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ABSTRACT: Integrated information from different parts of the Mediterranean Sea was used to
model the spatial and temporal variability of the distribution grounds of the sardine population.
Acoustic data from the North Aegean Sea (Eastern Mediterranean), the Adriatic Sea (Central
Mediterranean), the Sicily Channel (Central Mediterranean) and Spanish Mediterranean waters
(Western Mediterranean) were analysed along with satellite environmental and bathymetric data
to model the potential habitat of sardine during summer, autumn and early winter. Generalized
additive models were applied in a presence—absence approach. Models were validated in terms
of their predictive ability and used to construct maps exhibiting the probability of sardine pres-
ence throughout the entire Mediterranean basin as a measure of habitat adequacy for sardine.
Bottom depth and sea surface temperature were the environmental variables that explained most
of the data variability. Several areas along the Mediterranean coastline were indicated as suitable
habitat for sardine in different seasons. An expansion of these areas over the continental shelf, up
to 100 m depth, was consistently noticed from summer to winter. This was attributed to the hori-
zontal movements of sardine related to spawning (i.e. winter period) and the peculiarities of the
Mediterranean Sea where areas favouring growth, feeding and spawning processes tend to be
localised and prevent a long range, offshore migration as opposed to large upwelling ecosystems.
Moreover, within the study period, a positive relationship between the extent of sardine preferred
habitat and landings was revealed for both summer and winter seasons throughout the entire
Mediterranean Sea.
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INTRODUCTION productivity. It comprises different kinds of ecosys-

tems, including areas with strong upwelling like the

The Mediterranean Sea has been characterised as a Alboran Sea and the Sicily Channel, closed basins
miniature ocean (Lejeusne et al. 2010) and although with shallow waters and high productivity like the
generally considered as oligotrophic, it is highly het- Adriatic Sea, coastal areas that are under the influ-
erogeneous in terms of hydrography, bathymetry and ence of strong river outflow with subsequent nutri-
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tional forcing and human impact like the North-west-
ern Mediterranean, and less productive areas like the
Aegean Sea, which is characterised by peculiar
topography with many semi-closed basins under the
influence of water from the Black Sea. Moreover, the
Mediterranean Sea is considered to be a climate tran-
sition area and potentially very sensitive to changes
in atmospheric forcing (Alcamo et al. 2007).

The European sardine Sardina pilchardus and Euro-
pean anchovy Engraulis encrasicolus comprise the
bulk of small pelagic fish catches in the Mediterranean
Sea. Along with other fish groups, these small pelagic
fish have recently been considered important species
by the Global Ocean Ecosystem Dynamics programme
(GLOBEC) in terms of population dynamics and the
effect of the long-term temperature increase (Barange
et al. 2010). Small pelagic fish are known to play a key
ecological role in coastal ecosystems, transferring en-
ergy from plankton to upper trophic levels (Cury et al.
2000). Their relatively low position in the marine food
web, their short life-span and their reproductive strat-
egy of producing large quantities of eggs over ex-
tended areas and spawning periods makes them
strongly dependent on the environment (Bakun 1996).
Understanding the environmental conditions that
drive their spatial distribution requires the integration
of information over large spatial and temporal scales
(Mackinson et al. 1999, Planque et al. 2007).

Sardine fisheries suffer from a high degree of ex-
ploitation in many Mediterranean areas. Most stocks
exhibit declining trends in terms of abundance and
an exploitation rate that often exceeds sustainability
(SGMED 2009, 2010). Sardine are known to spawn
during winter in the Mediterranean (Olivar et al.
2003, Somarakis et al. 2006, Ganias et al. 2007); thus,
early summer lies within the recruitment period for
sardine and a large percentage of the species popula-
tion belongs to the juvenile's fraction. During Sep-
tember, the sardine population can be considered to
be fully recruited, whereas early winter coincides
with the start of the species’ spawning period. Sar-
dines are mainly fished by purse seiners in the Medi-
terranean Sea, although midwater pelagic trawls also
operate in the Adriatic Sea, the Sicily Channel and
French coastal waters (Ti¢ina et al. 1999, Lleonart &
Maynou 2003, Basilone et al. 2006, Machias et al.
2008). Both gears operation and fishing practice are
based on the spatial detection of major sardine aggre-
gations by means of echosounders. According to the
European Common Fishery Policy, in order to main-
tain the integrity, structure and functioning of ecosys-
tems, the safeguarding of ‘essential fish habitats’ is
necessary. This entails the prerequisite of large-scale

fisheries management and underlines the need to
examine the relationship between fish spatial distrib-
ution and environmental conditions.

Over the last decade, there has been increasing
interest in the application of habitat suitability model-
ling in fisheries science (e.g. Planque et al. 2007, Bel-
lier et al. 2007, Bellido et al. 2008, Giannoulaki et al.
2008, Weber & McClatchie 2010, Zwolinski et al.
2011). This type of modelling approach links species
location information to environmental data, identify-
ing the distribution of species in relation to environ-
mental gradients and providing spatial distribution
maps for certain species or life stages.

Following the terminology of Guisan & Zimmer-
mann (2000), defining the potential habitat of sardine
practically means determining the combination of
those environmental conditions suitable for the sur-
vival of the species in the absence of biotic inter-
actions (i.e. competition or predation, Austin 2002).
Spatial patterns of small pelagic fish in the Medi-
terranean are less well studied compared to those in
large upwelling ecosystems (e.g. van der Lingen et al.
2001, Agenbag et al. 2003, Lynn 2003, Castro et al.
2005, Twatwa et al. 2005, Bellier et al. 2007, Planque
et al. 2007, Bertrand et al. 2008, Coetzee et al. 2008,
Barange et al. 2009, Zwolinski et al. 2010). In the
Mediterranean, only regional-scale studies that focus
on a particular time of year address this issue (Allain
et al. 2001, Giannoulaki et al. 2007, Bellido et al.
2008, Tsagarakis et al. 2008).

Most acoustic surveys routinely applied in the
European Mediterranean areas mainly serve stock
assessment purposes and are held on a yearly basis
in different seasons within the year, depending on
the area. Acoustic surveys are known to yield high
quality data for habitat modelling, enabling the provi-
sion of spatially explicit presence—absence informa-
tion on species and recording their precise location.
Satellite environmental data operate as proxies or
surrogates to causal factors, inferring spatial varia-
tions of environmental factors. Consequently, they
allow the identification of certain combinations of
environmental conditions related to preferred habi-
tats because they can provide data at various tempo-
ral and spatial scales.

At a meso-scale level, physical processes that are
known to increase productivity are considered mostly
responsible for the spatial organisation of plankton
aggregations and subsequently often drive the spatial
distribution of sardine. At a larger scale, the distribu-
tion of the sardine population is mostly related to the
existing abiotic environmental conditions and the
species tolerance limits (e.g. Ti¢ina et al. 2000, Stra-
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toudakis et al. 2006, Bernal et al. 2007, Planque et al.
2007, Bertrand et al. 2008). The present study is the
first time that large-scale habitat modelling is applied
to adult and spawning sardine in the Mediterranean
basin, linking this species’ spatial patterns with envi-
ronmental variables in multiple seasons. One of the
major goals and challenges of the current work was
to select and implement a model based on data from
one part of the Mediterranean Sea that would
identify similar, suitable conditions for species occur-
rence in the entire basin within a particular season.
With this in mind, our aim was to avoid over-fitting
and instead counterbalance true species’ absence
and presence in the study areas, evaluating the pre-
dicted spatial patterns in other areas by utilizing the
existing information from those areas.

To this end, we used satellite environmental and
bathymetry data, together with data from acoustic
monitoring surveys, in order to (1) describe the envi-
ronmental conditions that are suitable for sardine
presence in the Mediterranean Sea, and (2) identify
areas with environmental conditions that meet the
potential spatial distribution of sardine in different
periods of the year (i.e. June represented early sum-
mer, September early autumn and December early
winter) and (3) develop annual maps indicating areas
suitable for sardine presence.

The annual maps we produced using the above
objectives provide a picture of the inter-annual vari-
ability of sardine grounds, offering a dynamic aspect
of the potential sardine habitat throughout the basin.
Furthermore, the temporal persistence of areas indi-
cated as sardine grounds can assist in effective man-
agement decisions. We examined the stability of
areas with a high probability of sardine presence, as
indirect evidence of the importance of certain areas
for the stability of the population, and have calcu-
lated and mapped an index of habitat persistence
(Colloca et al. 2009) for the entire basin. Moreover,
the link between the potential habitat of sardine and
the related coastal fisheries was evaluated by exam-
ining the relationship between the annual variation
in the extent of the 'potential habitat area’ and the
officially reported sardine landings.

Our approach indicates a method to easily obtain
information on the temporal changes in the spatial
extent of a species’ habitat. This is valuable for per-
forming ecological studies, planning acoustic and
trawl surveys, reducing the effort required for moni-
toring population status and implementing effective
fisheries management. At the same time, it can set a
good framework for understanding the effect of cli-
mate on marine ecosystems (Franklin 2009).

MATERIALS AND METHODS

Five years of acoustic data from 4 different areas of
the Mediterranean were assembled and used for
habitat modelling purposes: the Spanish Mediter-
ranean waters (Western Mediterranean), the Adriatic
Sea (Central Mediterranean), the Sicily Channel
(Central Mediterranean) and the North Aegean Sea
(Eastern Mediterranean). Surveys were held during
June, September and December. Finally, egg survey
data collected from the Spanish waters were used to
model the potential spawning habitat of sardine for
the first time in the Mediterranean Sea.

Study areas

The Mediterranean Sea is a semi-enclosed area
with a single natural connection to the Atlantic Ocean,
the Strait of Gibraltar. Its hydrography is highly
heterogeneous among the different study areas.

In the Spanish Mediterranean waters (Fig. 1A), the
continental shelf is generally narrow, being some-
what wider in the surroundings of the Ebro River.
The circulation is dominated by the entrance of less
saline Atlantic waters through the Strait of Gibraltar
that generate upwelling, resulting in a local enrich-
ment of nutrients and primary production in the Alb-
oran Sea (Champalbert 1996). The Northern Current
(NC), a cyclonic along-slope front flowing south-
wards, and the outflow of freshwater from large
rivers (e.g. the Rhone and the Ebro) further charac-
terise these north-western Mediterranean waters.

The Sicily channel connects the 2 major basins of
the Mediterranean Sea. It has a fairly narrow (15 nau-
tical mile) continental shelf in the middle of the south-
ern coast but it widens in both the most eastern and
most western parts (Fig. 1B, Patti et al. 2004). The sur-
face circulation is controlled by the Modified Atlantic
Water motion, the so-called Atlantic—Ionian Stream
(AIS, Fig. 1B). The inter-annual variability of the AIS
has an impact on the extension of upwelling and the
formation of frontal structures (Cuttitta et al. 2003).
The generated upwelling is reinforced by wind-
induced upwelling events (Patti et al. 2004, 2010).

The Adriatic Sea (Fig. 1C) is an elongated basin
located in the Central Mediterranean between the
Apennine and the Balkan Peninsula. The East Adri-
atic Current (EAC) dominates the eastern coast and a
return flow, the West Adriatic Current (WAC), runs
towards the southeast along the western coast. The
northern Adriatic is very shallow and gently sloping
(average bottom depth of about 35 m). The northern
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Fig. 1. Study areas within the Mediterranean Sea with insets showing the acoustic sampling transects (thin black lines), ba-
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Adriatic is characterised by a narrow coastal belt
along the western coast exhibiting high productivity.
The circulation is largely affected by wind stress and
river outflows with the formation, particularly in the
autumn, of a double gyre structure, a larger cyclone
offshore the Po River Delta (Marini et al. 2008) and an
anticyclone along the southern Istrian coast (Russo et
al. 2009). The eastern coastal waters are generally
areas of moderate production with limited zones of
higher productivity.

The North Aegean Sea (Fig. 1D) is characterised by
high hydrological complexity mostly related to the
Black Sea waters (BSW) that enter the Aegean Sea
through the Dardanelles Strait as a surface current
(Zervakis & Georgopoulos 2002). The overall circula-
tion is mainly determined by the presence of the
Limnos-Imvros Stream (LIS), which carries waters of
Black Sea origin onto the Samothraki plateau (Soma-
rakis et al. 2002), generating an anticyclonic system.
The outflow of BSW (salinity < 30) enhances local pro-
ductivity and its advection in the Aegean Sea induces
high hydrological and biological complexity (Isari et
al. 2006, Somarakis & Nikolioudakis 2007).

Data collection
Acoustic sampling

Acoustic sampling was performed by means of scien-
tific split-beam echosounders (Simrad EK500: west-
ern Adriatic Sea and Spanish Mediterranean waters;
Simrad EK60: eastern Adriatic, Sicily Channel, Span-
ish Mediterranean waters since 2006; Biosonic DT-X:
North Aegean Sea) working at 38 kHz and calibrated
following standard techniques (Foote et al. 198%).
Acoustic data were recorded at a constant speed of
8 to 10 n miles h™'. Minimum sampling depth varied
between 10 and 30 m depending on the area. The
size of the elementary distance sampling unit (EDSU)
was 1 n mile. We considered sardine presence to be
any school or echo assigned as a sardine based on
either echo trace classification or the catch output of
identification hauls (Simmonds & MacLennan 2005).
No discrimination between adults and juveniles was
made. Midwater pelagic trawl sampling was used to
identify and verify sardine echo traces. Acoustic data
analysis was performed using the Myriax Echoview
software, or the BI60 SIMRAD software in the case of
the Eastern Adriatic.

Specifically, in the Spanish Mediterranean waters
acoustic sampling was performed in early winter,
between the end of November and the middle of

December from 2003 to 2008, onboard the RV
‘Cornide de Saavedra'. Sampling design consisted of
parallel equidistant transects that were perpendicu-
lar to the bottom depth and covered the continental
shelf up to 200 m depth (Fig. 1A). Inter-transect dis-
tance was 4 n miles in the most northern and south-
ern parts where the continental shelf is narrow and
8 n miles in the middle part where the continental
shelf is wider. In the Sicily Channel, acoustic data
were collected onboard the RV ‘Dallaporta’ in the
month of June from 2003 to 2008. Sampling design
consisted of parallel equidistant transects that were
perpendicular to the coastline with an inter-transect
distance of 5 to 8 n miles, depending on the width of
the continental shelf (Fig. 1B).

In the Western Adriatic, acoustic data were col-
lected onboard the RV ‘Dallaporta’ during Septem-
ber from 2004 to 2008. Acoustic surveys were car-
ried out along predetermined zigzagged transects
(Fig. 1C) from 2004 to 2007 (details in Leonori et al.
2007) and along parallel transects perpendicular to
the coastline with 8 to 10 n mile inter-transect dis-
tance in 2008. In the Eastern Adriatic Sea, acoustic
data were collected onboard the RV ‘BIOS’ during
September 2004 to 2008. Acoustic surveys were
carried out along predetermined parallel transects
with 10 n mile inter-transect distances while tran-
sects in the inner part (i.e. between the islands)
were positioned according to the topographic fea-
tures of these areas. Details of the surveys, sampling
methodology and data collected have already been
described (Ti¢ina et al. 2006; our Fig. 1C). In the
North Aegean Sea, acoustic data were collected on-
board the RV 'Philia’ during June 2004 to 2006 and
2008. Acoustic surveys were carried out along pre-
determined parallel transects with 10 n mile inter-
transect distances in open areas while zigzagged
transects were sampled inside gulfs (Fig. 1D). Details
of the surveys, sampling methodology and data col-
lected in these areas have already been described
(Giannoulaki et al. 2008).

Egg sampling

In the Spanish Mediterranean waters, fish eggs
were collected simultaneously with acoustic data
using an onboard Continuous Underway Fish Egg
Sampler (CUFES, Model C-120, Ocean Instruments)
that was installed onboard during early winter from
2006 to 2008. The sampling scheme followed the
same transect scheme adopted for the Spanish
acoustic surveys. Water was continuously pumped
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from 5 m below the sea surface through the sampler.
The mesh size of the concentrator and collector was
335 pm. Samples were taken every 3 n miles. If the
furthest offshore CUFES station was positive for sar-
dine eggs, the transect was continued further off-
shore until a null station (i.e. no presence of sardine
eggs) was found. The collected eggs were stored in
4% seawater-buffered formalin solution. Individual
fish eggs were visually classified to species and sar-
dine eggs were counted and stored in preservation
solution. Sardine-egg concentration along the survey
transects was recorded as numbers of eggs per 10 m®,

Environmental data

Satellite environmental data as well as bathymetry
data were used as explanatory variables to model the
potential habitat of sardine in the Mediterranean Sea.
The Mediterranean is an area well monitored in
terms of monthly satellite imagery (summarised in
Table 1). Satellite variables were mostly used at the
highest resolution available in the online satellite
data distribution archives (Table 1) in order to obtain
environmental characteristics for each sampling
point (Valavanis et al. 2008). This resulted in an aver-
age spatial resolution of 1.5 km (Valavanis et al.
2004), adequately defining environmental spatial
heterogeneity in relation to both the applied EDSU of
acoustic data and the highest available resolution of
the explanatory environmental variables.

Specifically, the sea surface temperature distribu-
tion (SST, °C), the sea surface chlorophyll a concen-
tration (CHLA, mg m™3), the photosynthetically active
radiation (PAR, einstein m™2 d7!), the sea surface
salinity distribution (SSS, based on the BCC GODAS
model, Behringer & Xue 2004) and the sea level
anomaly (SLA, cm) were downloaded from respec-
tive databases (see Table 1) and the mean environ-
mental monthly values were estimated for all sur-
veyed points concerning June, September and
December in each respective year and area. These
aforementioned variables might be important either
as predictors for food availability or physiological
suitability of the habitat, thus having a direct influ-
ence on the distribution of sardine echo abundance
and eggs (e.g. SST, CHLA) or as proxies for causal
factors (Bellido et al. 2001). For example, SLA de-
scribe ocean processes such as gyres, meanders and
eddies (Pujol & Larnicol 2005) that enhance produc-
tivity and often function as physical barriers differ-
entiating the distribution of species or species’ life
stages. Indirect factors such as bottom depth (Depth)
were also used and were calculated through pro-
cessing (kriging) of a point data set derived from a
blending of depth soundings collected from ships
with detailed gravity anomaly information obtained
from the Geosat and ERS-1 satellite altimetry mis-
sions (Smith & Sandwell 1997, Table 1). All monthly-
averaged satellite images were processed as regular
grids under a GIS environment using ArcInfo GRID
software (ESRI 1994).

Table 1. Environmental satellite variables and their characteristics. MODIS: Moderate-resolution Imaging Spectroradiometer,

AVHRR: Advanced Very High Resolution Radiometer, SeaWiFS: Sea-viewing Wide Field-of-view Sensor, ERS: Earth-observing satel-

lite, T/P: Topex/Poseidon, GFO: Geosat Follow-On, NCEP: National Centers for Environmental Prediction, EMC: Environmental
Modeling Center, CMB: Climate Modeling Branch, GODAS: Global Ocean Data Assimilation System

Variable Unit Abbreviation Sensor/Model Resolution ~ Source
(km)
Sea surface chlorophyll a mg m3 CHLA MODIS Aqua 4 oceancolor.gsfc.nasa.gov
Sea surface temperature °C SST AVHRR 1.5 eoweb.dlr.de:8080
Photosynthetically einstein PAR SeaWiFS 9 oceancolor.gsfc.nasa.gov
active radiation m2d!
Sea level anomaly cm SLA Merged Jason-1, 1.5% Wwww.jason.oceanobs.com
Envisat, ERS-2, GFO, T/P
Sea surface salinity SSS NOAA NCEP EMC 1.5 iridl.ldeo.columbia.edu
CMB GODAS model
Bottom depth m Depth Satellite altimetry, 3.2¢ ibis.grdl.noaa.gov/SAT/SAT.html
Ship depth soundings
(Smith & Sandwell 1997)
nterpolated from 0.25° using ArcInfo's topogrid function; PInterpolated from 0.5° using ArcInfo's topogrid function; ‘At Mediter-
ranean range of latitude
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Data analysis
Model estimation

Generalized Additive Models (GAMs) were used in
order to define the set of environmental factors that
describe sardine distribution in the North Aegean
Sea, Sicily Channel, Adriatic Sea and the Spanish
Mediterranean waters. GAMs are widely used in
habitat suitability modelling and spatial prediction
because they use data-driven functions that have
superior performance relative to the polynomial
functions used in linear models. They allow the depic-
tion of complex relationships between species and
their environment, such as those representing species
habitats (Guisan & Zimmermann 2000). GAMs output
a smoothed fit for each environmental variable. Al-
though other methodologies such as boosted regres-
sion trees (BRT; Leathwick et al. 2006), associative
neural networks (ASNN; Tetko 2002), and maximum
entropy modelling (MAXENT; Phillips et al. 2006) are
considered models of high predictive capacity, GAMs
are known to exhibit high accuracy especially when
concerning presence—absence data (Franklin 2009).

As the response variable (y), we used the presence—
absence of sardine echo or sardine eggs. As indepen-
dent variables we used the cubic root of Depth (to
achieve a uniform distribution of bottom depth), the
natural logarithm of CHLA (to achieve a uniform dis-
tribution of CHLA), the SST, the SSS, the SLA and the
PAR. The appropriate type of transformation was
based on the inspection of quantile-quantile plots
(QQ-plots) to verify whether variables under certain
transformations follow normal distributions.

GAMs were fitted using the 'mgcv’ library in R sta-
tistical software (R Development Core Team 2009),
which produced the binomial error distribution, a
logit link function and the natural cubic spline
smoothed function for the independent variable
smoothing. Each fit was analyzed with regard to the
minimization of an approximate Akaike's Informa-
tion Criterion (AIC) and the confidence region for the
smooth term (which should not include zero through-
out the range of the predictor). Approximate AIC is
based on a likelihood that the smooth terms are
treated as if they were fixed effects but with degrees
of freedom reduced in order to allow smoothing
penalties to apply, as suggested in Hastie & Tibshi-
rani (1990). The degree of smoothing was also chosen
based on the observed data and the generalized
cross validation (GCV) method (Wood 2006). The
GCV method is known to have some tendency for
over-fitting, thus the number of knots in the cubic

splines was limited to 4 for single terms and 20 for
interaction terms. The penalty per degree of freedom
fit to each term was increased by a factor of y = 1.4.
This technique largely corrects the over-fitting prob-
lem without compromising model fit (Wood 2006,
Katsanevakis et al. 2009, Weber & McClatchie 2010).
Moreover, since collinearity in the independent
variables is a crucial problem in GAM application that
is associated with stepwise model selection (Guisan et
al. 2002, Wood 2006), the best model was chosen
based on a stepwise forward selection method that re-
duces the collinearity problem starting from a simple
initial model with few explanatory variables (Sacau et
al. 2005, Giannoulaki et al. 2008). Models were com-
pared using the estimated AIC value, environmental
variables were ranked and selection of the final model
was based on minimization of the AIC criterion.
Regarding adult sardine, 3 models were con-
structed and validated based on pooled acoustic data
derived from (1) the Sicily Channel and the North
Aegean Sea in June 2003 to 2008, (2) the eastern and
the western parts of the Adriatic Sea in September
2004 to 2008 and (3) the Spanish waters in December
2003 to 2008. Data from the coastal areas inside the
gulfs of the Eastern Adriatic were excluded from the
analysis due to the poor satellite data resolution in
these locations. Regarding sardine spawning habitat,
a model was constructed based on pooled CUFES
data from 2006 to 2008 derived from Spanish Medi-
terranean waters in December. Data from the differ-
ent years were collated in order to catch the temporal
variability in sardine distribution area, obtain more
possible observed conditions and ensure potentiality
(Planque et al. 2007, Giannoulaki et al. 2008, Zwolin-
ski et al. 2011). Following the selection of the main
effects of the model, all first-order interactions be-
tween variables included in the final model were
tested (Wood 2006). Validation graphs (e.g. residual
plot versus fitted values, QQ-plot and residual plot
against the original explanatory variables) were plot-
ted in order to detect model misspecification.
Acoustic data recorded continuously along transects
are known to present autocorrelation. Spatial auto-
correlation is known to inflate the ability of models
to make realistic predictions favouring autocorrelated
variables (Segurado et al. 2006), although GAMs are
not influenced that much by the effect of autocorrela-
tion when compared to other methodologies like gen-
eralized linear models (GLMs, Segurado et al. 2006).
However, in order to avoid this effect, we adjusted the
Type I error rate by setting the accepted significance
level for each term at the more conservative value of
1%, rather than the usual 5% (Fortin & Dale 2005).
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Finally, to exclude the possibility of fitting a model for
which the explanatory power arises from the presence
of spatial correlation in the data rather than from a
true distribution-to-environment relationship (Diniz-
Filho et al. 2003) as well as to evaluate the lack of im-
portant explanatory variables (Barry & Elith 2006), the
models’ residuals were tested for autocorrelation us-
ing variography (Chilés & Delfiner 1999).

Model validation

In a subsequent step, each final model was tested
and evaluated for its predictive performance. For this
purpose, we estimated the receiver operating charac-
teristic (ROC) curve (Hanley & McNeil 1982, Guisan &
Zimmermann 2000) and the area under the curve
(AUC) metric. AUC is a threshold-independent metric,
widely used in species’ distribution modelling (Franklin
2009, Weber & McClatchie 2010). The value of AUC
ranges from 0 to 1, where a score of 1 indicates perfect
discrimination and a score of 0.5 implies predictive
ability that is no better than a random guess (Boyce
et al. 2002, Elith et al. 2006). AUC values of 0.7 to 0.9
are considered moderate and >0.9 high model perfor-
mance (Franklin 2009). Additionally, sensitivity (i.e.
the proportion of observed positives that are correctly
predicted) and specificity values (i.e. the proportion of
observed negatives that are correctly predicted) were
also used for model evaluation (Lobo et al. 2008). They
were measured in relation to 2 threshold criteria:
(1) the maximization of the specificity—sensitivity
sum (MDT) and (2) the prevalence values (Jiménez-
Valverde et al. 2008, Lobo et al. 2008).

The explanatory power of each model was checked
for consistency throughout the surveys to ensure that
a single or small number of surveys did not dominate
the relationships. Using the best fitted model (i.e. a
single model fit with all data), AUC values were esti-
mated for each data set to provide such diagnostics.
Large and consistent AUC values suggest a model
with accurate and time-invariant prediction capabili-
ties. Therefore, all metrics were estimated for areas
and years included in the model selection as well as
for areas and periods not included in model selection,
such as (1) the Spanish Mediterranean waters in
December 2003, (2) the Sicilian Channel in June
2003, (3) the North Aegean Sea in June 2010, (4) the
Spanish Mediterranean waters in June 2009, (5) the
western Adriatic Sea in September 2004 and 2005,
(6) the eastern Adriatic Sea in September 2004 and
(7) the Spanish Mediterranean waters in December
2009 concerning the egg model.

Habitat mapping

The final GAM model for each period was applied
to new environmental grids describing the mean
monthly satellite values measured for the entire
Mediterranean basin, re-sampled at a spatial resolu-
tion of 4 km for June, September and December from
2004 to 2008. Although the model was fitted at a finer
resolution (1.5 km), it was re-projected at a coarser
grid (about 2.5 times coarser). The error was consid-
ered minimal since the available satellite data de-
rived from a single optimum resolution (see Table 1)
that minimizes the interpolation error and practically
provides very similar values for the variables at any
particular point in space for the 2 grids. This was con-
sidered a reasonable trade-off between the patterns
identified by the model and the computer power
required to map the resulted probabilities at the scale
of the Mediterranean Sea.

The model was used to search over these grids for
the specific set of satellite conditions associated with
different probabilities of sardine or sardine egg pres-
ence. Finally, habitat suitability maps indicating the
locations with this specific set of satellite conditions
were plotted as maps using the ArcGIS software. Dis-
crimination is presented among (1) sardine basin
habitat (i.e. A025: the wider distribution area of sar-
dine or the area represented by probability >0.25),
(2) the preferred sardine habitat (i.e. A050: areas of
increased likelihood of suitable environmental condi-
tions, represented by probability >0.50), and (3) 'hot-
spot’ areas (i.e. A075: areas of high probability of suit-
able conditions for sardine’s presence, indicated by
values >0.75).

Additionally, maps indicating areas that persistently
corresponded to sardine preferred habitat within the
study period were drawn. For this purpose, we calcu-
lated an index of persistence (I;) for each grid cell of
the entire Mediterranean Sea and each sampling sea-
son, measuring the relative persistence of the cell i as
a seasonal sardine habitat (Colloca et al. 2009). Let
8y = 1 if the grid cell iis included in sardine habitat
in year j, and season k and 8 = 0 if the grid cell is not
included. We computed I; as follows:

1 n
Iikj :Ekzisikj (1)

where n is the number of surveys considered. Iy
ranges between 0 (cell i never included in an annual
sardine habitat) and 1 (cell i always included in an an-
nual sardine habitat area) for each cell in the study area.
No persistency maps were plotted in the case of
sardine eggs due to the short time series available.
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Sardine catches versus potential habitat changes

The relationship between the extent of the area of
the potential sardine habitat with increased likeli-
hood of suitable environmental conditions (i.e. the
number of grid cells corresponding to A050 area) and
the officially reported annual sardine catches for the
2004-2008 period from the entire Mediterranean Sea
(FAO 2010) during June and December was exam-
ined. The integration of information deriving from
the entire basin instead of relying on specific area
information was considered necessary as any area
separation would be arbitrary, especially regarding
the determination of the origin of landings and the
lack of data from vessel monitoring systems. Besides,
to a certain degree, landings are known to be repre-
sentative of stock abundance, especially when high
exploitation or overexploitation occurs (Coll et al.
2006) as the current status of most sardine stocks in
the Mediterranean indicates (SGMED 2009, 2010). In
support of this, in an area like the Mediterranean
where small pelagic species like sardine are known
to perform extended alongshore migrations and
many small pelagic stocks are under shared exploita-
tion, the meaning of stock units remains obscure.

RESULTS
Satellite environmental data

Variability in the satellite environmental data con-
cerning the Mediterranean basin for the examined
period was observed to be most pronounced in SST
and CHLA values (Fig. 2). Specifically, SST showed
consistently higher values in the southern part of the
basin. This pattern was more pronounced during
September (Fig. 2). CHLA exhibited the reverse pat-
tern with higher values in the north of the Mediter-
ranean basin (Fig. 2). Moreover, between the west-
ern and eastern parts of the basin, variability in
CHLA was apparent, being higher in the west com-
pared to the east part of the Mediterranean, which
was in agreement with the known productivity gradi-
ent in the basin (Barale et al. 2008).

Habitat modelling

Model estimation

The results of the final GAMs selected are pre-
sented in Table 2, and the effects of the environmen-

tal variables on sardine presence are shown as plots
of the fitted smooth functions (Fig. 3). For the main
effects the 95% confidence intervals (Cls) are also
plotted. Interaction effects are shown as perspective
plots without error bounds. The y-axis of the interac-
tion plots reflects the relative importance of each
variable in the model and the interaction effect is pre-
sented on the z-axis. The dashes on the x-axis under
the single variable effect plots, so called ‘rug’, indi-
cates the density of points for the x-values. The effect
of each variable is a conditional effect, i.e. the effect
of this variable given that the other variables are
included in the model. Inspection of the validation
graphs (not shown) indicated a distinct pattern re-
garding the plot of residual versus fitted values due
to the presence—absence nature of the data (no indi-
cation of a lack of fit). Deviance explained varied
from 30 % to 43 % of the total data deviance depend-
ing on the model (Table 2).

June sardine model

The final GAM selected for this month was based
on pooled data from the North Aegean Sea and the
Sicily Channel from 2004 to 2008 and included the
following as main effects: SST, Depth (cube-root
transformed bottom depth) and the interactive effect
of SLA with CHLA (log transformed). SST is the vari-
able that initially entered the model and explained
most of the total variation (Table 2). Plots of the
smoothed functions indicate a higher probability of
finding sardine present in areas with SST values be-
low 22°C (within the available values) and depths less
than 65 m and a sharply reduced probability in
deeper waters. The interaction plot between SLA and
CHLA also indicates a higher probability of finding
sardine present in areas with SLA values of —10 to
—4 cm that also have CHLA values of 0.08 to 0.37 mg
m~3 (Fig. 3). A high probability for sardine presence
was also indicated for areas with SLA values of -3 to
0 cm that also have high CHLA values (>1 mg m™3).

September sardine model

The final GAM selected to model this month was
based on pooled data from the western and the east-
ern parts of the Adriatic Sea from 2004 to 2008 and
included the interactive effect of depth (cubic root
transformed) with SST as well as the interactive
effect of SLA with CHLA (log transformed). Depth is
the variable that was initially entered into the model,
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Fig. 2. Spatial distribution of (top panels) sea surface temperature (SST, °C) over the ocean’'s upper 5 m and (lower panels)
chlorophyl a (log-transformed CHLA, mg m~®) during June, September and December in the Mediterranean over the study
period based on satellite environmental data

Table 2. Sardina pilchardus. Generalized additive model (GAM) results for sardine adults and eggs showing the analysis of
deviance for GAM covariates and the interactions of the final models fitted. See Table 1 for parameter descriptions

Area Month Parameter Residual Residual Deviance P
df deviance explained (%)

Sicily Channel & North June S(SLA, CHLA) + s(SST) + s(Depth) 3461.42 2923.80 31.5 «0.000
Aegean Sea, pooled

Adriatic Sea September (Depth, SST) + s(SLA, CHLA) 8209.94 5730.90 31.7 <« 0.000

Spanish Mediterranean December s(Depth) + s(CHLA) + s(SLA, SST) 4766.67 4624.58 30.5 <« 0.000
waters

Spanish Mediterranean December s(CHLA, SST) + s(SLA) + s(Depth) 729.13 537.56 43.0 < 0.000
waters, eggs
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Fig. 3. Sardina pilchardus. Two-dimensional coefficients of the generalized additive models (GAMs) and 3-dimensional interaction

plots for each estimated model. The y-axis of the interaction plots reflects the relative importance of each variable in the model

and the interaction effect is presented on the z-axis. The dashes on the x-axis under the single variable effect plots, so called

‘rug’, indicates the density of points for the x-values. Solid lines indicate the GAM coefficients, and dotted lines represent the 95 %
point-wise confidence bands at p = 0.05. See Table 1 for parameter descriptions

explaining most of the total variation (Table 2). Plots
of the smoothed best-fit functions indicate a higher
probability of finding sardine present in areas with
SST values of 20 to 26°C and in waters less than
110 m deep. The interaction plot between SLA and
CHLA also indicates a higher probability of finding
sardine present in areas with SLA values of 2 to
10 cm that also have CHLA values of 0.13 to 1.49 mg
m~2 (Fig. 3).

December sardine model
The final GAM selected for this season was based

on pooled data from the Spanish Mediterranean
waters from 2004 to 2008 and included the following

variables as main effects: Depth (cubic root trans-
formed), CHLA (log transformed) as well as the inter-
active effect of SLA with SST. Depth is the variable
initially entered into the model, explaining most of
the total variation (Table 2). Plots of the smoothed
functions indicate a higher probability of finding
sardine present in areas with CHLA values greater
than 0.45 mg m™3 and less than 4.5 mg m™3 (within the
available ones) and in waters less than 90 m deep.
The interaction plot between SLA and SST also indi-
cates a higher probability of finding sardine present
in areas with SST values of 14 to 17°C that also have
SLA values of =5 to 0 cm (Fig. 3). Moreover, a high
probability of sardine presence was also indicated for
areas with SST values of 16 to 18.5°C that also have
SLA values of 1 to 5 cm.
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December sardine egg model

The final GAM selected was based on pooled egg
data from the Spanish Mediterranean waters from
2006 to 2008 and included the following as main
effects: Depth (cubic root transformed) and SLA as
well as the interactive effect of CHLA (log trans-
formed) with SST. SST is the variable initially en-
tered into the model, explaining most of the total
variation (Table 2). Plots of the smoothed functions
indicate a higher probability of finding sardine eggs
present in areas with SLA values greater than
—1.5 cm and less than 4.9 cm (within the available
ones) and in waters between 30 and 110 m deep. The
interaction plot between CHLA and SST also indi-
cates higher probability of finding sardine eggs pre-
sent in areas with SST values of 14 to 17°C when

CHLA values are within 1 to 2.7 mg m™ (Fig. 3).
These results do not deviate from the respective
adult model results in December. They indicate a
wider depth range for the eggs that could be attrib-
uted to dispersion processes whereas CHLA, SST
and SLA are within a similar, slightly narrower range
of values compared to those indicated by the adult
model.

Model validation

Each model was evaluated based on the estimated
AUC values as well as the sensitivity and specificity
values in relation to 2 threshold criteria. Areas and
years included in the model estimation as well as
areas and years that were not included in the GAM

Table 3. Sardina pilchardus. Validation parameters for sardine GAM models fitted to satellite-derived environmental variables
from the Mediterranean Sea including estimated area under the receiver operating curve (AUC) and sensitivity and specificity
accuracy measures for 2 threshold criteria: (1) maximized specificity—sensitivity sums (MDT) and (2) prevalence values.

Bold: data from areas or years not included in the model selection

Month Year Area N AUC MDT Prevalence
Sensitivity Specificity Sensitivity Specificity
June 2004 North Aegean Sea 510 0.78 0.69 0.75 0.51 0.85
2005 North Aegean Sea 555 0.73 0.71 0.71 0.85 0.42
2006 North. Aegean Sea 1044  0.73 0.72 0.67 0.69 0.69
2008 North Aegean Sea 358 0.76 0.69 0.77 0.91 0.41
2005 Sicily Channel 514 0.78 0.68 0.87 0.75 0.72
2006 Sicily Channel 516 0.78 0.90 0.76 0.60 0.90
2010 North Aegean Sea 376 0.71 0.55 0.71 0.55 0.64
2003 Sicily Channel 478 0.62 0.78 0.51 0.19 0.92
2009 North Spanish Medit. 320 0.65 0.73 0.57 0.60 0.65
September 2004 West Adriatic 1005  0.82 0.78 0.77 0.94 0.44
2004 East Adriatic 865 0.76 0.93 0.57 0.47 0.83
2005 West Adriatic 1439  0.82 0.81 0.49 0.20 0.78
2006 West Adriatic 1425  0.94 0.95 0.86 0.95 0.64
2006 East Adriatic 1094 0.85 0.75 0.84 0.98 0.58
2007 West Adriatic 1399  0.87 0.79 0.92 0.78 0.85
2007 East Adriatic 1088  0.89 0.93 0.70 0.93 0.65
2008 West Adriatic 634 0.81 0.92 0.54 0.20 0.78
2008 East Adriatic 1069  0.90 0.96 0.71 0.77 0.82
2006 South-west Adriatic 404 0.83 0.79 0.77 0.79 0.77
2007 South-west Adriatic 510 0.84 0.77 0.75 0.78 0.74
December 2003 North & South Spanish Medit. 1264  0.77 0.86 0.59 0.75 0.68
2004  North & South Spanish Medit. 1090 0.81 0.74 0.76 0.75 0.75
2005 North & South Spanish Medit. 1090 0.85 0.80 0.77 0.70 0.84
2006  North & South Spanish Medit. 952 0.88 0.77 0.85 0.79 0.82
2007 North Spanish Medit. 669 0.87 0.90 0.73 0.86 0.76
2008  North & South Spanish Medit. 998 0.77 0.78 0.65 0.85 0.56
Eggs 2006  North & South Spanish Medit. 281 0.82 0.97 0.54 0.78 0.65
2007  North & South Spanish Medit. 186 0.83 0.80 0.71 0.80 0.71
2008  North & South Spanish Medit. 294 0.93 0.83 0.98 0.87 0.85
2009 North & South Spanish Medit. 312 0.63 0.65 0.61 0.62 0.64
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estimation were considered. Results are shown in
Table 3. The selected models showed moderate to
good prediction ability as the estimated AUC, sensi-
tivity and specificity values were on average >0.70
(Table 3; Elith et al. 2006, Segurado et al. 2006).
Moreover, the validation results for 2009 and 2010,
years outside the study period, showed low AUC val-
ues (Table 3). This result is mostly due to a high
increase in SST (i.e. 0.5°C to 1°C) compared to the
average SST of the study period. However, the sensi-
tivity—specificity values estimated at 0.65 indicate
that the model, at a threshold chosen based on the
prevalence sensitivity and specificity values can still
attribute more than 60% of the true presence and
the true absence accurately.

Habitat mapping

In a subsequent step, habitat suitability maps for
the study regions and the entire Mediterranean Sea
were estimated for June, September and December
2004 to 2008 (Figs. 4, 5 & 6) where areas associated
with a specific probability of suitable conditions for
sardine presence are indicated. Annual variability
was observed in all study regions concerning the
areas indicated as potential sardine habitat (A025,
A050 and A075).

An increase in the extent of the suitable areas
(A050) was generally observed from June to De-
cember. In Spanish Mediterranean waters, maps indi-
cated suitable areas for sardine habitat in the coastal
waters of the Catalan Sea, the south Ebro River and
the North Alboran Sea (Figs. 4, 5 & 6). In the Adriatic
Sea, suitable areas for sardine were indicated in the
coastal waters of the eastern and the western part of
the basin. Areas presenting the highest suitability
increased progressively from June to December,
covering most of the continental shelf at the North
Adriatic Sea during late autumn (Figs. 4, 5 & 6). The
observed absence of suitable areas in the northern
part of the Adriatic Sea in December 2008 is due to
the lack of satellite data for this month. In the Sicily
Channel, suitable areas were also identified in the
coastal waters of the continental shelf, being more
extended in the southwestern part and in the shelf
between Sicily and Malta (Figs. 4, 5 & 6). Similarly, in
the Aegean Sea, suitable areas for sardine were
mainly located in the coastal waters of the continen-
tal shelf, covering most of the gulfs that dominate the
Greek coastline (Figs. 4, 5 & 6). Besides the study
areas, habitat suitability maps indicated suitable
areas in other parts of the western and eastern

Mediterranean as well as in various areas of the
coastal waters of Africa (Figs. 4, 5 & 6).

Similarly, based on the potential spawning habitat
(PSH) maps during early winter, areas suitable for
sardine spawning were consistently identified in the
surroundings of the Ebro River Delta and the North
Alboran Sea (Figs. 1 & 7), a pattern that matches the
former sardine spawning grounds in the Spanish
Mediterranean waters (Pérez de Rubin 1996, Olivar
et al. 2003, Vargas-Yanez & Sabatés, 2007). Suitable
spawning areas visually correspond to sardine adult
potential distributions, which agrees with the coinci-
dence between early winter and the beginning of the
spawning season for sardine in the Mediterranean
(Garcia et al. 2006 and references therein, Somarakis
et al. 2006). PSH areas were also indicated in other
parts of the Mediterranean as well as in the coastal
waters of Africa (Fig. 7).

Maps for the entire Mediterranean were estimated
for June, July, September and December, indicating
the index of persistence (Colloca et al. 2009) for each
potential habitat grid cell. Areas with A050 probability
of sardine presence at a low persistency (i.e. 25% to
50 %), intermediate (i.e. 50 % to 75 %) and high persis-
tency (i.e. >75%) are shown (Fig. 8). The resulting
maps indicate that although the spatial extent of areas
with a high probability of sardine presence might
vary on an annual basis, there are areas that are quite
persistently identified as potential habitats (Fig. 8).
Persistently favourable areas were almost consistently
associated with river runoff, such as the Ebro and the
Rhone Rivers in the Western Mediterranean, the Po
Riverin the north-western part of the Adriatic Sea and
the Nile Delta region during all seasons, as well as
with upwelling areas such as the coastal waters of the
Alboran Sea and the southern coasts of Sicily (Fig. 8).

Sardine catches versus potential habitat area

Sardine annual catches from the entire Mediter-
ranean basin based on officially reported data from
the FAO were significantly related to the A050 area
(i.e. area of increased probability of suitable environ-
mental conditions for sardine presence) in December
(Fig. 9a). Results showed that sardine catches de-
creased when a decrease in the estimated potential
habitat area A050 was observed during December.
Sardine catches were also significantly related to sar-
dine potential habitat area A050 during June, repre-
senting a 1 year lag (Fig. 9b) and thus decreasing
when a decrease of the A050 area in the previous
year was observed.
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Fig. 4. Sardina pilchardus. Habitat suitability maps indicating the probability of sardine presence in the Mediterranean Sea in
early summer based on the estimated GAM model for June. Spatial resolution used for prediction was 4 km of mean monthly
satellite values from June 2004 to 2008
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Fig. 5. Sardina pilchardus. Habitat suitability maps indicating the probability of sardine presence in the Mediterranean Sea in
early autumn based on the estimated GAM model in September. Spatial resolution used for prediction was 4 km of mean
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Fig. 7. Sardina pilchardus. Habitat suitability maps indicating the probability of egg presence in the Mediterranean Sea based
on the estimated GAM model in December. Spatial resolution used for prediction was 4 km of mean monthly satellite values
from December 2006 to 2008

DISCUSSION

Our objective was to use environmental associa-
tions in order to identify and map areas that could
serve as adult habitat and spawning grounds of the
European sardine in the Mediterranean Sea during 3
different seasons (i.e. early summer, early autumn
and early winter). Data from the western (Spanish
Mediterranean waters), the central (Adriatic Sea and
Sicily Channel) and the eastern parts (North Aegean
Sea) of the basin were used for this purpose for the
first time. Moreover, scattered past information on
the spatial distribution of sardine in the Mediter-
ranean Sea was integrated within the current work to
support the indicated suitable areas outside the study
regions and periods.

Depth, SLA, SST and CHLA were the variables
found to be influential in all seasons. Bottom depth

and SST were the 2 variables that explained most of
the variability in all models. However, SST was the
main explicative variable during summer, whereas
the bottom depth effect explained most of the varia-
tion during autumn and winter. Sardine showed a
higher probability of being present in shallow waters
(less than 65 m depth) during summer but exhibited
a wider distribution, reaching deeper waters of up to
100 m deep in autumn and winter. SST was also
important concerning the spawning sardine habitat
during winter (i.e. eggs model).

During June, the model indicates that sardine tend
to prefer shallow coastal waters characterised by
mild SST values (i.e. 19°C to 22°C). This is indicative
of the gulfs and the closed basins of the North Aege-
an Sea where shallow waters dominate and river out-
flow and BSW inputs characterise these areas. BSW
induces high hydrological complexity in the area,
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Fig. 8. Sardina pilchardus. Preferred habitat persistency indices (PI) for sardine in the Mediterranean Sea during June,
September and December. Areas with low (PI = 0.20 to 0.50), medium (PI = 0.50 to 0.75) and high persistency (PI > 0.75) are
shown in all cases

resulting in the formation of strong currents, fronts
and anticyclonic systems that are permanent features
during summer and are known to enhance local pro-
ductivity (Isari et al. 2006, Somarakis & Nikoliouda-
kis 2007). These environmental preferences were
also indicative of the coastal waters of the Sicily
Channel, areas that are supported by local surveys in
the early 2000s (Patti et al. 2004). In the Adriatic, suit-
ability maps indicated that potential 'hot-spot’ areas
(i.e. areas with increased probability of sardine pres-
ence) presenting these environmental preferences
were mainly located at the northern part of the basin
in association with the wider Po River Delta region.
These locations are largely supported by past survey
data in the area (Tic¢ina et al. 2000). In the central part
of the Adriatic, potential 'hot-spot’ areas of sardine
were mainly located in the coastal waters of the east-
ern area, which is also supported by local landings

(Morello & Arneri 2009 and references therein). In
the Western Mediterranean, potential habitat areas
were mainly identified in the coastal waters, being
wider in extent when associated with the Rhone and
the Ebro River area as well as in the Balearic Islands
plateau. These areas generally agree with the distrib-
ution grounds of sardine population as indicated in
recent acoustic summer surveys in the area (Anony-
mous 2009).

During early autumn, the respective model indi-
cates a higher probability for sardine presence associ-
ated with a wider range of SST values (i.e. 20 to 26°C)
compared to summer when combined with coastal
waters (up to 110 m depth), moderate upwelling (cy-
clonic) water movement and moderate CHLA values.
In the Adriatic Sea, suitable areas seem to expand be-
yond the Po River Delta region compared to the sum-
mer period, covering most of the continental shelf in
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the northern part of the basin. In the Central Adriatic,
suitable habitats were detected along the coastal
waters of the Italian peninsula as well as in the
coastal zone of the eastern Adriatic, extending off-
shore around the exterior part of the mid-Dalmatian
islands. Similarly, in the North Aegean Sea, an expan-
sion of the potential habitat over the continental shelf
was also indicated. No marked differences were ob-
served in the Sicily Channel, whereas in the Western
Mediterranean, potential habitat areas were similar
to those in the summer period, although they did ex-
hibit higher inter-annual variability. This was more
pronounced in the areas indicated as preferred or
most suitable for sardine presence.

During early winter in the Spanish Mediterranean
waters, model results adequately describe the oce-
anographic complexity of the area. The study region
comprises both an upwelling area, the Alboran Sea,
as well as an area with extended continental shelf
subjected to the outflow of the Ebro River. An expan-
sion of the preferred areas during December was
observed. Preferred areas indicated by the model
were also verified by the results of past acoustic sur-
veys (Abad et al. 1998, Iglesias et al. 2006) as well as
the results of applied habitat models that were based
on hydrographic data (Bellido et al. 2008).

tion of the species in the Adriatic dur-
ing the 1980's (Morello & Arneri 2009
and references therein).

Summarising the seasonal patterns
in the potential habitat of sardine an
expansion of the preferred habitat
areas from summer to winter in all
study areas, except for the Sicily Channel was con-
sistently noticed. However, this habitat area expan-
sion is not visible in the basin habitat (i.e. A025) nor
in the ‘hot-spot’ areas (i.e. A075), but only in the
preferred habitat (i.e. A050). Basin habitat does not
differentiate because it represents more or less the
wider distribution area of the species that remains
constant throughout the year. ‘Hot-spot' areas pre-
sent low variability because they meet particular
environmental conditions that enhance food avail-
ability throughout the year, forming the core nuclei
of sardine habitat in the Mediterranean. This expan-
sion in sardine preferred habitat from early summer
to early winter is related to population characteristics
and the seasonal migratory behaviour of sardine.

Sardines are known to spawn in the Mediterranean
Sea mainly from October to April (e.g. Regner et al.
1987, Sinov¢ic¢ 2001, Olivar et al. 2003, Somarakis et
al. 2006, Ganias et al. 2007, Palomera et al. 2007).
Therefore, during the early summer, the sardine pop-
ulation is a mixture of juveniles and adults, domi-
nated by the young of the year. During autumn and
winter, the fully recruited sardine population is
known to perform migratory behaviour that serves
spawning purposes. In large upwelling areas migra-
tion can be spatially long and extend offshore (e.g.
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California; Lynn 2003, Zwolinski et al. 2011), where-
as in the coastal Atlantic waters (Furnestin & Fur-
nestin 1959, Stratoudakis et al. 2007, Bernal et al.
2007) and in the Adriatic (Morello & Arneri 2009 and
references therein) migration related to spawning is
known to be restricted to up to 100 m depth, support-
ing the idea of coastal spawning. This also agrees
with the expansion of sardine preferred habitat we
noticed in the entire Mediterranean basin.

This expansion most likely reflects the peculiarities
of the Mediterranean Sea, where suitable areas
favouring growth, feeding and spawning processes
tend to be localised. These processes are mostly asso-
ciated with point sources of nutrients that enhance
productivity locally like river runoffs or local up-
welling. The existence of such limited suitable areas
along with complex oceanographic and topographic
characteristics (i.e. irregularities in the coastline and
the bathymetry) are likely to prevent long distance
migrations for sardine between spawning and juve-
nile grounds, as also indicated by Giannoulaki et al.
2011.

This is even more pronounced in the Sicily Chan-
nel, where no significant seasonal variation was
shown. This region is characterised by a narrow con-
tinental shelf (15 n miles) that widens in the most
eastern and most western parts, reaching 50 n miles
at the Malta shelf. This narrow continental shelf
largely determines the available space and thus the
potential habitat for a coastal species like sardine.
The local sardine stock presents a fairly uniform dis-
tribution along the southern coast of Sicily but
exhibits large inter-annual variability in abundance,
varying by even more than 80% from year to year
(Patti et al. 2004, SGMED 2009). This variability is
linked to year-to-year variability of the Atlantic—
Ionian Stream (AIS) that dominates the surface circu-
lation in the area, affecting productivity, the exten-
sion of the upwelling and the formation of frontal
structures (Cuttitta et al. 2003, Patti et al. 2004, 2010).

Suitable areas that could serve as sardine habitat in
the Mediterranean were also indicated outside the
study regions. In the Western Mediterranean these
were identified in the Gulf of Lions and the coastal
waters of the Ligurian Sea by the findings of past sur-
veys in these areas (Gulf of Lions: Guennegan et al.
2000, Bigot 2007; Ligurian Sea: Romanelli & Giova-
nardi 2000, Romanelli et al. 2002). Areas of increased
probability were consistently shown along the North
African coast, mainly in the extended continental
shelf of the Gulf of Gabes in Tunisia and in the Nile
Delta region during early summer. During the winter
sardine potential habitat appears to be more ex-

tended, also covering most of the Moroccan and
Algerian coasts. These areas are verified by the
known distribution and the fishing grounds of sar-
dine along these coasts (Djabali et al. 1991, Ramzi et
al. 2006, Bedairia & Djebar 2009), the Tunisian and
Libyan coastal waters as well as the Nile Delta region
along the Egyptian coast (El-Haweet 2001, Ben
Abdallah & Gaamour 2005). Further east, the infor-
mation on the spatial distribution of sardine in the
Levantine basin is currently lacking. However, the
composition of local landings suggests sardine pres-
ence in the area (Bariche et al. 2006, 2007, Gucu et al.
2010).

However, the lack of potential habitat areas along
the North African coast and the Levantine during
September is not supported by the information avail-
able from these regions (Zarrad et al. 2008). There-
fore this picture was largely attributed to model defi-
ciencies. September is a transitional season in which
variables such as SST and CHLA can vary greatly
between the different parts of the Mediterranean
and especially between the northern and southern
parts (Bosc et al. 2004, Lejeusne et al. 2010). In order
to assess a habitat model applicable to the entire
basin during the transition seasons (i.e. spring and
autumn), including data from the southern and west-
ern parts of the Mediterranean Sea in the model is
essential.

Potential spawning habitat (PSH)

The PSH of sardine during December was modelled
using environmental variables for the first time in the
Mediterranean, based on 3 years of egg data collected
in Spanish Mediterranean waters. Sardine spawning
is known to be related to temperature (e.g. Regner et
al. 1987, Olivar et al. 2003, Stratoudakis et al. 2007,
Ganias et al. 2007, Palomera et al. 2007). A higher
probability for sardine egg presence was estimated
for coastal waters with up to 110 m depth and SST
values of 14 to 17°C when co-occuring with moder-
ate CHLA values. This range of SST agrees with the
known temperature preferences for sardine spawning
in the Mediterranean Sea, where sardine are known
to spawn when surface temperature falls well below
20°C (Olivar et al. 2003). Specifically, studies have
shown a preference for temperatures of 12 to 14°C,
with spawning occurring up to 19°C in the Catalan
Sea (Palomera et al. 2007), and a similar temperature
range of 17 to 19°C during December in the Aegean
Sea (Somarakis et al. 2006). In the Adriatic, the tem-
perature preferences lie within 12 to 16°C according
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to studies carried out mainly in the 1970s and 1980s
(Morello & Arneri 2009 and references therein). Dur-
ing the 1990s, a study also indicated that sardines
leave shallow areas of the most northern part of the
Adriatic Sea when temperatures fall below 10.5°C
(Ti¢ina et al. 2000). Thus, the preferred range of SST
indicated by the PSH model is likely to capture most
of the variability between areas, supporting the use of
the model to obtain a snapshot of sardine PSH for the
entire Mediterranean basin.

In the Spanish Mediterranean waters, the indi-
cated PSH areas are dominated by the narrow shelf
of the North Alboran Sea, the Ebro River area, the
Catalan Sea and the Balearic plateau, which matches
the known sardine spawning grounds in the region
(Pérez de Rubin 1996, Olivar et al. 2003, Garcia et al.
2006, Vargas-Yanez & Sabatés 2007). These areas
generally match those indicated by the adult model
in December, verifying that the patchiness of the
eggs closely reflects the patchiness of the spawning
adults. A high probability of egg presence is also indi-
cated for waters deeper than those of adults (i.e.
110 m versus 90 m), which is justified by the passive
transportation of eggs offshore with currents. Annual
variation of the PSH in the North Alboran Sea is most
likely associated with the variability of the local
upwelling and the way it affects the circulation of the
area (Pérez de Rubin 1996).

In the Adriatic, potential spawning grounds of sar-
dine were indicated in the extended continental shelf
of the North Adriatic as well as in the coastal waters of
the western and the eastern parts (Morello & Arneri
2009 and references therein). The sharp decrease in
the indicated potential spawning ground at the north-
ern part of the basin in 2007 and 2008 was due to the
lack of satellite coverage of the area during the re-
spective December period. In the Aegean and eastern
Ionian Seas, potential spawning grounds were more
persistent inside the coastal waters and the gulfs of
the western part. Although the information con-
cerning sardine spawning grounds in these areas is
limited, the indicated areas generally coincide with
the known spawning grounds of sardine during the
early 2000's (Somarakis et al. 2006). No information is
available on the spawning habitat of sardine in the
Sicily Channel, but preferred spawning areas gener-
ally match the potential habitat of adults.

The spawning of sardine is known to be related to
temperature and chlorophyll a concentration but it
has also been related to bottom depth (Bernal et al.
2007, Planque et al. 2007, Ganias 2009). However,
optimal temperature for spawning sardine seems to
vary greatly between regions. In the Bay of Biscay

and the Moroccan Atlantic waters, Atlantic sardine
Sardinops pilchardus spawns in waters between 12.5
and 18.5°C (i.e. Ettahiri et al. 2003, Planque et al.
2007), while for Pacific sardine S. sagaxin the Califor-
nia system, the temperature preferences varied from
11.5 to 17°C (i.e. Lynn 2003, Zwolinski et al. 2011).
Our results suggest a preferential temperature range
that is more similar to that of S. sagaxin the Benguela
upwelling system, which has a bimodal range includ-
ing one major peak at 15.5 to 17.5°C and a secondary
peak between 18.7 and 20.5°C (van der Lingen et al.
2001).

Landings and potential habitat

Based on 5 yr of available data, the annual variabil-
ity in sardine landings for the entire Mediterranean
Sea (FAO 2010) was found to be significantly related
to the size of sardine preferred habitat areas (A050)
during the summer of the previous year. This connec-
tion underlines the importance of the existence of
suitable environmental conditions in determining the
extent that nursery and feeding grounds can affect
fish abundance in the following year. Moreover, the
extent of the winter potential habitat or otherwise the
extent of the spawning adult grounds is related to the
landings (or indirectly to the fish abundance) of the
same year. An increase in landings along with an in-
crease in habitat extent could be explained in terms
of sardine density-dependent behaviour. Sardines
can expand their population along with an increase in
the size of the habitat (Barange et al. 2009) and at the
same time the greater the extent of the adult grounds,
the more extended are the operation grounds of the
fishery and the subsequent fisheries production.
These associations imply that the extent of the poten-
tial habitat could be a candidate for the ecosystem
spatial indicator, useful to monitoring the potential for
fish stocks to expand or contract under climate
forcing (Barange et al. 2009). Specifically, if this rela-
tionship between the habitat extent with landings or
abundance estimates can be verified with additional
years of data, then it could support the suggestion of
an ecological, spatial indicator (sensu Woillez et al.
2009). This is of special importance for the Medi-
terranean basin, which is likely to become one of
the regions most affected by the ongoing warming
trend (Lejeusne et al. 2010) and our approach can
take advantage of the results of acoustic surveys that
are regularly held for the monitoring of small pelagic
fish stocks beyond the standard stock assessment
purposes (Koslow 2009).
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Future perspectives

Habitat suitability maps resulting from this work
can provide large-scale essential species distribution
information for environmental research, resource
management, conservation planning, population via-
bility analysis, environmental risk assessment and
ecosystem modelling. The present study is the first
attempt to construct such models on different life
stages (e.g. eggs, adults) and integrate knowledge on
how environmental variables affect the spatial distri-
bution of these life stages. In a next step, condition-
ing these models with climate change scenarios
would be of particular ecological interest in order to
assess changes in the life cycle patterns driven by
changes in climate.

In the case of small pelagic fish, habitat suitability
maps can be a simple way to visualise possible
changes in the state of the ecosystem that are
reflected in the shrinkage and expansion of the suit-
able habitat for each species. This could comprise the
basis for the development of indicators to spatially
characterise the coastal Mediterranean ecosystems.
From a management perspective, large-scale conser-
vation planning requires the identification of priority
areas in which species have a high likelihood of long-
term persistence. Going further, examining the spa-
tial and temporal overlapping of habitat maps can
reveal predator—prey relationships (e.g. small pelagic
and zooplankton, small pelagic and marine mam-
mals) or competitive spatial patterns between species,
thus providing essential information for an ecosystem
approach to fisheries. Incorporating such knowledge
into spatial dynamic models like Ecospace (Pauly et
al. 2000) can eventually result in a very effective,
highly dynamic management tool.
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