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FISH HABITAT MAPPING

Spatial patterns and GIS habitat modelling of fish
in two French Mediterranean coastal areas
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Abstract The spring and summer distribution of
adults and larval fish stages of Sparids and Scorpaenids
was studied in two sites in the western Mediterranean.
Fish adults and larvae of those two taxa were identified
and sorted according to their life stages in order to
study their distribution and develop suitable habitat
maps. Study areas were located on French coastal
waters, the “Cote Bleue” Marine Park (CBMP) has an
east-west orientation with substratum dominated by
Posidonia beds and the Marine Reserve of Cerbere-
Banyuls (MRCB) runs north—south and is dominated
by rocky substrates. Generalised Additive Models
(GAM) combined with Geographic Information
System (GIS), were used to model the suitable habitats
for fish larvae and adults. During spring months, waters
exhibit low Sea Surface Temperatures (SST), low
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Photosynthetically Active Radiation (PAR), high values
of Sea Surface Chlorophyll-a concentration (Chl-a),
and mostly negative values of Sea Level Anomaly
(SLA) indicating anticyclonic eddies. During summer
months, waters have higher values of SST, lower
values of Chl-a and positive values of SLA indicating
cyclonic eddies. The results revealed different envi-
ronmental responses in the distribution of fish adults
and larvae in the CBMP and MRCB. Suitable habitats
for adult were mainly dependent on the substrate types
(Posidonia meadows and sand) and they were found
close to the coast, whereas fish larvae were dependent
on environmental cues (Chl-a, SLA, SST) with a sparse
spatial distribution.
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Introduction

Habitat loss and degradation threaten the ability of
marine coastal areas to support artisanal fisheries.
The habitat utilised by species changes with life
history stage, density, competition with other species
and environmental variability in time and space.
During their early life stages, many species occur in
coastal waters in essential spawning and nursery
habitats such as seagrass beds (Boudouresque et al.,
2006), rocky bottoms (Guidetti, 2000, Vanderklif &
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Jacoby, 2003) or soft shallow bottoms for flatfishes
(Eastwood et al., 2001, Koubbi et al., 2006, Le Pape
et al., 2007). These studies emphasised the ecological
importance and the protection provided by such
habitats in relation to their crucial role as nurseries
for many fish species and their overall importance in
maintaining littoral fish populations and species
diversity. When different life stages of fish species
are dependent on specific coastal habitats for devel-
opment and growth, thorough knowledge of such
habitats is a necessary component for improvements
in fisheries management.

With an aim to develop sustainable fisheries, the
Magnuson-Stevens act (NMFS 1996) reinforced the
need to unify coastal land management with fisheries
management by the creation of “Essential Fish Habi-
tats” (EFH). The identification of EFH, defined as
“those waters and substrate necessary for fish for
spawning, feeding or growth to maturity”, is important
for management and conservational purposes. In 2002,
European Community, following the statement in the
Green Paper on the Future of the Common Fisheries
Policy (European Commission, 2001), took similar
initiative by including Habitat directive and Marine
strategy directive as bases of reform of CFP. Coastal
habitats of fish are combination of environmental factors
that explain their distribution, with a presence link to
suitable conditions and density to an optimum environ-
mental conditions (Koubbi et al., 2006). Favourable
conditions for fish development are linked to biological
and physical factors. Location of spawning sites is
influenced by bathymetry, substrate type and diversity
of adult fish habitats as well as mechanisms conditioning
the primary production of the region. However, physical
processes (e.g. shelf-slope density front and associated
current, continental water inflows, winter mixing and
stratification of the water column) influence the final
distribution patterns of fish eggs and larvae (Alemany
et al., 2006; Sabatés et al., 2007). As the recruitment
success of species depends on physical processes, the
management of fish populations cannot be considered
independently of their environment (Parsons and Har-
rison, 2000), and as such, habitat protection is a vital part
of ecosystem-based approaches to fisheries manage-
ment. Geostatistics is employed in fisheries, to optimise
sampling strategies (Petitgas, 1996) and to estimate fish
biomass and corresponding variances, by taking into
account the existence of spatial structures (Maynou,
1998), as well as to map estimated distributions and
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spatial patterns of organisms (Stelzenmiiller et al.,
2004). Further, geostatistical tools can be used to assess
the effects of trends on catch data (Rufino et al., 2006),
such as the importance of factors including habitat
association of species and spatial survey scales (Stel-
zenmiiller et al., 2005) or type of fishing gears
(Stelzenmiiller et al., 2006) on spatial estimations of
the distribution patterns of marine resources. Data on
species—environment associations have been used to
provide such spatially explicit models of habitat
suitability by using Geographic Information System
(GIS) (Guisan & Zimmermann, 2000; Stoner et al.,
2001; Le Pape et al., 2003; 2007 and Valavanis et al.,
2004).

In Mediterranean coastal fishery systems, sparids
are an important part of local marine resources, and
various aspects of their distribution, life history,
reproductive cycle, feeding ecology and fisheries
have been studied (Bell, 1983; Santos et al., 1995;
Petrakis & Stergiou, 1995; Pajuelo & Lorenzo, 1998;
Vigliola et al., 1998; Planes et al., 1999; Catalan
et al., 2006; Mariani, 2006; Stelzenmiiller et al.,
2007). A study in MRCB focused on the conditions,
feeding and reproductive potential of white seabream
(Diplodus sargus) as indicators of habitat quality
(Lloret & Planes, 2003). Unexpected initially, this
study proposed that unprotected rocky areas contrib-
ute more to production of white seabream than the
unprotected sandy coasts and are, therefore, poten-
tially essential fish habitats for this specie. Similarly,
scorpaenids also have an important place in the
littoral fish community and their distribution, life
history and fisheries aspect have been studied in the
Mediterranean (Santos et al., 2002; Deudero et al.,
2008; Stergiou & Erzini, 2002; La Mesa et al., 2005).

In this study, we aimed to estimate the suitable
habitats for two important fish taxa, at both adult and
larval stage of development, in two French coastal
areas. Our study was focused on two target and
marketable taxa characteristic of the artisanal Med-
iterranean fishery, the sparids (Pagellus erythrinus,
Pagellus acarne and Diplodus spp., Sparus aurata)
and scorpaenids (Scorpaena porcus and Scorpaena
scrofa). We combined geostatistical and GIS tools:
(1) to characterise the distribution of the different life
stages of fish and (2) to define suitable habitats (EFH)
by investigating relationships between fish taxa and
environmental conditions. Thus, we proposed an
approach to assess the effect of habitat on the
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distribution of fish in heterogeneous coastal areas that
can be used for further fisheries management.

Materials and methods
Study area

Marine Reserve of Cerbere-Banyuls (France): Estab-
lished in 1974, the Marine Reserve of Cerbere-Banyuls
(MRCB) extends over 1.85 square nautical miles,
of which 0.185 square nautical miles are no-take
(Fig. 1-1B). Adult fish community has been studied for
over 20 years (since Bell, 1983). The area consists of a
rocky shore 20 km long, orientated more or less along a
north—south axis. Bays and capes divide the area into
three topographic regions also characterised by different
habitats, from north to south: (1) a continuous coast to
Cape Bear with steep underwater rocky slopes; (2) the
Bay of Banyuls mainly composed of sand and Posidonia

meadows; and (3) a continuous coast made of little
embayments and capes from Cape I’Abeille to Cape
Cerbere, with a mixed habitat of meadows: rocks in
shallow waters and rocks and coralligen in deeper waters.
Cote Bleue “Marine Park (France): Located in the
French north-western Mediterranean, the “Cote
Bleue” Marine Park (CBMP) was established in
1983. CBMP is made of two effectively enforced no-
take reserves: Carry-le-Rouet MPA (0.248 square
nautical miles), established in 1983, and Couronne
MPA (0.612 square nautical miles), established later
in 1995 (Fig. 1-2C). In addition to the reserves,
artificial reefs, mainly for protection against illegal
trawling and for biomass production, were deployed
in the park in 1983, several of them being set at the
border of the two reserves to ensure trawling
exclusion. The area is made of a rocky shore 16 km
long, orientated along an east—west axis, and it is
covered with Posidonia meadows (total of 3.207
square nautical miles), rocky substrates and sand.

France
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Fig. 1 Location of Marine Reserve of Cerbere-Banyuls (1) and “Cote Bleue” Marine Park (2) with Adult sampling stations (A and
D) and larvae sampling stations (B and C). Spring stations are represented by (4) and summer stations are represented by (o)
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Fig. 2 IPUE results in Marine Reserve of Cerbére-Banyuls or
adult sparids (A and B) and for adult scorpaenids (C and D), in
spring (A and C) and in summer (B and D). IPUEs are in

Biological sampling
Adults

The artisanal fishing fleet in MRCB uses a whole
range of fixed or mobile gear, such as gillnets,
trammel nets and bottom longlines. Target species
vary according to season and belong mostly to
Sparidae (Pagellus erythrinus, Pagellus acarne,
Diplodus spp.) and Scorpaenidae (Scorpaena scrofa,
Scorpaena porcus,).

The fishing gears commonly used in CBMP include
trammel nets, gillnets, bottom longlines and tuna nets.
Target species vary according to season and belong
mostly to Sparidae (Diplodus spp., Sparus aurata,
Dentex dentex) and Scorpaenidae families (Scorpaena
scrofa, S. porcus), together with significant catch of
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number of fish per 100 m of net per day. Grey area between
coast and sea delimits hard (Rock and Posidonia meadow)
from soft bottom (Sand)

lobster (Palinurus elephas), Mullus surmuletus,
Merluccius merluccius and Soleidae.

Assessment of suitable habitat, in the case of
MRCB, was based on catch positions and Individual
Per Unit of Effort data (IPUE, Number of individual
per 100 m of net per day) for Sparidae and Scorpae-
nidae families recorded from 197 onboard samplings in
2000, 2001, 2003 and 2004 (Fig. 1-1A). In the case of
CBMP, the assessment was based on catch positions
and IPUE for the Sparidae and Scorpaenidae families,
recorded from 119 onboard samplings from 2003 to
2004, between April and November (Fig. 1-1D).

Larvae

Data are issued from sampling conducted in sur-
rounding areas of the MRCB from 2000 to 2003,
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between April and September (Fig. 1-1B). A Bongo
net with a mesh size of 300 um and MIK nets with a
mesh size of 1 mm were used to collect fish larvae
and eggs from oblique tows performed during
daytime from the bottom to the surface. Stepwise
oblique tows of 5-min duration each were made at
three depth levels (20, 10 and 5 m) to facilitate
catching more eggs and larvae of coastal fishes as
they are reported to be more abundant in subsurface
waters (Olivar & Sabatés, 1997). Sampling conducted
in the vicinity of CBMP in spring and summer 2003
(Fig. 1-1C) used Bongo net following the same
sampling protocol as previously described for
MRCB.

Assessment of suitable habitat was based on catch
positions and density of larvae (number of larvae per
1000 m?) for the Sparidae and Scorpaenidae families,
resulting from 333 and 195 samples, respectively, in
MRCB and CBMP.

Environmental sampling

Four types of environmental data were collected from
internet-based sources by the Hellenic Centre for
Marine Research: (1) Photosynthetically Active
Radiation (PAR), (2) Sea Level Anomaly (SLA),
(3) Sea Surface Temperature (SST), and (4) Sea
Surface Chlorophyll-a concentration (Chl-a). Data
were processed for use with a GIS (Table 1).
Fisheries and ichtyoplankton samples were combined
together with environmental grids for each sampling
date to extract environmental values for each sample.
Substratum data, namely differentiating Posidonia

meadows (POS), rocky bottom (ROC) and sandy
bottom (SAN), were extracted from results of Natura
2000 programs (FR9101482—Herbier de Posidonie
de la cote des Alberes) and calculated by applying a
buffer area of 500 m in diameter to each sampling
point with each substratum layer crossing this buffer
in a certain percentage of coverage. Depth was
extracted from the SHOM map (map No. 6843) for
each sampling point.

Data analysis

Generalised Additive Models (GAMs) (Hastie &
Tibshirani, 1990) are the non-parametric counterpart
of Generalised Linear Models (GLMs). GIS, GAM and
GLM were used to map habitat, and, in combination
with geostatistical tools, to model species potential
distribution and habitat. The models for different life
stages, for species and for seasons were established
using biological data (larval density and IPUE)
together with environmental factors (SST, PAR,
SLA, Chl-a, POS, ROC, SAN and depth). The data
exploration process provided a clear graphical inclu-
sion of explanatory variables that were themselves
uncorrelated to avoid effect of collinearity. If a high
degree of collinearity exists between two variables
(more than 80%), those variables with the least
collinearity with other variables were retained in the
model. For each station, GAMs were used to model the
spatial relationships between presence/absence and
density of two taxa and the selected environmental
variables per season (spring and summer). This method
estimated the relationships between the response

Table 1 Sources and description of environmental data used in Model

Variable Units Source Sensor/Model Resolution

Photosynthetically Active E/m2/d Oceancolor WEB, SeaWiFS 1.1 km
Radiation (PAR) GSFC/NASA, USA

Sea Level Anomaly (SLA) cm Live Access Server Merged (TOPEX/Poseidon, 5 km

Jason-1, ERS-1/2, Envisat)

Sea Surface Temperature (SST) °C DLR EOWEB,Germany AVHRR SST 1 km

Sea Surface Chlorophyll-a mg/m> Oceancolor WEB, SeaWiFS 1.1 km
Concentration (CHL-A) GSFC/NASA, USA

Posidonia meadow (POS) % Natura 2000, France 5m

Rock (ROC) % Natura 2000, France 5m

Sand (SAN) % Natura 2000, France 5m

Bathymetry (Depth) m Echosounding, Shom France I m
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variables and predictors, by fitting non-parametric
functions to the data using smoothing operations. In
this study, adult IPUE and larval density or presence/
absence were the response variables, while SST, PAR,
SLA, Chl-a, POS, ROC, SAN, and depth were the
selected uncorrelated predictors. The GAM stepwise
procedures were used to automatically select the best
predictors from a list of pre-specified possible predic-
tors in terms of the Akanke’s Information Criterion
(AIC, Akaike, 1973). Akaike (1974) proposed a rule to
select the order of the filter based on a generalisation of
the maximum likelihood criterion. AIC was computed
as ameasure of the “goodness-of-fit” to select the most
suitable model. For each biological group, the models
associated with the lowest AIC were chosen from a
number of fitted models. For each stage, taxa and
season, two models were computed: one with presence/
absence (description of combination of environmental
factors for presence in suitable conditions) and another
with density values (description of combination of
environmental factors for survival and a highest
density in optimum condition). These two values were
multiplied, resulting in a predicted value of density or
IPUE that took into account the presence/absence
probability. From each model, GAM plots were used to
show the effect of environmental variable on density
and presence/absence and to determine the threshold
value, a value for which the effect became positive.
These models were performed using R software (R
Development Core Team, 2007).

Mapping

MAPINFO professional 7.5 (Geographic information
system from Maplnfo Corporation) and Vertical
Mapper were used to map data. The best models
were then used to predict the value of density or
IPUE that took into account the presence/absence

probability for each season. Predicted data were
interpolated, by use of Natural Neighbourhood
methods, mapped to visualise their distribution and
deduct their suitable habitat.

Natural Neighbourhood are built around data
points using Delaunay triangulation. A network of
Thiessen polygons is generated from the point
locations creating what is called a Voronoi diagram.
By calculating the area of the Thiessen polygon
encompassing each point, attaching that area as an
attribute to the point, and generating a grid of the new
point files through interpolation, a representative
density surface grid can be produced.

Results
Environmental data description

Two distinct periods are shown in Tables 2 and 3:
Spring is characterised by stable SST with values
between 17.446 £ 3.769°C and 19.097 £ 3.353°C,
and high values of Chl-a concentration (between
0.393 £ 0.191 mg/m® and 0.674 £ 0.681 mg/m?),
high values of PAR (between 48.817 £+ 11.420
and 52.279 + 9.269) and mostly negative values of
SLA (between —4.078 £ 2.919 cm and —2.355 +
2.026 cm) indicating anticyclonic eddies (e.g. con-
vergence area).

In summer, SST is higher and more variable
between 20.442 4+ 2.321°C and 24.751 4+ 1.964°C,
values of Chl-a concentration are lower (between
0.174 £ 0.049 mg/m®> and 0.368 £ 0.164 mg/m?),
the range of PAR is larger (between 51.544 +
7.169 and 55.153 + 3.899) and SLA values are
mostly positive (between 2.615 £ 2.920 cm and
3.440 £ 2.364 cm) indicating cyclonic eddies (e.g.
divergence area).

Table 2 Mean and standard deviation (SD) of environmental variable and IPUE concerning adult sampling for both species and area

SST CHL-A PAR SLA IPUE of sparids IPUE of Scorpaenids
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MRCB Spring 17.856 =£3.363 0.431 =+0.185 48.817 =£11.420 -2.355 =+2.026 1.685 £2.625 0.067 +0.235
Summer 22518 £1.593 0.214 +0.066 53.075 +6.542 3.440 +2.364 1.827 =+9.233 0.024 +0.091
CBMP Spring 17.446 =£3.769 0.674 =+0.681 52.279 +9.269 -3.878 +3.891 5.560 +6.571 3.506 +6.564
Summer 20.442 £2.321 0.368 +0.164 51.544 £7.169 2.615 +£2.920 5.732 +£9.768 3.313 +5.825

Mean and SD were calculated from data resulting from Adult sampling effort
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Table 3 Mean and standard deviation (SD) of environmental variable and density concerning larvae sampling for both species and
area

SST CHL-A PAR SLA Density of Sparids Density of Scorpaenids
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MRCB Spring 17.621 £3.161 0.462 +0.202 49.302 +6.567 —-4.078 £2.919 27.956 +65.000 0.119 +0.700
Summer 24.751 £1.964 0.174 +0.049 54.492 +4.011 2.850 +2.365 92.931 =£606.893 1.627 +0.889
CBMP Spring 19.097 +£3.353 0.393 +0.19 52.1 +7.348 -2.95 +£323 21.128 +£31.743 0.184 +0.559
Summer 23.972 4+2.451 0.248 +0.18 55.15 #£3.9 2.631 +2.15 3.171 +5.107 0.657 +1.559

Mean and SD were calculated from data resulting from Larvae sampling effort

Adult stage

Adult scorpaenids (Tables 2 and 3) were caught in both
areas and periods. In MRCB, the mean IPUE of adult was
greater during spring (0.067 £+ 0.235) than in summer
(0.024 £ 0.091). The IPUE of adults were higher in
coastal stations (2040 m depth) than offshore, and the
distribution of adults was homogeneous with an IPUE of
0.22 between Cape Béar and Cape Cerbere in spring
(Fig. 2A) with the exception of a Bay under Cape Bear
whose IPUE peaked at 2.2. In summer, the presence of
adults was more sporadic and localised in the northern
part of the MPA (Fig. 2B). At CBMP, the mean IPUE of

510 520 10

43.25 B

Fig. 3 IPUE results in “Cote Bleue” Marine Park for adult
sparids (A and B) and for adult scorpaenids (C and D), in
spring (A and C) and in summer (B and D). IPUEs are in

adults was similar between spring (3.506 + 6.564) and
summer periods (3.313 £ 5.825). As in MRCB, the
IPUEs of adults were higher in coastal stations than
offshore (Fig. 3A, B).

Adult sparids were caught in both areas and
periods. In MRCB, the mean IPUE was greater
during summer (1.685 % 2.625) than in spring
(1.827 4 9.233). Adults occurred in coastal stations
rather than offshore (Fig. 2C, D). Higher density was
located north in spring and summer, while a peak of
adults was observed near the MPA border, at Cape
“1’Abeille”. In CBMP, the mean IPUE was smaller in
spring (5.560 + 6.571) than in summer (5.732 £

@ 5.10 5.20

4325« D — ‘

number of fish per 100 m of net per day. Grey area between
coast and sea delimited hard (Rock and Posidonia meadow)
from soft bottom (Sand)
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9.768). A density gradient was observed between the
coastal station, middle shore and off-shore stations
(Fig. 3C, D).

Larval stage

Scorpaenids larvae were caught in both areas and
periods. In MRCB, mean larval density was greater in
summer (1.627 + 0.889 larvae/1000 m>) than in
spring (0.119 % 0.700 larvae/1000 m®). Larvae were
concentrated in coastal stations (20—40 m depth) than
offshore, with a peak in the north of Cape Béar and in
the north of Cape Cerbere in spring (Fig. 4A). A
more widespread distribution was observed along the
coast in summer (Fig. 4B). The relative importance
of mid-shore stations is striking in spring as com-
pared to the total absence of larvae in mid- and
offshore stations in summer. In CBMP, mean larval
density was higher in summer (0.184 + 0.559 larvae/

3.25

42.50

42.45

Fig. 4 Density in Marine Reserve of Cerbere-Banyuls for
sparid larvae (A and B) and scorpaenids larvae (C and D), in
spring (A and C) and in summer (B and D). Densities are in
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1000 m*) than in spring (0.657 + 1.559 larvae/
1000 m3). As in MRCB, larvae were more abundant
in coastal stations than offshore (Fig. SA, B).

Sparid larvae were caught in both areas and
periods. In MRCB, mean larval density was greater
in summer (92.931 + 606.893 larvae/1000 m?) than
in spring (27.956 + 65.000 larvae/1000 m?). Larvae
were more abundant in coastal stations than offshore
even if substantial densities were observed offshore.
Overall higher densities were located along the 20 m
isobaths in spring with a peak at Cape Béar station
(Fig. 4C), and along the 40 m isobaths in summer
with a peak near MPA limits (Fig. 4D). In CBMP,
mean larval density was greater in spring
(21.128 + 31.743 larvae/1000 m®) than in summer
(3.171 =+ 5.107 larvae/1000 m>). In summer, a den-
sity gradient was observed from coastal stations to
middle and offshore stations (Fig. 5C, D), with higher
densities in coastal stations.
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Fig. 5 Density in “Céte Bleue” Marine Park for sparid larvae
(A and B) and scorpaenids larvae (C and D), in spring (A and
C) and in summer (B and D). Densities are in number of larvae

Suitable habitat

The environmental parameters used in each model
are given in Tables 4 and 5. Standardised maps of
larval and adult modelled suitable habitat are shown
in Figs. 6, 7, 8 and 9.

Presence/absence

The presence/absence model explained between
14.1% (larvae of sparids groups) and 29.8% (adults
of scorpaenids groups) of deviance in the presence/
absence of fish (Tables 4 and 5). In terms of life
stages, the greatest proportion of deviance was
explained for adults with 29.8% and 18.4% (from
316 samples) followed by larvae (19.3% and 14.1%,
from 528 samples). In terms of taxa, the greatest
proportion of deviance was explained for scorpaenids
with 29.8% and 19.3% followed by sparids (18.4%
and 14.1%).

5.10 5.20

43.30 +-

43251 D

per 1000 m>. Grey area between coast and sea delimits hard
(Rock and Posidonia meadow) from soft bottom (Sand)

Adult habitat

In MRCB (Table 4), adult Sparids models explained
between 16.9% and 99.5% of deviance, negatively
correlated with PAR in spring with a threshold value
(TV) at 50 (Table 6), resulting in a relatively
extended coastal suitable habitat (Fig. 6C). In sum-
mer, distribution was explained by the percentage of
Posidonia cover (TV = 2% and 4%), and showed a
positive correlation with Chl-a concentration and
SLA (TV at 0.34 mg/m>, 3 cm, respectively) and a
negative correlation with percentage of sand cover
(TV = at 40%). Habitat is mainly located in pro-
tected areas (Fig. 6D). In CBMP, models explained
between 34.8% and 51.4% of deviance. In spring, the
IPUE was positively correlated with Chl-a concen-
tration and negatively correlated with SLA with TV
of 0.6 mg/m® and —2 cm, respectively. In summer,
IPUE of adult was positively linked with the
percentage of sand cover (TV = 30%). Our results
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Table 4 Sparid GAM results showing the best model for each stage and each area

Stage Location Data type Season Variables (P-value) Deviance N
explained
Adult MRCB + CBMP P/A s(PAR) (<0.05) + s(POS) (<0.01) + 18.4% 316
s(CHL-A) (0.84) + s(SLA) (<0.05)
MRCB IPUE Spring s(PAR) (<0.01) + s(DEP) (0.071) 16.9% 122
Summer s(POS) (<0.01) + s(CHL-A) (<0.01) + 99.5% 75
s(SLA) (<0.01) 4 s(SAN) (<0.01)
CBMP IPUE Spring s(CHL-A) (<0.05) + s(SLA) (<0.05) 34.8% 48
Summer s(SAN) (<0.01) + s(SST) (0.077) + 51.4% 71
s(CHL-A) (0.152) + s(SLA) (0.083)
Larvae MRCB + CBMP P/A s(SLA) (<0.01) 4 s(ROC) (<0.01) + 14.1% 528
s(CHL-A w) (<0.01)
MRCB Density Spring s(SST, CHL-A, SAN) (<0.01) 58.4% 204
Summer s(CHL-A) (<0.01) 4 s(SLA, SAN) 69.6% 129
(<0.01) + s(SST) (<0.01)
CBMP Density Spring s(SAN, PAR) (<0.01) 56.0% 125
Summer s(SAN) (<0.01) 32.8% 70

Variables are ordered according to their importance in the model, based on results from AIC, from left most important to right less
important. Non-significant variables are highlighted in bold

Table 5 Scorpaenids GAM results showing the best model for each stage and each area

Stage Location Data Season Variables (P-value) Deviance N
type explained
Adult MRCB + CBMP  P/A s(POS) (0.058) + s(SAN) (<0.05) + s(SLA) 29.8% 316
(<0.01) + s(DEP) (<0.01)
MRCB IPUE Spring s(POS) (<0.01) + s(ROC) (0.146) + s(DEP) (<0.05) 74.2% 122
Summer  s(POS) (<0.01) + s(ROC) (<0.01) 71.3% 75
CBMP IPUE Spring s(SST) (<0.01) 4+ s(POS) (<0.01) + s(PAR) (<0.01) 91.8% 48
Summer  s(DEP) (<0.01) 4+ s(PAR) (0.0689) + s(POS) (<0.05)  59.5% 71
Larvae MRCB 4+ CBMP  P/A s(CHL-A) (<0.01) 19.3% 528
MRCB Density  Spring s(CHL-A) (<0.01) 10.7% 204
Summer  s(CHL-A) (<0.01) 5.14% 129
CBMP Density  Spring s(CHL-A) (<0.01) + s(PAR) (0.078) 11.4% 125
Summer  s(SLA) (<0.01) + s(POS) (<0.05) 35.9% 70

Variables are ordered according to their importance in the model, based on results from AIC, from left most important to right less
important. Non-significant variables are highlighted in bold

show that some suitable habitat is concentrated in
areas that are less coastal than previously thought
(Fig. 7C, D).

In MRCB, models explained between 71.3% and
74.2% of deviance (Table 5), and the percentage of
Posidonia and rocky bottoms cover were highly
significant (Table 6). The relationship between the
IPUE of adults and the percentage of Posidonia cover
was positive for both seasons (TV = 12% in spring
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and 3.5% in summer). The relationship between
IPUE of adults and the percentage of rocky bottoms
was negative in spring and positive in summer, with a
common TV at 5%. (Fig. 6A, B). In CBMP, models
explained between 59.5% and 91.8% of deviance.
The relationship between IPUE of adults and SST,
percentage of Posidonia cover and PAR was positive
in spring (TV = 21°C, 40% and 60%, respectively).
In summer, the relationship between IPUE of adult
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Fig. 6 Suitable habitats in Marine Reserve of Cerbére-
Banyuls for adult sparids (A and B) and for adult scorpaenids
(C and D), in spring (A and C) and in summer (B and D).

and bathymetry was negative (TV =25 m) and
positive for percentage of Posidonia (TV = 45%),
resulting in a coastal suitable habitat (Fig. 7A, B).

Larval habitat

In MRCB, sparids larval models explained between
58.4% and 69.6% of deviance (Table 4) with a positive
correlation with SST (13°C < TV < 15°C and
TV > 19°C), Chl-a concentration (negative Slope,
TV = 0.48 mg/m>) (Table 6) and the percentage of
sand (negative Slope, TV = 80%) in spring. The
summer situation was explained by the distribution of
Chl-a concentration (positive slope, TV = 0.18 mg/m”),
SLA (positive Slope, TV = 1.5 cm), percentage of sand
(positive Slope, TV = 75%) and SST (positive Slope,
TV = 23°C). The resulting suitable habitat was close to
the coast during both seasons (Fig. 8C, D). In CBMP,
models explained between 32.8% and 56.0% of devi-
ance. In both seasons, larvae were positively correlated

White dotted line area between coast and sea delimits hard
(Rock and Posidonia meadow) from soft bottom (Sand)

with the percentage of sand (TV = 45%) and in spring
with PAR (negative slope, TV = 57). Suitable habitat
resulted in a gradient of density from the coast to offshore
stations during both seasons (Fig. 9C, D).

In MRCB, Scorpaenids larvae models explained
between 5.14% and 10.7% of deviance (Table 5), with
Chl-a concentration highly significant and positive in
spring but negative in summer (TV = of 0.55 mg/m*
and 0.18 mg/m’, respectively) (Table 6). Suitable hab-
itats were concentrated in middle shore areas in the
spring but were more coastal in the summer (Fig. 8A,
B). In CBMP, models explained between 11.4% and
35.9% of the deviance. The relationship between larval
density and Chl-a concentration was negative in spring
(TV of 0.03 mg/m?>). In the summer, larval density was
negatively correlated with SLA (TV = 1.7 cm) and
positively correlated with the percentage of Posidonia
(TV = 55%). Suitable habitat resulted in a gradient of
density from the coast to offshore stations in spring, with
an opposite trend in the summer (Fig. 9A, B).
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Fig. 7 Suitable habitats in “Cote Bleue” Marine Park for
adult sparids (A and B) and for adult scorpaenids (C and D), in
spring (A and C) and in summer (B and D). White dotted line

Discussion

We have combined GIS, statistical and geostatistical
tools to understand the potential distribution for the
different life stages of fish and define the suitable
habitat by using a GIS-based environmental modelling
approach to investigate relationships between sparids,
scorpaenids and environmental conditions. Based on
this approach, we estimated the suitable habitats of two
target taxa characteristic of the artisanal Mediterranean
fishery for both adult and larvae stages of development
in two French coastal areas.

Habitat characterisation

Habitat characteristics were recorded as percentages
of rock, sand and Posidonia meadows equivalent to
measure habitat heterogeneity and link to taxa
distribution. Habitat structure is known as one of
the main factors that explain the wvariability of
Mediterranean fish assemblages (Garcia-Charton &
Pérez-Ruzafa 1998, 2001; Garcia-Charton et al.,
2004). The complexity and the heterogeneity of the
habitat lead, in some cases, to more diverse and
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abundant ichthyofauna than protection through an
MPA (Garcia-Charton et al., 2004).

In our study, adults scorpaenids are significantly
linked to the percentage of Posidonia meadow and the
percentage of rock together with depth, SST and PAR,
whereas sparids are linked to the percentage of
Posidonia meadow, sand and Chl-a, PAR and SLA.
Regarding larvae, scorpaenids are directly linked to
Chl-a and SLA and sparids with Chl-a, SST, SLA and
the percentage of sand. In comparison to other models
describing the presence/absence or density of juveniles
(Stoner et al., 2007: 15 to 52%) or adults (Brown et al.,
2006: 2.03 to 51.5%) to their environmental descrip-
tors, high values of explained variances are obtained in
the majority of our models (excepted for scorpaenids
larvae and sparids adults in MRCB in the spring)
leading to detailed definition of suitable habitat. The
high explanatory power of the environmental variables
used explains high values of results and indicates the
way to reach better fitting models.

Posidonia oceanica seagrass meadows have been
extensively studied in the Mediterranean as habitat
structuring adult fish community structure (Harmelin-
Vivien, 1984) or fish larval assemblage (Pilar Russo
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Fig. 8 Suitable habitats in Marine Reserve of Cerbere-
Banyuls for sparid larvae (A and B) and scorpaenids larvae
(C and D), in spring (A and C) and in summer (B and D).

& Bayle Sempere, 2006), spatial and temporal
variations (Francour, 1997, Deudero et al., 2008),
comparisons with other inshore habitats (Guidetti,
2000) and the effect of protection (Francour, 2000,
Macpherson et al., 2002). Most of these works have
emphasised the importance of this habitat on fish
structure, sustaining our results regarding Posidonia
meadows as a major environmental parameter (such
as minimum or maximum threshold values) in
describing suitable habitats for adult of the two taxa.

SST, Chl-a and SLA are also identified as major
environmental factors. In spring, SST becomes high
due to an increase in solar heating and also creates a
stratification of the water column in summer. This
change between spring and summer has been observed
in other Mediterranean areas as well. (Olivar et al.,
2003; Sabatés et al., 2007). Most north-western Medi-
terranean fish reproduce during the spring—summer
stratification period, when Chl-a concentration is at a
maximum. However, for Mediterranean coastal area
species (Tremblay & Sinclair, 1984), egg-stage dura-
tion is generally very short (24-36 h), and this may be

315 325

White dotted line area between coast and sea delimits hard
(Rock and Posidonia meadow) from soft bottom (Sand)

reflected in the timing of spawning by adults to ensure
optimum environmental conditions, for example when
higher zooplankton biomass becomes available for
larvae (Sabatés et al., 2007). SLA is an especially
significant factor in summer (positively for MRCB and
negatively for CBMP). On the coast of MRCB, SLA
has highest values in coastal areas due to cyclonic
eddies which create divergence and upwelling. Cold
and less saline waters that arrive from the west with
north-western winds create favourable conditions for
this stratification (Bakun, 2006). Other stratifications
in CBMP are linked to negative values of SLA on
offshore areas, indicating convergence from coast to
offshore areas and inducing an upwelling phenomenon
along the coast that provokes the rise of deep cold
waters when winds are pushing warmer surface waters
offshore (Bakun, 2006). This effect makes CBMP an
important source of larvae in southern nearby areas.
This SLA patterns must also be linked with wind and
current directions, key elements in structuring the
ichthyoplankton community. In the case of wind-
driven current circulation, which occurs in most
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Fig. 9 Suitable habitats in “Cote Bleue” Marine Park for
sparid larvae (A and B) and scorpaenids larvae (C and D), in
spring (A and C) and in summer (B and D). White dotted line

coastal systems, the circulation is highly variable
inducing strong implications for larval dispersal. This
high variability must be connected to biotic and abiotic
factors and can yield variations of ichthyoplankton
structures over small spatial and temporal scales.
Changes of larval densities on a weekly basis were
found off the Catalan coast, and wind fluctuations are
also reported to influence larval densities in coastal
areas at small temporal scales (Masd et al., 1998). The
importance of these small scales corroborates the
diffuse feature of mapped suitable habitat maps for
larvae.

The structure of the bathymetry, substrate type,
diversity of habitats per life stage and mechanisms
conditioning the primary production of an area
determine the location of spawning, whereas physical
processes such as density front and associated
currents or stratification of the water column affect
distribution patterns of fish larvae (Sabates, 1990;
Sabates & Olivar, 1996; Alemany et al., 2006) and
have direct actions on passive transport and recruit-
ment success.

All those parameters and processes are significant
factors defining coastal suitable habitat. But, at this
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stage, the spatial resolution of environmental
variables needs to be refined for small area scales
in order to better explain our coastal scenario and
contribute usefully to a crucial aspect of marine
conservation and fisheries management.

Taxa suitable habitat

Seabreams are found in coastal waters worldwide and
sustain important recreational and commercial
fisheries (Fischer et al., 1987). Our results on adults
show that their suitable habitats in spring are driven
by PAR and Chl-a, and their suitable habitats in
summer are oriented by POS and SAN. In spring,
during the reproduction periods, suitable habitats are
directly linked to the presence of food availability for
success of recruitment of their progeny (Mariani,
2006), and in summer, suitable habitats are directly
linked to the substrate where preys are more abundant
(Deudero et al., 2008). Our results on larvae show
that their spring suitable habitats are defined by SST
and SAN, and their summer suitable habitats are
defined by Chl-a and SAN. In the case of CBMP,
suitable habitats are defined by a minimum value of
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percentage of sand (45%) and can be explained by the
configuration of bottoms substrate with, on the
western side, the presence of anti-trawling artificial
reefs on sand. This area offers also suitable habitats
for these taxa on the eastern side that can influence
fishing effort and catches distribution. In MRCB,
suitable habitats are defined by SST, linked to the
spawning period for sparids, and the Chl-a in summer
is indirectly linked to the presence of food. In CBMP,
on the eastern part of the MPA, a rocky reef zone
with steep slopes characterised another favourable
habitat for sparids, and on the west side, the
implementation of the reserve of Couronne secured
by anti-trawling artificial reefs also offer suitable
habitats for sparids that can influence the distribution
of catches. Vigliola et al. (1998) have shown that the
settlement of sparids in our two study sites was highly
variable in space and time, but presented some
consistent patterns, probably related to hydroclimatic
factors acting on several spatial and temporal scales.
Through our results, evidencing a link between adults
and larvae habitat remains difficult. Mobility of
species, specific sexual comportment within taxa and
seasonality of fishing activity hides any trend con-
cerning coupling of both life stages. Sparids are
usually described as mobile species (Harmelin,
1987). Moreover, these species are necto-benthic
with important lateral and vertical movements with a
spatial distribution highly dependent on the stage in
life cycle (larvae, juveniles and reproductive adults)
and habitat (Garcia-Rubies & Macpherson, 1995,
Harmelin et al., 1995; Vigliola et al., 1998).
Scorpion fish are found in coastal waters world-
wide and sustain important recreational and
commercial fisheries (Fischer et al., 1987). Our
results on adults show that their spring suitable
habitats are driven by POS and SST, and their
summer suitable habitats are oriented by POS and
depth. In both seasons, scorpaenids are always linked
to minimum percentage of Posidonia meadows in
MRCB. Posidonia meadows, due to their shallow
bathymetric range and high productivity and complex
structure offering numerous hiding places for this
cryptic species play the role of suitable habitat for
adult stage and reproduction (Harmelin-vivien et al,
1989). Similar pattern can be observed in CBMP.
Our results on larvae of Scorpaenidae show that
their spring suitable habitats are defined by Chl-a, and
their summer suitable habitats are defined by Chl-a
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and SLA. In spring and summer, species of those
families are directly linked to the presence of food or,
in the case of CBMP, physical condition, induced by
an upwelling phenomenon along the coast.

The fishing effort appeared widely distributed along
the coast of CBMP and MRCB with 40-50 m depth
lines marking the offshore limit of the fishing distri-
bution. Such a distribution was directly linked to target
species, and IPUE showed a tendency to decrease with
increasing distance from coast. The main catches for
this species were recorded very close to the coastal
area, where fishing effort was also higher and partic-
ularly influenced in CBMP by the migration of Sparus
aurata in spring and autumn along the shoreline.

A comparison of IPUE between locations showed
adult values four times higher for sparids and between
50 and 150 times higher for scorpaenids in CBMP. For
adults, these differences can be explained simply by the
type of gear used for catching fish in each area. In
CBMP, catches by Mullus and soup trammel nets (for
Mullus surmuletus, Scorpaena porcus, Symphodus
spp.) were more numerous and always closer to the
reserve boundary. In MRCB, Scorpaena are more
likely to be caught as by-catch species of the Palinurus
sp trammel nets and not directly targeted in the
Merlucius and Sparid gillnets used. Professional
fishing activities and onboard sampling of catches
gave a realistic picture of the influence of an MPA area
on the fishing effort distribution, but these trends, due
to protection effects, could not be clearly disentangled
from other factors such as habitat heterogeneity and
seasonality. In any case, numerous samples were
needed to compensate for species heterogeneity in
catches and to complete the experimental fishing
design and other visual censuses (diving or video,
Stobart et al., 2007) to reduce the effect of factors such
as fishermen’s habits or gear characteristics.

A comparison of density between locations showed
sparids and scorpaenids larvae in similar proportions in
both places in spring and 20 times higher in MRCB
than in CBMP for both taxa. For larvae, the high
variability observed in environmental factors and
water circulation can explain the differences in density
of larvae of both sites. The upwelling observed in the
Cote Bleue coast induces replacement of near shore
surface waters with eggs and larvae going directly
offshore in a few hours. For this reason, mean
concentrations of eggs and larvae observed are patchy
with a high variability of densities.
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Tools for fisheries

In summary, in applying this combined geostatistical/
GIS approach we found that suitable habitats for adult
fish are mainly a result of a response to the substrate
(Posidonia meadows and sand) and are mainly
coastal suitable habitats, whereas larval suitable
habitats are defined by environmental variables
(Chl-a, SLA, SST), with more diffuse spatial patterns.
Finally, we argue that our spatial approach used to
estimate suitable habitats, combined with a temporal
evolution, can provide insight into complex systems
like coastal MPAs in the north-western Mediterra-
nean and elsewhere.

Habitat modelling deals with complex species
responses to interact between environmental and
biological descriptors, and there is some caution to
consider while producing spatial habitat suitability
models as a simplified picture of habitat suitability
and not to take into account many complex relation-
ships and interactions both between species and
between species and environmental variables. Direct
survey of species distributions and density studies a
small proportion of an area. Sampling stations should
be spotted in space and time, defining each survey as
a snapshot in relation between species and environ-
ment (Koubbi et al., 2006). However, in the absence
of a more complete knowledge of the nature of these
relationships and the spatial scales at which they
occur, the habitat suitability modelling approach
using GAM presents a relatively effective method
for conducting an identification of likely distributions
of important fishery habitats.

Although there is evidence that the habitat suit-
ability models we produced provide predictive
information on fish habitats and fish distribution for
the taxa examined, the models and the hypotheses
generated from the modelling process require further
testing. Future applications of this approach could
involve: (a) more substratum descriptors (e.g. com-
plexity of substratum, distance to coast, benthos
community); (b) more environmental descriptors (e.g.
wind patterns or current speed and direction affecting
horizontal transport and vertical mixing); and (c) the
inclusion of the temporal evolution of these descrip-
tors in order to asses the effects of the loss of specific
spawning or nursing grounds on recruitment.
Although present suitable habitat approaches do not
allow for any of these in great detail, future work will

also require an improved definition of taxa, and more
spatially and seasonally extensive egg, larval, juve-
nile and reproductive adult surveys to validate such
regional-scale models to provide a suitable habitat
modelling predictive tool for fisheries management.
The next step of this approach will be to detect
species spawning, nursery and feeding aggregations,
over-exploited areas and alternative fishing grounds.
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