) and most of the harvest rates (10/16) displayed
abrupt changes in the 1990 s. The 2000 s’ change was observed in a few
but important pressures, such as the demersal trawl effort or the abun-
dance of marine litter. The 28 biota components showed a more
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Fig. 4. Chronological clustering analysis (CC). The dendrogram suggests two distinct periods marked by breakpoints in 1993-2005 and 2006-2015.
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balanced distribution of changes, with 9 functional groups showing
shifts in the 1990 s (e.g. F/D/S benthic invertebrates, polychaetes,
mantis shrimp, sharks) and 11 in the 2000 s (e.g. hake, anchovy, skates,
crabs & lobsters). A few groups (hake, rose shrimp) depicted drastic
changes in both periods.

4. Discussion

This article presents the first holistic assessment of the Gulf of Cadiz
marine ecosystem over the last twenty years, with a focus on the impact
of policy on its temporal development. Our results, arising from a
number of visualisation and multivariate techniques, reveal two main

Fig. 5. Traffic light plot (TLP). Time series were
transformed to quintiles, colour coded and sorted in
numerically according to the average of their first 10
years. Red represent low values while green repre-
sent high values of the corresponding variable (ac-
ronyms are spelled out in Table S1). Superimposed
vertical translucent bars mark the shifts detected by
STARS on PC1 and PC2. Variables are colour coded
orange for biotic variables, grey for abiotic variables
and blue for pressures. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)

15t quintte (<=20%)
2nd quintle (<=40%)
3rd quintie (<=60%)
I 4th quintile (<=80%)
M S quintie (80%)
[ missing vae

2015

periods of change: (1) a discontinuity, regime shift-like type of change,
in 2005 and (2) an earlier but secondary, more progressive, change in
the late 1990 s. Interestingly, these changes coincided with the
enforcement of two policy events: the implementation of the CFP
regulation in 2004 and the halt of the SFPA with Morocco in 1999.

1) Effort regulation and spatial closure — The 2005 shift

The first change divided the time series in two halves: (1) before
2005 and (2) after 2006.

(i) The 1993-2005 period



G.F. de Carvalho-Souza et al.

The initial state (1993-2005) was characterized by low biomasses of
target and big species, such as hake, anchovy, sharks or skates. At the
same time, less commercially important species, like crabs & lobsters,
carnivorous invertebrates or polychaetes were found in high abun-
dances. This ecosystem configuration is represented in Fig. 6A.

The first GoC fishery management plan was not passed until 2004
(BOE, 2004) so that this first period was characterised by a relatively
loose regulation and consequently heavy fishing pressure (Fu et al.,
2015; Kleisner et al., 2015; Coll et al., 2016; Bundy et al., 2017). This is
reflected in our analyses by the high values of demersal trawl effort
(number of days) but also by the high abundance of marine litter. Marine
litter is to a great extent associated with the fishing activity since 37% of
the items were nets, pots, cables and lines.

We hypothesize that the heavy fishing intensity of this period could
have been responsible for the observed high biomasses of opportunistic
benthic species. Bottom trawling is the most widespread source of
physical disturbance to the seabed habitats (Hiddink et al., 2017). High
trawling can have a twofold positive effect on these groups. On the one
hand, trawling is known to cause resuspension of sediments which in-
creases food availability for these functional groups (Groenewold and
Fonds, 2000; Hiddink et al., 2008). Detritus is an important source of
food in the GoC and increases in this resource have been seen to have
positive effects (via bottom-up) on most groups (Torres et al., 2013).
Besides enhancing bottom-up processes heavy fishing can also act via
top-down. Sharks, skates or hake are known to prey on these opportu-
nistic groups (Torres et al., 2013). Hence, the high fishing mortality
imposed on these big predator species, reflected in their low biomasses
during this period, could have released benthic groups from top-down
control. Alternatively, their opportunistic feeding behaviour could
have benefited from scavenging on organisms that are damaged by the
trawl (Groenewold and Fonds, 2000; Johnson et al., 2015).

(ii) The 2006-2015 period

In 2004 and following years, a number of fisheries management
measures, in agreement with the CFP, were established by the Spanish
Administration, entering into force at the end of 2004 (BOE 2004, see
complete list in Table S3, SI 1). Briefly, these regulations set an upper
limit on fishing effort (200 days per year) and established
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autumn-winter closures (45-90 days) in order to favour the recovery of
stocks. The bottom trawl and purse seine fleets were particularly
affected by these measures.

Another management milestone happened in 2004 with the estab-
lishment of the fishing reserve of the Guadalquivir River mouth (BOJA,
2004, IEO, 2005), due to its role as an essential fish habitat (Llope, 2017;
de Carvalho-Souza et al., 2018). This Marine Protected Area (MPA)
extends beyond the Guadalquivir mouth covering ~ 400 km2 of its area
of influence (Fig. 1). The establishment of the Guadalquivir MPA
resulted in bottom trawlers and purse seiners not being able to operate
inside the MPA.

Our analyses detected the consequences of these regulations already
in 2005 (Fig. 2B-C) and more clearly in 2006 (Figs. 4 & 5). This second
(and current) ecosystem state is characterised by a marked increase in
the biomass of target species (e.g. anchovy) and those that occupy
higher trophic levels, e.g. hake, horse mackerels, anchovy, sharks, skates
and mullets (Fig. 6B). This food web reconfiguration is likely to be a
direct response to the decrease in fishing effort and the establishment of
the Guadalquivir MPA described above.

2) International politics and climate — The late 1990 s

In 1997, the purse-seine (small pelagics) fleet voluntarily agreed to
introduce a fishery closure every year from December to February (ICES
2014). This self-regulatory measure was suddenly interrupted in 1999.
That year, the UE-Morocco SFPA, which had been in place since 1995,
was not renewed (Garcia-Isarch et al., 2012). As a consequence, the
Spanish purse-seiners that would fish for anchovy in Moroccan waters
had to come back, increasing the fishing pressure in the GoC.

The anchovy and horse mackerels very low values detected in the
early 2000 s (Fig. 5, and Fig. 7A, F) could be a consequence of this in-
crease in fishing pressure. Unfortunately, we lack comparable informa-
tion for other pelagic components (e.g. zooplankton) to be able to track
cascading effects across trophic levels, as seen in other ecosystems
(Lynam et al., 2017; Doray et al., 2018).

Local (SST, precipitation) and large-scale hydro-climatic forcing
(NAO, AMO, GSNW) variability could have also played a role in the late
1990 s. Most of the changes detected in these variables are concentrated
around this period (see STARS analyses in Table S2) plus, these variables

Fig. 6. Diagrammatic representation of the two main configurations. Panel A shows the initial state (1993-2005), with high fishing pressure, poor quality habitat
and opportunistic species dominance. Panel B presents a more stable ecosystem (2006-2015), with an increase of target species occupying the higher trophic levels.
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were found to correlate with PC2 (Fig. 2).

Environmental effects have been previously reported as important
drivers in this ecosystem (Sobrino et al., 2002; Baez and Real, 2011;
Delgado et al., 2018) and the warm phase of the AMO after 1995 is
known to have led to simultaneous changes in plankton and fish in the
North Atlantic (Edwards et al., 2013).

Disentangling the effects of fishing and environmental forcing is al-
ways a challenge. Both effects seem to have partly overlapped in this
period, with climate gaining importance as key driver towards the early
2000 s. This is when benthopelagic cephalopods increased (Fig. 7C)
coinciding with a warm phase of the AMO and precipitation changes
(Fig. 7K).

A recent global analysis revealed that cephalopod abundance has
increased over the last decades in response to large-scale processes and
declining fish populations (Doubleday et al., 2016), albeit casual
mechanisms have not been identified. In the North Sea, climatic indices
(AMO) and warming temperatures have also been associated with the
increase of squids (van der Kooij et al., 2016).

3) Reconfiguration and stabilisation

Overfishing can entirely deplete fish stocks and permanently modify
ecosystems, usually through trophic cascades. A classic example is the
collapse of cod (Gadus morhua) in the Northwest Atlantic (Scheffer et al.,
2005; Frank et al., 2005; Fogarty and Murawski, 1998). In the Gulf of
Mexico, commercial and recreational fishing caused the depletion of red
snapper (Lutjanus campechanus) at the end of the 20th century, which led
to the design of a broad rebuilding plan (SEDAR, 2018). The collapse of
abalone (Haliotis spp.) stocks off the southern coast of California is
another example of how poor fisheries management associated with
pollution and climate (El Nino) can affect entire ecosystems through
habitat (kelp forest) alterations (Rogers-Bennett et al., 2002, 2013).

Ecosystem reorganisations triggered by a combination of fishing and
environmental changes (e.g. warming, eutrophication) have been rela-
tively common in Europe, like the regime shifts reported in the Black Sea
(Daskalov et al., 2007; Llope et al., 2011), the Baltic Sea (Mollmann
et al., 2009; Blenckner et al., 2015) or the Kattegat (Lindegren et al.,
2012). Contrary to the GoC, all these coastal seas are semi-enclosed and
are characterized by low biodiversity. Open and more diverse (~300

species) ecosystems, like the Cantabrian Sea in the southern Bay of
Biscay have been seen to respond to fishing pressure in a more pro-
gressive fashion (Modica et al, 2014; Arroyo et al., 2017).

Apart from being an open and more diverse sea (~860 taxa, SI 2), the
Gulf of Cadiz main change (2005) presents some differences from the
previous examples: The first period (Fig. 5A) was a progressively
degrading non-static state and did not constitute a proper regime in the
sense that it quickly improved after intervention. The second period
(Fig. 5B) constitutes an improvement over the former and seems to be
fairly stable (Fig. 1C). The changes before and after 2005 are, however,
very remarkable. For instance, hake and anchovy (Fig. 7E and 7A)
doubled in the second regime (2006-2015) compared to the overall
mean value (1993-2015), and so did horse mackerel (1.8 times; Fig. 7F),
skates (1.5 times; Fig. 7H) and sharks (1.8 times; Fig. 7I). Similarly,
artisanal fishing effort and shrimps decreased by a half (Fig. 7N/7J) and
bottom trawl effort dropped by a third (Fig. 70).

In Iberian waters, Atlantic and Mediterranean exploited fish stocks
have been seen to show contrasting organizational properties (Hidalgo
et al., 2017). In the Cantabrian Sea and Galicia (Atlantic Iberia) the
‘rescue effect’ from neighbouring areas together with the contribution of
large fish renders quicker recovery times when compared to Mediter-
ranean populations, which are more clustered and dependent on small-
sized fish (Hidalgo et al., 2017; Fernandes et al., 2017). The quick re-
covery observed in the GoC would agree with this hypothesis.

4) Policy and its implications for marine ecosystems

Considering the ecosystem-wide consequences that not only fisheries
management and climate but also, and most surprisingly, international
politics has had on the GoC, we recommend that the implications of
SFPAs should be taken into consideration. In particular on those EU
fishing grounds that would be primarily affected by these agreements.
This applies to the current EU-Morocco SFPA (the latest expired in July
2018) which has just been endorsed by the European Parliament. But
this is not the only case, Cote d’Ivoire is in a similar situation with its
SFPA expired since 2018. Others are in a dormant state (e.g.
Mozambique, Equatorial Guinea and Guinea-Bissau, Cabo Verde and
Sao Tomé e Principe) (EC 2017) while 3 are active: Mauritius, Senegal
and Gambia (https://ec.europa.eu/fisheries/cfp/international /agreeme
nts_en). The direct and indirect effects of fishing effort translocations
need to be considered in ecosystem-based fisheries management.
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Another regulation whose impact would need to be considered in the
near future is the CFP “landing obligation” (EC, 2013), which implies the
landing of all catches of regulated commercial species. It is still quite
unclear how this regulation will impact the Gulf of Cadiz (Gamaza et al.,
2020). But the removal of previously discarded biomass from the
ecosystem could in principle work in favour of the second configuration
(2006-2015) described above, as it would be detrimental for the
opportunistic trophic levels.

5. Conclusions

The Gulf of Cadiz is one of the youngest European marine ecosystems
in terms of both monitoring and fisheries regulation enforcement. In the
last twenty years it has shifted from a regime characterized by a pro-
gressive deterioration, due to weak fisheries regulation, climate sensi-
tivity and knock-on effects of international politics, to a more stable
configuration where top-down control has recovered importance. These
findings showcase how timely regulation prevented an incipient regime
shift and highlights the need to consider international politics if we are
to manage ecosystems holistically.
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