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Quantifying factors that influence marine predator distributions is essential to understanding the current and future change in marine biodiver-
sity. Here, we test whether marine predator distribution relates to prey, or is better predicted by other specific habitat features. We examine the
correlation between spatial distribution of three seabird species and their prey, as well as environmental proxies (oceanographic characteristics)
in the Gulf of Cadiz, NE Atlantic. We modeled the at-sea distribution of Cory’s shearwater, Balearic shearwater and Northern gannet, based on:
(i) pelagic fish abundance according to acoustic surveys, and (ii) a forecast-model of remotely sensed environmental variables (productivity, sea
surface temperature, and salinity). In general, seabird distributions were better predicted by abundance of fish than by environmental variables
at the habitat scale. We obtained consistent correlations between seabird presence and the abundance of medium-sized (– cm) sardines,
anchovies and Mediterranean horse mackerel, providing information on their preferred prey. Additionally, oceanographic productivity variables
moderately contributed to seabird distribution models, with better predictive value for the critically endangered Balearic shearwater and North-
ern gannet in the summer, whilst the model for Cory’s shearwater’s produced poorer predictions. Predator–prey combined studies may represent
essential tools for an efficient ecosystem-based management of marine environments.
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Introduction
There is increasing evidence that the biodiversity of marine ecosys-
tems is changing as a result of climate change and human activity.
Changes in the distribution of marine organisms are a consequence
of changing climate conditions and human intervention (Canon-
ico et al., 2019). Recent studies have reported how in the coming
decades, climate change may alter the overlapping of marine preda-
tors’ habitat with that occupied by their prey population. This would
lead to an overall decrease in the population of most predator–prey
systems (Sadykova et al., 2020).

Revealing the links between the marine environment, prey oc-
currence and predator distribution has key implications both for
identification of critical marine habitat for Marine Protected Area
selection, and for fisheries stock assessments and management
(Sadykova et al., 2020; Evans et al., 2021). As sentinels of changes
in the oceans, marine top predators offer a unique perspective
into oceanic processes, since they can move across ocean basins
and amplify trophic information across multiple spatiotemporal
scales (Hazen et al., 2019). Among these top predators, seabirds
are conspicuous, their movements cover wide ranges of the ocean
and they respond to changes in ecosystem structure and function
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that would otherwise be difficult to observe directly (Hazen et al.,
2019).

For several decades, acoustic technology in oceanographic cam-
paigns has allowed us to combine surveys of spatial distribution
and abundance of fish populations with simultaneous observation
of predators, from the same vessel (Russell et al., 1992). Generally,
these studies have tried to relate the distribution of marine preda-
tors (mostly seabirds and cetaceans), their foraging behaviour and
aggregation to increases in availability of prey (Fauchald et al., 2000;
Fauchald and Erikstad, 2002). However, many studies have not been
able to establish a direct relationship between the distribution of
apex predators and their prey (Phillips et al., 2021). The wide het-
erogeneity and complexity of marine ecosystems and the spatial
variability of prey abundance mean that models based on prey dis-
tribution do not always succeed at explaining that of predators (Tor-
res et al., 2008).

In the open ocean, resources distribution follows a hierarchical
patchy structure, with dense aggregations of prey within patches
of lower prey density, separated by areas where prey is scarce
(Fauchald et al., 2000). Predator distribution is therefore condi-
tioned by foraging behavior and aggregate response to increased
prey availability (Fauchald et al., 2000; Fauchald and Erikstad,
2002). Prey availability relies on a combination of factors including
abundance, accessibility and patchiness (Boyd et al., 2017), school
density (Enstipp et al., 2007) and predator avoidance behaviour
(Logerwell and Hargreaves, 1996), among others. Therefore, studies
looking for relationships between marine predators and their prey,
based on the abundance of the latter, may not find consistent asso-
ciations if such abundance does not reflect actual availability.

The response of predators to the distribution of prey can change
over a range of spatial scales, so that correlations at a given scale may
be masked by those at both larger and smaller scales (Fauchald et al.,
2000). At a small scale, the dominant relationships are anti-predator
responses and prey consumption, whilst at a large scale, predator
aggregation is more pronounced (Rose and Leggett, 1990). Thus,
fine-scale (<5 km) investigations have reported weak predator–
prey associations, whereas studies conducted at larger scales have
frequently documented stronger correlations (revised in Russell et
al., 1992). Therefore, it would be desirable that the “observational
scale” (the resolution and extent at which processes are sampled)
should be determined by the scale of the process to be investigated,
although this is not always achievable, due to logistical and data lim-
itations (Hunsicker et al., 2011). In particular, most of these field
measurements of marine predator–prey interactions over a broad
range of scales are often derived from trawl and hydroacoustic sur-
veys that require costly and logistically complex ship-time (trawl-
ing) and echo sounding equipment. This can lead to mismatches be-
tween field data and parameterization of functional response mod-
els, which should be handled by addressing the issues of scale (Hun-
sicker et al., 2011).

On the other hand, the relationships between marine predators
and their natural prey may also be masked by the appearance of al-
ternative food sources, often derived from human activities, such as
fishing discards, which have become a key food resource for many
species as well as a subsidiary food source for a large number of
seabirds (Bartumeus et al., 2010).

At the same time, recent advances in remote sensing technol-
ogy for oceans have provided novel predictive variables that facil-
itate the modeling of species distribution (Reisinger et al., 2018).
This has generated numerous studies that have linked the distribu-
tion of marine predators to specific oceanographic features at in-
termediate to broad spatial scales (Torres et al., 2008). High con-

centrations of apical predators in oligotrophic open marine envi-
ronments generally take place in highly productive areas, which are
in turn associated with oceanographic processes such as upwellings
or ocean fronts (Alves et al., 2018). Several productivity-predicting
variables have been linked to marine predator distribution, such as
chlorophyll-a concentration, sea surface temperature and its gra-
dients (Louzao et al., 2012), salinity or the occurrence of fronts or
eddies (Worm et al., 2005). However, these variables may fail to ex-
plain the actual distribution of some marine predators in particu-
larly dynamic environments, due to the spatio-temporal decoupling
of processes along the food chain (de la Cruz et al., 2021). For that
reason, the use of more integrative forecasting models, integrating
key dynamic oceanographic characteristics (such as temperature,
primary productivity or salinity) at larger time scales, can achieve a
better understanding of the drivers of distribution of highly mobile
marine organisms (Franco et al., 2020).

In this context, we examined the relationships in spatial dis-
tribution between predators (a group of species of seabirds) and
their prey (pelagic fish) within a productive region, the Gulf of
Cadiz (GoC hereinafter) to test whether seabird distribution can be
better-predicted using prey distribution, oceanography, or a com-
bination of both factors. The GoC produces high concentrations of
chlorophyll-a and rich spawning areas for pelagic fish every year
(Navarro and Ruiz, 2006), but its location and function are highly
dynamic throughout the basin, influenced by meteorological fac-
tors, river runoff and prevailing winds (García Lafuente and Ruiz,
2007; Prieto et al., 2009). This generates a high spatial heterogeneity
within and between years (Navarro and Ruiz, 2006).

We hypothesize that in highly dynamic areas, the distribution of
prey can be a more direct predictor of the distribution of preda-
tors than the oceanographic factors that indicate primary produc-
tivity. To test our hypothesis, we looked for spatial correlations be-
tween the occurrence of the three most frequent species of seabirds
in the area (Cory’s shearwater Calonectris borealis, Balearic shear-
water Puffinus mauretanicus and Northern gannet Morus bassanus),
the abundance of their potential prey (pelagic shoaling fish) and
the dynamic oceanographic factors most closely related to primary
productivity. At the same time, we assessed spatial overlap between
seabirds and their main prey.

The results provide useful information and knowledge for
ecosystem-based management of seabird populations and their
habitats in the GoC, since future management measures within such
key areas should take into account predator–prey relationships for
a more realistic and effective approach.

Methods
Study area
The South-Atlantic Spanish Region (Subdivision 9a South of the
ICES) is part of the GoC, SW Iberian Peninsula. This is a very dy-
namic area that is influenced by complex oceanographic processes
and holds a very rich biodiversity that is related with its continen-
tal platform and the influence of intense runoff from important
rivers (Navarro and Ruiz, 2006). This runoff determines the input of
chlorophyll and suspended material from estuary to coastal fringe,
which is characterized by strong seasonality and high chlorophyll-
a concentrations throughout the year (Navarro and Ruiz, 2006).
The plume of nutrients fertilizing the GoC is displaced by the
coastal currents as a function of the wind, with a prevalent eastward
direction towards Cape Trafalgar and the Strait of Gibraltar due to
the predominance of westerly winds in the summer (García La-
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Figure 1. General map of the study area with an overview of the areas sampled during the ECOCADIZ surveys between the years –.
Isobaths of , ,  and  m are depicted. Seabird survey units (yellow squares), correspond to presence and absence of seabirds and
models were applied on those particular areas.

fuente and Ruiz, 2007). These characteristics favor the upwelling
of nutrients in the area and fisheries of different target species and
with different fishing gear focus on the area. These important fish-
ing grounds are exploited not only by the fishing industry, but also
by many seabirds, for which it is a very important feeding area (Ar-
royo et al., 2020) that comprises five Special Protected Areas for
seabirds (marine SPAs) within the framework of the Natura 2000
network, with GoC as the most important one (ES0000500).

In this context, our study has been carried out within the frame-
work of the annual ECOCADIZ acoustic-trawl surveys, conducted
by the Spanish Institute of Oceanography (IEO) with the Research
Vessel ‘Miguel Oliver’, between 2015 and 2019. This survey series
was planned and conducted following the protocols and standards
recommended by the ICES Working Group of Acoustic and Egg
surveys for small pelagic fish in NE Atlantic (WGACEGG; Doray et
al., 2021). The survey series took place every summer (late July un-
til mid-August), from Cape Trafalgar (36.15◦N, −6.02◦W) in Spain
to Cape St. Vincent (36.97◦N, −8.95◦W) in Portugal. The total sur-
veyed area spanned almost 8000 km2 (Figure 1).

Seabird sightings
Seabirds were counted from one or two sides at the bow of the vessel
by one experienced observer, using strip-transect techniques which
assumes that all animals within the strip (300 m in our study) were

detected (Tasker et al., 1984). The observer searched for seabirds
ahead of the vessel, within an angle of 180◦ from a platform located
at 11 m above sea level.

This study focuses on three representative species of GoC
seabirds: Cory’s shearwater, Balearic shearwater and Northern gan-
net. These species are found in the GoC at the end of the summer,
in different statuses: non-breeding and breeding adult birds in the
postnuptial period, and juvenile or immature birds that have not
bred that year. All these birds use the GoC as a feeding ground or
migratory transit area, so they are not conditioned to return to their
breeding colonies at that time. As a large percentage of seabirds
sightings corresponded to flying birds (86% of Cory’s shearwater;
82.2% of Northern gannet; 83.6% of Balearic shearwater), snap-shot
methodology was applied in order to avoid re-count bias in relation
to flying birds (Tasker et al., 1984).

It is well known that weather conditions may substantially af-
fect the detectability of seabirds (Buckland et al., 2001). However,
our seabird counts in the GoC were carried out in July-August,
when weather conditions are mostly sunny and calm, as is typi-
cal of southern Spanish summers. All birds were recorded during
favourable weather conditions (wind speed less than 6 Beaufort
scale; sea state less than 4 Douglas scale; visibility range more than
1000 m; no fog, no rain). However, the wind regime in this area
is notably variable, with intense easterly winds on some days. Al-
though no observations were made during a wind speed above level
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6 Beaufort, wind intensity might affect the probability of detecting
some species, because of taller waves and a shorter visibility range.
However, the probability of detecting shearwaters could also in-
crease under strong winds conditions, when dynamic soaring flight
becomes more prominent. We then tested the potential effect of
wind intensity on the occurrence probability of the different seabird
species, by using Generalized Lineal Models (GzLM, fitted with a bi-
nomial error distribution and logit link function). Wind data were
obtained from the REDEXT data series (http://www.puertos.es)
for the Gulf of Cadiz (2342) through the buoy located at 36.49◦N
6.96◦W. Variation due to the distance travelled at constant speed by
the vessel during the 10 min survey series was negligible.

Fish abundance estimates
Acoustic Data Sampling
Abundance of pelagic fish species (potential seabird prey) was esti-
mated following the protocol established by the ECOCADIZ survey
design, which consists of parallel line transects, perpendicular to
the isobaths and regularly spaced 8 nautical miles apart, from Cape
Trafalgar to Cape St. Vincent and from the coast (20 m depth) to the
200 m isobath (Figure 1). The acoustic data were recorded en route
during the daytime, while steaming at 10 knots along transects and
at multiple frequencies (18, 38, 70, 120, and 200 kHz), using a Sim-
rad EK60 hull-mounted split-beam echosounder (Kongsberg Sim-
rad AS, Kongsberg, Norway), calibrated for each survey using the
standard method described by Demer et al. (2015). The raw acous-
tic data were post-processed using the Echoview software package
(Echoview Software Pty. Ltd.).

Species identification by trawling
Pelagic trawl hauls were performed adaptively during daytime at
a towing speed of 4–4.5 knots, to collect information on relative
species composition and particular biological parameters (length,
weight, age, etc.) of fish echo traces. Thus, trawl hauls were per-
formed at the positions where fish echo traces that were considered
to be representative had been observed. Trawl catches do not allow
the identification of single schools but an ensemble of schools over
several nautical miles, which means that groups of schools or even
of species assemblages would be identified. The trawl gear used for
the ECOCADIZ acoustic-trawl survey was a 63.5/51 pelagic trawl,
with a theoretical vertical opening of about 20–22 m that does not
exceed 10–15 m in practice.

Echogram scrutiny and echo-integration
Fish acoustic densities were echo-integrated within one nauti-
cal mile (nm) long Elementary Distance Sampling Units (EDSU)
along transects. Before their echo-integration, virtual echograms
of 38 kHz frequency (i.e. the frequency used for biomass estima-
tion) were generated based on multi-frequency algorithms (tem-
plates) in order to separate fish echo traces from other echoes (e.g.
plankton, sound scattering layers). The regions containing the fish
echo traces were delineated along each one of the EDSU in the
echogram and allocated either to a single fish species (direct alloca-
tion based on expert judgment) or, more commonly, to multispecies
aggregations, whose composition was given by the species compo-
sition of fishing hauls performed on similar echo traces in the area
of interest (Nakken and Dommasnes, 1977). The resulting data af-

ter their echo-integration were Nautical Area Backscattering Co-
efficients (NASC) (Maclennan, 2002) by species, according to the
EDSU along the transects.

Acoustic abundance and biomass estimates
After performing echo-integration of the EDSU data, each species’
spatial distribution was analysed according to both its NASC val-
ues and the length frequency distribution (LFD) of positive hauls.
This would result in homogeneous assessment polygons (i.e. co-
herent post-strata). The differences in the LFDs within each poly-
gon were tested by means of the Kolmogorov–Smirnoff (K–S) test.
LFDs without any significant differences were grouped together to
obtain homogeneous LFD-based post-strata. Finally, the species-
specific NASC values within each post-stratum were further con-
verted to abundance and biomass per species values, based on the
target strength and the mean weight by 0.5-cm size class of the
species in the catch (Simmonds and Maclennan, 2005). This pro-
cedure allows us to estimate abundance (in thousands of fish) and
biomass (tonnes) by size class per species, for every EDSU along
transects (more details can be found in Doray et al., 2021).

The value of each fish abundance estimate in the nearest EDSU
after the acoustic evaluation was assigned to each seabird survey
unit.

Fish species and size selection
In order to avoid problems related to sample size, only the species
that were present in at least 10% of the EDSUs (1 nm) were con-
sidered for our models. Thus, the following species were incor-
porated: European anchovy Engraulis encrasicolus (ANE), Euro-
pean pilchard (sardine) Sardina pilchardus (PIL), Atlantic mackerel
Scomber scombrus (MAC), Chub mackerel Scomber colias (VAM),
Atlantic horse mackerel Trachurus trachurus (HOM), Mediter-
ranean horse mackerel Trachurus mediterraneus (HMM), Blue
jack mackerel Trachurus picturatus (JAA) and Bogue Boops boops
(BOG). Since seabird distribution can be determined not only by
prey species availability but also by size of prey items (Tucker et
al., 2016), the different species were classified according to three
size-range categories following Arcos (2001): small size (0–99 mm),
medium size (100–199 mm) and large size (≥ 200 mm).

Description of the environmental variables
We selected a set of environmental oceanographic variables that
might condition both seabird and prey distribution, based on ex-
isting knowledge of their preferred habitat (Louzao et al., 2012).
We used an oceanographic forecast-model for the entire study pe-
riod, rather than contemporary values of the oceanographic vari-
ables from each year. These data were obtained from the Coperni-
cus Marine Environment Monitoring Service (CMEMS) at: https:
//resources.marine.copernicus.eu/with a spatial resolution of 0.028
degrees for the period of study (2015–2019). They included the fol-
lowing parameters:

Sea Surface Temperature (SST, ◦C) as a proxy of water mass;
chlorophyll-a concentration (CHL, mg/m3) and net primary pro-
duction of biomass expressed as carbon per sea water volume unit
(PROD, mg/m3·day) as a proxy of primary productivity; and salin-
ity (SAL, practical salinity unit ≈ gr/l) characterizing different water
masses and the influence from the estuaries’ freshwater flows. These
variables were extracted using the ‘Extract Values to Point’ tool, Ar-
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cGis 10.6, particular to the sampled area (seabird survey unit) data
layer.

Construction of the species distribution model
Prior to the construction of the model, all the continuous variables
were standardized, i.e. the scales were converted to z-score in or-
der to avoid convergence problems and allow the comparison of
the different outputs. In order to determine colinearity between all
the potential predictors, a matrix comprising pairwise correlations
of prey species and oceanographic variables was compiled using
Spearman-rank correlation. When the pairs of predictor variables
were strongly correlated (|rs|>0.65, Table S2), the redundant vari-
able with the greatest explanatory power was maintained and in-
corporated in the next analysis. This was determined by comparing
AIC criteria values of GzLM univariate models (fitted with a bino-
mial error distribution and logit link function) (Zuur et al., 2009).
The variables that were finally selected are included in Table S3.

The exact number of seabirds detected in each sighting was
recorded, but most of the observations (82% ±0.39 for the three
species) correspond to individuals or small groups. In particular,
72% ±0.11 of Cory’s shearwater sightings correspond to groups
of 1–5 individuals; 12% ±0.03 to groups of 6–10 individuals; 8%
±0.05 to groups of 11–20 individuals; and 8% ±0.06 to groups
of over 20 individuals. Regarding the Balearic shearwater, 80%
±0.19 of yearly sightings correspond to groups of 1–5 individu-
als; 9% ±0.06 to groups of 6–10 individuals; 5% ±0.05 to groups
of 11–20 individuals; and 7% ±0.10 to groups of more than 20 in-
dividuals. Finally, with respect to the Northern gannet, 1–5 indi-
viduals comprised 93% ±0.09, and more than six birds together
were only seen in 7% ±0.09 of the survey units. In addition, greater
concentrations of individuals corresponded to rafts of resting birds.
Therefore, presence/absence data were considered the dependent
variable (response) in the models rather than bird abundance, as
this latter concept would bias (skew) the results towards the occur-
rence of these rafts. Generalized Linear Models (GzLM) were ap-
plied using a binomial distribution and logit link function to estab-
lish simple correlations between seabird occurrence and explana-
tory variables (year, oceanographic variables and prey abundance)
(Tremblay et al., 2009). When the variable year reached a signifi-
cant value in the GzLM, we ran a year variable as a random factor
using a Generalized Linear Mixed Model (GzLMM) to control for
any possible temporal pseudo-replication. Both model types, GzLM
and GzLMM are widely used to identify species distribution and
the correlation between such distribution and the best explanatory
variables (Tremblay et al., 2009). Such variables were incorporated
in the model following a stepwise forward procedure, according to
their explanatory capacity, and ranked by AIC (Akaike, 1973; Burn-
ham and Anderson, 2004). As a final check, we implemented a back-
wards step in the final model, where each variable was separately
dropped out of the model to verify if a lower AIC was obtained.
The best models attained for each species are depicted in Table 3.

Verification of the spatial autocorrelations displayed by
the models
Most of the species distribution data are spatially autocorrelated
and it is known that modeling of this type of data may invalidate
the common assumption that observations are independent, which
would result in the depiction of artificial or spurious relationships

(Dormann et al., 2007). In order to settle this issue, we applied
Moran’s I coefficient to determine the spatial autocorrelation pat-
terns in residuals of the best models. This index ranges from −1
(perfect dispersion) to +1 (perfect correlation), where zero values
indicate random spatial patterns.

Since a positive, albeit weak, significant spatial autocorrelation
was found in all the residuals models except for the one corre-
sponding to Cory’s shearwaters, we included a spatial autocorre-
lation structure in the models. After applying such spatial struc-
ture, some results still indicated a positive spatial autocorrelation.
Nevertheless, the value of the Moran index became almost zero
after including the spatial autocorrelation structure in the mod-
els, denoting random spatial patterns, and therefore no more bi-
ased spatial autocorrelations were expected to appear in the models
(Table 3).

Model evaluation
Finally, to evaluate the predictive capacity of the best model, we
used the area under the Receiver Operating Characteristic Curve
(AUC). AUC has been extensively used in the species’ distribution
modeling literature to evaluate logistic regression models and as-
sess the ability of a model to successfully discriminate between sites
where a particular species is present, versus those where it is ab-
sent (Russell et al., 2015). AUC is a threshold-independent sum-
mary statistic that ranges from zero to one. An AUC of 0.5 indi-
cates an unsuccessful model performance that would equal that of
a random prediction, whereas predictive performance values from
0.5 to 1 would classify as follows: 0.9 excellent, 0.9–0.8 good, 0.8–0.7
reasonable, 0.7–0.6 poor (Engler et al., 2004).

Spatial distribution overlapping
In order to estimate the home range of all the species in the study
(both seabirds and fish), we calculated their utilization distribution
contours at 50% (key area) and 95% (home range) (UDC 50, UDC
95), based on their presence according to a Kernel Density Estima-
tion (KDE) analysis. Then, we determined the overlapping degree
of predator and prey distributions based on the Volume of Inter-
section Index (VI) (Seidel, 1992) as a statistical measurement of
distribution overlap, following Fieberg (2014). The VI index gen-
erates values from zero to one, where zero means no overlap and
one means total overlap or identical distribution.

Implementation method
All the analyses were performed using R software (R Development
Core Team, 2020). The GzLM-type models were run using the glm
R function from the ‘stats’ package (R Development Core Team,
2020) and the GzLMM type models were run using the glmer R
function from the ‘lme4’ package (Bates et al., 2015). Home ranges
(UDC Contours) were calculated using the kernel density estima-
tion feature in the adehabitatHR R package (Calenge, 2006). Since
the selection of the smoothing factor (h) is very important in de-
termining the level of detail of the kernel density estimation (small
h values will highlight small details and larger values will evidence
only prominent features (Kappes et al., 2011), we performed ker-
nel estimations using the ad-hoc option of the kernelUD function,
which provides the optimal h-value for each species analysis. After
evaluating all smoothing factor values, we opted for a conservative
and reasonable value of 0.07 for all species (fish and seabirds) in or-
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Table 1. Fish species considered in this study to exceed % of the annual abundance. General distribution pattern in the GoC. Frequency of
presence and average abundance (x) per evaluated mile. SD: Standard deviation (x). SMA: small size (< mm), MED: medium size
(– mm) and LAR: large size (> mm).

Fish species and size
Occurrence
percentage

Mean abundance
(x1000)

SD
(x1000)

European pilchard (sardine) _MED .% . .
European anchovy _MED .% . .
European anchovy _SMA .% . 
Chub mackerel _MED .% . 
Chub mackerel _LAR .% . .
Atlantic horse mackerel _LAR .% . .
Atlantic mackerel _MED .% . .
European pilchard (sardine) _SMA .% . .
Mediterranean horse mackerel_LAR .% . .
European pilchard (sardine) _LAR .% . .
Blue jack mackerel _MED .% . .
Atlantic horse mackerel _MED .% . .
Blue jack mackerel _LAR .% . .
Bogue_LAR .% . .
Atlantic mackerel _LAR .% . .
Atlantic horse mackerel _SMA .% . .
Bogue_MED .% . .
Mediterranean horse mackerel_MED .% . .

der to compare home range and key areas of all species (Haug et
al., 2015). Before computing kernel density estimation analysis, all
geographical coordinates were projected using the proj4string tool
of library raster (Hijmans and van Etten, 2012).

Volume of Intersection Index was calculated based on the Home
range overlap indices obtained by means of the KernSmooth pack-
age (Wand and Ripley, 2015). The Models’ performances were eval-
uated according to the AUC of the Receiver Operating Character-
istic curve. Moran’s I coefficient was calculated using the Moran’s I
R function from the ‘ape’ library (Paradis et al., 2004).

Results
Fish species composition and distribution
Fifteen different fish species were recorded during the fishing oper-
ations. Eight of them were selected as they each accounted for more
than 10% of the total catches. Sardines and anchovies were the two
most abundant species, with an average of more than one million
individuals in each sample unit. Chub mackerel also showed rela-
tively high abundance during the surveys, with more than two hun-
dred thousand individuals per sample unit, on average. It was also
the most widely distributed species, occurring in more than 70% of
the sample units, followed by sardines, anchovies and bogues, all of
them occurring in more than half the total number of sample units
(Table 1).

All the fish species considered in the study were found to be dis-
tributed throughout the entire study area (UDC 95) with the excep-
tion of the Blue jack mackerel, which was only found in the western
sector, as well as the Mediterranean horse mackerel, which was only
present in the eastern zone of the GoC (Figure 2). Moreover, most
of the small and large-sized species showed a similar key area (UDC
50) pattern except for anchovies, sardines, and Mediterranean horse
mackerel (Figure 2). Both small-sized anchovies and sardines con-
centrated their home ranges in the areas in front of the main estu-
aries (Guadiana and Guadalquivir), while medium-sized anchovies
and sardines were located in a more western area (Figures 2, A and

B). On the other hand, small-sized and large-sized Mediterranean
horse mackerel exhibited a patchy home range (Figure 2, G).

Seabird distribution patterns
We conducted 907 seabird count survey units between 2015 and
2019. Overall, Cory’s shearwater was the most abundant seabird
species, with occurrence in 58.99% of the survey units. North-
ern gannet and Balearic shearwater were detected in 32.52% and
22.05% of the survey units, respectively (Table 2).

Cory’s shearwater and Northern gannet were widely distributed
and occupied almost the entire study area (Figure 3C and B). The
Balearic shearwater’s UDC 50 was located in the central area of the
GoC, i.e. between the Spanish–Portuguese border and the Bay of
Cadiz (Figure 3A).

Since we did not find any significant differences between pres-
ence and absence when these data were correlated with wind inten-
sity to investigate possible biases due to detectability (Table S1), we
assume that occurrence is a good response variable to determine
the distribution of seabirds in the study area.

Modelling occurrence probability
Chlorophyll-a concentration (CHL) showed a high to very high
collinearity with productivity (PROD, 0.97), salinity (SAL, −0.69)
and sea surface temperature (SST, −0.77). Sea surface tempera-
ture showed high collinearity values with productivity (PROD,
−0.70) and salinity (SAL, 0.86). Regarding fish species, medium
and large-sized bogue, Atlantic horse mackerel, blue jack mackerel
and chub mackerel showed also high collinearity values (0.70–0.78).
No relationship higher than 0.48 was found between any of the
species of fish or seabirds with any oceanographic forecast model
(CHL, PROD, SAL, SST) (Table S2). Likewise, no species of seabirds
showed high collinearity between them (max. 0.09).

The best fitting models, according to AUC, are included in Table
3. All these models included prey (fish) species as predictors, with
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Figure 2. Distribution of fish species considered in this study. UDC  shows home range and UDC  shows home range or core area. SMA:
small size (< mm), MED: medium size (– mm) and LAR: large size (> mm). ANE: European anchovy Engraulis encrasicolus; PIL:
European pilchard Sardina pilchardus; MAC: Atlantic mackerel Scomber scombrus; MAS: Chub mackerel Scomber colias; HOM: Atlantic horse
mackerel Trachurus trachurus; HMM: Mediterranean horse mackerel Trachurus mediterraneus; JAA: Blue jack mackerel Trachurus picturatus;
BOG: Bogue Boops boops.
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Table 2. Seabird occurrence, general distribution pattern in the GoC
and number of survey units where the different species of seabirds
considered in this work appear each year.

Species 2015 2016 2017 2018 2019

Cory’s shearwater     
Balearic shearwater     
Northern gannet     
Total survey units     

positive relationships and relative higher coefficient estimates, ex-
cept in the case of Northern gannet. In general, the fish species
distribution variables were incorporated before the oceanographic
variables in the step-forward procedure and they accounted for a
higher explanatory capacity, according to changes in the deviance
and AIC (Table 3).

With respect to Balearic shearwater, the best models indicated
a higher probability of occurrence where medium-sized sardines
were abundant (Table 3, Figure 3, A). Productivity is the second
factor accounting for higher deviance, showing a positive effect
on Balearic shearwater occurrence. Thus, medium-sized Mediter-

Figure 3. Key area (UDC ) of the seabird and fish species considered and the forecast-model based on sea surface temperature (◦C) and
productivity (mg/m·day) that show positive and relevant relationships in the models analysed within the period considered (–). (A)
Balearic shearwater key area and its distribution better proxies: medium size of European pilchard, European anchovy and Mediterranean horse
mackerel. (B) Northern gannet key area and its distribution better proxies: medium sized European pilchard and ocean. productivity. (C) Cory’s
shearwater key area and its distribution better proxies: medium size European pilchard, European anchovy and sea surface temperature. (D)
Frequency distribution of productivity values on the seabird unit surveys (sampled area). (E) Frequency distribution of sea surface temperature
values on the seabird unit surveys (sampled area).
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Table 4. Volume of Intersection Index (VI) as percentage overlap of the different seabird species’ home range and fish distribution, with a relevant
relationship in their best models. The column ‘Relationship’ indicates when the applied model shows a positive or negative relationship.

Seabird species Fish species VI 50%UDC Relationship

Balearic shearwaters European pilchard _MED . +
Mediterranean horse mackerel_MED . +

European anchovy _MED . +
Northern gannet European pilchard _MED . +
Cory’s shearwater Bogue_MED . –

European pilchard _MED . +
European anchovy _MED . +

ranean horse mackerel and medium-sized anchovy abundance were
also positively related to this bird species.

The Northern gannet models output indicated that their occur-
rence was positively correlated with a higher productivity, but also
with the abundance of medium-sized sardines (Table 3, Figure 3B).

In the case of Cory’s shearwater, the best models showed a mod-
erate predictive performance, with an average AUC value of 0.656 ±
0.001. In any case, its distribution seemed to be inversely correlated
with medium-sized bogue abundance, and positively with sea sur-
face temperature. However, its occurrence models improved no-
tably when the distribution of either medium-sized anchovies or
sardines was included (Table 3, Figure 3A).

Predator and prey distribution overlapping
The VI analyses showed that the distributions of predators and
their main prey species (based on the models outcome) over-
lapped highly, with positive relationships always exceeding 47%
(Table 4). Balearic shearwater showed the best overlap index with
medium-sized anchovy, sharing 71% of their home range distribu-
tion, and 65% with medium-sized sardine, whereas Northern gan-
net overlapped 62.6% with medium-sized sardine. Cory’s shearwa-
ter showed an overlap index of its home range with medium-sized
sardine of more than 64% (Table 4).

Discussion
Seabird distribution overlap with that of their prey
Marine top predators are known to concentrate their foraging areas
in specific locations where prey are abundant (Green et al., 2020).
However, the task of revealing correlations between predator and
prey is not an easy one (Fauchald, 2009).

According to the results obtained, the distribution of the main
species of seabirds in the GoC correlated and overlapped with that
of their main prey, i.e. pelagic fish. Most of the distribution mod-
els revealed that prey fish species were among the main predictors,
and spatial analysis showed a high degree of overlap in the distribu-
tion of seabirds with their prey. This direct correlation between fish
abundance and the presence of their predators is not such a general
rule as might be expected. In fact, numerous studies have reported
a frequent lack of correlation between the distributions of predator
and prey (e.g. Logerwell and Hargreaves, 1996; Evans et al., 2021).

Multiple environmental and behavioral processes that operate
at different scales (Hunsicker et al., 2011) influence interactions
between predators and prey. Moreover, the spatial scale at which
predators respond to prey is conditioned by species-specific forag-

ing behaviour (White et al., 2010). In our study, the relationships
are not equally strong in all species. For Balearic shearwater, models
produced a reasonably good fit that was linked to the distribution of
medium-sized sardines and Mediterranean horse mackerel, as well
as primary productivity. Moreover, its spatial distribution tightly
overlapped with that of medium-sized anchovies. Balearic shearwa-
ters in the GoC concentrate in shallow areas of the continental shelf
(de la Cruz et al., 2021), in an area of enhanced productivity due to
the effect of the nearby Guadalquivir River (Ruiz et al., 2017) where
potential prey (cupleids) also tend to aggregate. Such shallow wa-
ters near the coastline have the potential to concentrate predators
and prey on the shelf, which would lead to higher co-occurrence
(Yen et al., 2004). Balearic shearwaters are known to have a re-
stricted range of movement when foraging (ca. 200 km; Louzao et
al., 2011), they undertake their movements relatively close to the
coast (Mateos et al., 2010) and other authors have identified the
GoC as Important Atlantic Areas for the species during its non-
breeding period (Pérez-Roda et al., 2017). Therefore, the scale of
our study (280 linear km between Trafalgar and Cape Saint Vincent)
adequately covered their range of movements when foraging in our
area.

The Northern gannet showed reasonable correlation and spa-
tial overlap with medium-sized sardines. This species can feed on a
wide range of prey and is known for its dietary flexibility and adapt-
able foraging behavior (Pettex et al., 2012). It should also be noted
that a large number of gannets, the majority immature birds, are
found in our study area in the summer months, far-away from their
breeding colonies. These immatures gannets have been shown to
have a much wider foraging distribution, lower foraging site fidelity
and lower foraging efficiency than breeding adults (Grecian et al.,
2018).

Cory’s shearwater distribution models did not produce sufficient
discriminant power to reveal consistent relationships. This is the
most abundant seabird species in GoC and it can be seen practically
anywhere in the study area, concentrating to feed in large numbers
during their migratory periods (pers. obs.). Cory’s shearwaters are
typical gliding seabirds with a wide foraging range (circa 500 km;
Navarro et al., 2009). In addition, during the summer, both Calonec-
tris species (i.e. Cory’s shearwater (C. borealis) and the Mediter-
ranean Scopoli’s shearwater C. diomedea, which are difficult to dis-
tinguish at a distance), coincide in the GoC (pers. obs.) and this co-
occurrence may represent an additional difficulty, since they have
been shown to differ in foraging strategies (Navarro et al., 2009).

Our results have also revealed both prey and size selectivity at re-
gional scales for some species. Medium-sized (11–20 cm) sardines,
Mediterranean horse mackerel and anchovies were the best predic-
tors of distribution of Balearic shearwaters and Northern gannets,
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showing high spatial overlap. These seabirds may capture larger in-
dividuals of fusiform fish if they are easier to capture or nutritionally
profitable, as has been demonstrated in discard experiments (Arcos,
2001). However, in natural conditions, larger-size prey may require
more time to be captured and swallowed (Cansse et al., 2020), which
would reduce efficiency and profitability. Sardines and anchovies
have been documented as the main food source for Balearic shear-
water in the Mediterranean Sea (Arcos and Oro, 2002), and the
medium-sized cohort of this species represents the most abundant
and widely available resource in the GoC, according to the acoustic
evaluation results. Therefore, the association of seabirds with these
species likely represents maximum gains for minimum costs whilst
foraging.

Although our study reveals consistent spatial relationships be-
tween seabird species and their main prey at the regional level, the
ability of the models to explain variability in distribution is limited.
Here, it should be noted that prey accessibility may be a more reli-
able predictor of predators’ distributions than prey abundance itself
(Sydeman et al., 2017). For flying predators such as seabirds, prey
accessibility is constrained by depth distribution, depending on the
diving capacity of the predator (Fauchald, 2009; Boyd et al., 2017).
Although seabirds can generally dive to a considerable depth, they
mostly exploit prey that is available at relatively close to the surface
(Chimienti et al., 2017). In our study, the fish abundance data anal-
ysed integrated fish density values throughout the entire water col-
umn and therefore, no information on fish vertical distribution was
considered. In the GoC, seabirds and their prey tend to concentrate
in certain shallow areas of the continental shelf (De la Cruz et al.
2021)), where the aggregation of a large biomass of prey translates
to high prey availability.

The occurrence of alternative food sources, such as that provided
by the fisheries through discard, might modify the natural way in
which seabirds explore the seascape whilst searching for prey (Bar-
tumeus et al., 2010), potentially masking the relationship between
seabirds and their natural prey. Discarding is a common practice in
the multispecies trawl fleet in the GoC, with an average estimate of
about 3500 T discarded annually (Gamaza-Márquez et al., 2020).
Moreover, all the seabird species considered in this study have been
documented attending trawlers in some parts of their range (Ar-
cos and Oro, 2002; Martínez-Abraín et al., 2002; Depestele et al.,
2016). The use of discard by seabirds might be limiting the ability
of our models to explain the distribution of some of these species.
However, trawl fishery in this area targets a wide range of demersal
species. Therefore, the relationship with mid-size pelagic fish (such
as clupeids) is unlikely to be connected to fishery discards, as these
species are mostly targeted by purse seiners, which hardly produce
discards in the area.

The role of environmental variables in predicting seabird
distribution
In our study, environmental parameters related to primary produc-
tivity have showed poorer predictive capacity than prey variables,
contrasting with previous evidence. Primary productivity has been
postulated as one of the main environmental drivers associated with
macro-scale distribution of marine predators (Alves et al., 2018;
Kane et al., 2020). Thus, several studies using contemporary data on
the concentration of chlorophyll-a as a proxy of primary productiv-
ity have revealed positive relationships between the distribution of
seabirds species and highly productive areas (Louzao et al., 2012;

Arroyo et al., 2020). However, in areas with narrow-shelves, such
as the GoC, primary productivity is usually concentrated along the
coastline, with upwelling and riverine input as the cause for the con-
stant high concentrations of chlorophyll-a along the coastal fringe
throughout the year (Navarro and Ruiz, 2006). In a recent study, we
failed to find a relationship in the distribution of the Balearic shear-
water with contemporary values of chlorophyll-a concentration in
the GoC (de la Cruz et al., 2021). However, oceanographic fore-
cast models based on the integration of primary productivity val-
ues throughout the whole study period have revealed positive rela-
tionships between some seabird species and areas of persistent high
primary productivity in our region. Predictability of oceanographic
features in time and space is known to strongly influence the selec-
tion of foraging areas by seabirds, in such a way that they respond
to favorable conditions that persist over time rather than to con-
temporary but more ephemeral ones (Scales et al., 2014). Therefore,
some migratory seabirds may be attracted to previously productive
foraging sites that do not necessarily provide favorable foraging op-
portunities on every visit (Regular et al., 2013). In this sense, our
study supports the notion that forecast models for oceanographic
parameters that integrate variability throughout a specific time pe-
riod may be better at predicting predator distribution than contem-
porary measurements of these parameters, particularly when deal-
ing with dynamic marine environments where variable factors act
at different time scales (Franco et al., 2020).

The collinearity analyses did not show any correlation between
the distribution of any of the fish species with any of the environ-
mental parameters considered (Table S2). This finding supports
that, in dynamic marine ecosystems, spatio-temporal decoupling
of translation processes across different trophic links may break up
these spatial relationships (de la Cruz et al., 2021).

Due to the limited size of the study area at a regional scale and
the wide distribution of the species studied, the models show a
moderate-reasonable prediction capacity, although not excellent.
However, the general results show how the distribution and abun-
dance of prey correlate better with the distribution of predators than
the oceanographic variables tested.

Since the main question addressed in this study is limited to a
particular region and season, it would be interesting to test whether
these results translate to larger areas and longer periods.

Effect of management and conservation strategies on
fishing grounds
Unraveling when and where species are expected to be found and
what specific drivers will determine their occurrence is essential in
order to gain a real understanding of the functioning of a particular
ecosystem. This study has shown the existence of consistent corre-
lations and distribution range overlaps between the most abundant
species of seabirds in the GoC and their prey at a habitat-scale (10–
100km). Although this may seem an obvious statement, many pre-
vious studies failed to disentangle these relationships (Torres et al.,
2008). For this reason, incorporating food resource distribution to
predictive models should notably improve their prediction capacity
(Kane et al., 2020).

This finding is particularly relevant when applied to critically en-
dangered species, such as the Balearic shearwater. The GoC is a key
foraging area for this species during the post-breeding period (Ar-
royo et al., 2020). Although the distribution of this species has been
described in terms of environmental parameters related to primary
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productivity in other areas of its range (Louzao et al., 2012), its oc-
currence in the GoC has been revealed to be associated with the
presence of shoals of mid-sized pelagic fish.

Our study has revealed that medium-sized pelagic fish such as
sardines, anchovies and Mediterranean horse mackerel are the main
prey of fish-eating seabirds in the GoC. However, fish stocks are cur-
rently suffering due to highly intense exploitation and biomass is
alarmingly below biologically viable thresholds (FAO, 2020). In our
study area, sardine catches have radically decreased over the last
40 years and the current assessment of the sardine stock is close to
the endangered threshold (ICES, 2020a). Similarly, European an-
chovy stock in the GoC (southern zone of the 9th division ICES)
has shown a negative trend in the last decade (ICES, 2020b). Re-
cent predictive models for the GoC show that the current manage-
ment system that establishes the fixed total allowable catch (TAC)
of pelagic fish puts the sustainability of these fisheries at risk (Ruiz
et al., 2017). The close association in distribution of the seabirds
we studied and their prey further reinforces the notion that a de-
crease in pelagic fish populations in our study area can be expected
to have a negative impact at higher trophic levels, which may jeop-
ardize populations or even the survival of species that depend on
this resource.
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