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INTRODUCTION

The characterisation of species distribution pat-
terns and the understanding of processes control-
ling these patterns reach far back into the history
of biological research (reviewed in Guisan &
Thuiller 2005). Recent technological advances,
namely the progress in remote-sensing techniques,
computing power and dissemination of information
(e.g. Mumby et al. 2004, Pittman et al. 2009),

together with metho dological advances, including
increasing capabilities of geographic information
systems (GIS), a growing number of modelling tools
and improved algorithms (e.g. Wood 2004, Guisan
& Thuiller 2005, Swenson 2008), has facilitated the
use of species distribution models. The importance
of predictive habitat modelling in particular has
increased, and there are a variety of techniques to
model species−environment relationships and to
project models into non-surveyed areas (Guisan &
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Zimmermann 2000, Huettmann & Diamond 2001,
Hirzel & Le Lay 2008).

Regression techniques such as parametric gener-
alised linear models (GLMs) that relate response
variables, also not normally distributed, to a linear
combination of predictor variables via a link func-
tion (McCullagh & Nelder 1989, Hastie & Tibshirani
1990) are well established in marine science (e.g.
Friedlander et al. 2003, Beger & Possingham 2008,
Lauria et al. 2011). However, this is often not suffi-
cient to fit complex non-linear relationships that
typically occur in ecological data. Generalised
additive models (GAMs) are a more flexible expan-
sion of GLMs and use non-parametric smoothers
to model species−environment relationships (e.g.
Hastie & Tibshirani 1986, Murase et al. 2009). In
addition, by using a suitable link function, they
avoid, for instance, the need to transform count
data (O’Hara & Kotze 2010). Selecting the best
available model includes a thorough data explo-
ration, the definition of an appropriate model, sys-
tematic validation and, if necessary, re-fitting of the
model (e.g. Guisan & Zimmermann 2000, Zuur et
al. 2009, 2010). Disregarding underlying statistical
assumptions may lead to biased parameter esti-
mates and, consequently, to incorrect ecological
conclusions (e.g. Bolker et al. 2009, Zuur et al.
2010).

Statistical modelling of species’ habitats has sup-
ported conservation and spatial planning and, in par-
ticular, assisted in the design of marine protected
areas (MPAs). For instance, parameters that influ-
ence the functioning of MPAs are identified and
assessed (e.g. Friedlander et al. 2003, Claudet et al.
2010, Vandeperre et al. 2011) and can be integrated
into future MPA designs. Specifically, predictive
modelling is a powerful tool because results can be
spatially visualised, for instance in a GIS, allowing
establishment of habitat suitability maps and identifi-
cation of essential fish habitats (e.g. Pittman et al.
2007a, Bellido et al. 2008, Lauria et al. 2011). Species
maps improve the use of conservation-planning tools
that explore potential marine conservation scenarios
and support evaluation of existing MPAs, eventual
adaptation or proposal of new ones (e.g. Cañadas et
al. 2005, Leathwick et al. 2008). Such illustrative and
clear representations of suitability maps and con -
servation scenarios increase the capabilities of stake-
holders and decision makers to perceive distinct
 spatial planning alternatives and support decision-
making processes.

MPAs have become an important tool for conserv-
ing biodiversity and promoting the ecosystem-based

management of sustainable fisheries (Vandeperre et
al. 2008). They may represent refuge and recovery
areas for depleted fish stocks where classic fisheries
management methods are insufficient (Russ 2002,
Higgins et al. 2008, Vandeperre et al. 2011). As MPAs
may not benefit all target species equally, mainly as a
result of their different habitat requirements, a multi-
species approach to the optimal MPA design is
strongly advisable (e.g. Possingham et al. 2000,
Claudet et al. 2010).

Most studies that have used predictive modelling
to characterise reef fish assemblages in support of
marine management were conducted in coastal envi-
ronments on continental shelves (e.g. Cañadas et al.
2005, Bellido et al. 2008, Mellin et al. 2010, Arias-
González et al. 2012). In contrast, few studies con-
sider oceanic archipelagos, typically tropical islands
(e.g. Pittman et al. 2007a, Knudby et al. 2011, Pittman
& Brown 2011). The Azores are a temperate oceanic,
volcanic archipelago and as such have a rather
unique combination of marine conditions because (1)
shallow-water habitats are limited, (2) permanent
natural forces are present, e.g. locally strong tidal
currents and swell, and (3) island habitats (and popu-
lations) are isolated from other areas (Santos et al.
1995, Tempera 2008). Human impacts are mainly
fisheries, aggregate extraction and coastal develop-
ment in the Azores. Yet shallow coastal areas are
essential for certain life stages of many fish species
(e.g. Porteiro et al. 1996, Nash & Santos 1998, Afonso
et al. 2008a) but very little is known about their
 habitat use (e.g. Santos & Nash 1995, Afonso et al.
2008b,c, Fontes et al. 2009). An improved under-
standing of coastal assemblages is of major relevance
to assessing the performance of existing MPAs in the
archipelago, for example by analysing if and how fish
assemblages respond to different protection levels
or the time period of protection (P. Afonso et al.
unpubl.).

The objectives of this study were to (1) assess the
spatial distribution of the most typical and most
abundant coastal reef fishes, (2) understand which
environmental parameters influence their abun-
dance and presence in an oceanic archipelago, (3)
identify (dis)similarities in these relationships for dif-
ferent trophic guilds, (4) assess the relative perform-
ance of GAMs for this purpose, (5) establish predic-
tive maps of the potential habitat use of each species,
and (6) identify areas of shared high importance for
multiple species that can be potential priority areas
for conservation. This study also emphasises the thor-
ough application of GAMs and, as such, updates
results from Schmiing et al. (2009).

202



Schmiing et al.: Predictive models for reef fishes

MATERIALS AND METHODS

Study area

The Azores islands, the north-westernmost archi-
pelago of the Macaronesia region (also including
Madeira, Savage Islands, Canary Islands, Cape
Verde), spread across 600 km in the Northeast
Atlantic (Fig. 1). Coastal habitats, from the surface
down to 40 m depth, of Faial and (western) Pico
Island, located in the central group, were studied.
The 2 islands are separated by a relatively narrow
(6 km) and shallow (maximum depth of 190 m) pas-
sage, the ‘Faial-Pico channel’, that is unique in the
Azores, where islands are normally separated by
deep waters. The study area comprises a variety of
coastal habitats, including bedrock reefs, boulder
fields, cliffs, submerged cones and enclosed sandy
bays, that are subject to a variety of hydrodynamic
conditions. More than half of the study area (59%,
34 km2) is composed of rocky substrate. Environmen-
tal characteristics are described in detail by Santos et
al. (1995), Tempera (2008) and Tempera et al. (2012).
Every island of the archipelago has designated
‘Island Natural Parks’ that include terrestrial and
marine sites (marine park, MP) and comply with the
classification of the International Union for Con -
servation of Nature (IUCN). Five marine sites of
the Faial-MP and Pico-MP are (partly) inside the
study area.

Fish counts

Fish assemblages were surveyed using underwater
visual censuses (UVC) between June 1997 and Octo-
ber 2004 from the surface down to 40 m. Following
standard belt transect surveys (Brock 1954), SCUBA
divers sampled a total of 462 transects with 50 m
length and 5 m width. All mobile fish were identified
to the lowest possible taxon and counted, classifying
individuals into size classes (juvenile, small, medium,
large, very large; adapted from Bertoncini et al.
2010), according to species-specific size ranges for
the Azores (Morato et al. 2001a). Sampling sites
(Fig. 1) were chosen based on the general represen-
tativeness of the habitat. Transects within sites were
selected by stratified random sampling: 1 to 7 tran-
sects were done in each dive without replicating the
depth strata (every 10 m) or overall bottom type or
crossing transects during a single dive or day (Zuur
et al. 2012). Transects were georeferenced according
to ‘transit marks’ and site proxies as recorded in the
sampling protocol (Holt & Sanderson 2001) and pro-
jected in a GIS (ArcGIS 9.3 ©ESRI).

Only transects conducted in months of warmer sea
temperature (June to November) were used for mod-
elling to account for differences in sampling effort.
Species used for modelling were selected based on
the following criteria: species had to (1) be among
the most abundant and frequent in the study area
and rocky reefs from other temperate areas (e.g.

Patzner & Santos 1993, Pais et al. 2007,
De Raedemaecker et al. 2010), (2) have
contrasting life histories (Harmelin-
Vivien et al. 2001, Figueiredo et al.
2005), (3) be commercially important (7
out of 11 species; Morato et al. 2001b),
(4) have ecological information avail-
able for the Azores (e.g. Afonso 2002,
Afonso et al. 2008a,b,c, Fontes et al.
2009), and (5) be adequately counted
using belt transect surveys (e.g. Tem-
pera et al. 2001, Pais et al. 2007,
Bertoncini et al. 2010). The final list of
selected species included 5 carnivores
(rainbow wrasse Coris julis, ballan
wrasse Labrus bergylta, blacktail com -
ber Serranus atricauda, yellowmouth
barracuda Sphyraena viridensis, eme -
rald wrasse Symphodus caeruleus), 2
herbivores (salema Sarpa salpa, parrot-
fish Sparisoma cretense), 2 omnivores
(blue damselfish Abudefduf luridus,
white seabream Diplodus sargus) and
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Fig. 1. Study area, showing sites of 462 surveyed transects (dots), 50 m
isobaths down to 200 m and existing marine protected areas (boxes).
Dark grey shaded areas represent hard-bottom mapped down to 200 m
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2 planktivores (blue jack mackerel Trachurus pic-
turatus, Pagellus spp.) (Table 1). Juveniles of these
species are mostly cryptic and not efficiently counted
during UVCs and were thus excluded from the ana -
lysis. Exceptions were the young-of-the-year (YOY,
juveniles and small size class individuals) of T. pic-
turatus and Pagellus spp. (including undistinguish-
able YOY of blackspot seabream P. bogaraveo and
axillary seabream P. acarne). These species can be
surveyed with UVCs because they aggregate in
pelagic schools in coastal habitats of the Azores,
whereas larger individuals are typical found at sea -
mounts and in deeper waters (Menezes et al. 2006).

Environmental predictor variables

Six environmental predictor variables were avail-
able as GIS raster layers with a 5 × 5 m grid resolu-
tion: bathymetry, slope, bottom type (all 3 from multi-
beam surveys), exposure to currents (upscaled, from
an oceanographic model), exposure to swell (up -
scaled, GIS-based fetch analysis), and surface chlo -
rophyll a levels (upscaled, from satellite imagery)
(from Tempera 2008, Tempera et al. 2012, supple-
mentary material and a detailed description of the
methods used to obtain these covariates is available
online). Additional rasters (5 m cell size) were calcu-
lated in ArcGIS, namely habitat complexity para -
meters (maximum rate of maximum slope change,
‘slope of the slope’: Pittman et al. 2009; ruggedness:
Sappington et al. 2007), distance to the coast, dis-
tance to the nearest hard bottom and distance to the
nearest soft bottom (Table 2). Transects were inter-

sected with this suite of rasters in ArcGIS to calculate
mean values of environmental predictor variables
per transect, with the exception of the bathymetry
grid. Given the general importance of bathymetry as
predictor and the higher accuracy of in situ depth
measurements, mean transect depth as recorded in
situ during sampling was used as bathymetry input
in the statistical models. The predictor variables dis-
tance to coast/rock/sediment were log transformed
(+1 for covariates including zero values), and a square-
root transformation was applied to ruggedness and
exposure to currents.

Species distribution models

All statistical analyses were performed with the
software R (version 2.9.1; R Development Core Team
2009). Accurate data exploration following Zuur et al.
(2007, 2010) was applied to the final data set which
contained a total of 354 transects. Homogeneity,
potential outliers and amount of zeros were analysed
with Cleveland dotplots (Cleveland 1993), boxplots
and frequency plots. Spatial independency was eval-
uated with variograms but only for shorter distances
(<1000 m) to avoid possible land intersections. Vari-
ance Inflation Factor (VIF) analysis and Spearman’s
rank correlations were used to test for (multi) -
collinearity. Covariates with a VIF higher than 3
were removed stepwise and the analysis repeated
until all values were below this cut-off level. A pair-
wise correlation of ρ < −0.5 and > 0.5 was considered
high for this study, and one of the correlated covari-
ates was removed.
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Species TE Mean (±SE) Max. Zero (%) Model ED (%)

Coris julis Carnivore 25.3 ± 1.7 207 19 NB GAM 67.6
Labrus bergylta Carnivore 0.6 ± 0.1 11 69 NB GAM 43.2
Serranus atricauda Carnivore 3.2 ± 0.2 18 25 NB GAM 45.0
Sphyraena viridensisa Carnivore 3.2 ± 0.9 180 81 B GAM 43.3
Symphodus caeruleusa Carnivore 1.0 ± 0.2 50 71 B GAM 34.3
Sarpa salpa Herbivore 21.6 ± 2.4 200 38 NB GAM 43.7
Sparisoma cretense Herbivore 4.9 ± 0.6 83 47 NB GAM 50.5
Abudefduf luridus Omnivore 3.3 ± 0.3 31 42 NB GAM 55.6
Diplodus sargus Omnivore 35.1 ± 4.1 500 16 NB GAM 45.8
Pagellus spp.a, b Planktivore 6.0 ± 2.5 1000 82 B GAM 21.1
Trachurus picturatusa, b Planktivore 377.8 ± 90.2 20000 70 B GAM 18.7

aPresence−absence data
bJuveniles and smallest size class

Table 1. Summary of the studied reef species, including their trophic ecology (TE), observed mean number per transect (mean
± SE), highest observed count (excluding outliers; Max.), and percentage of zero counts (Zero). Model type (Model) and
explained deviance (ED) of species distribution models are given. (N)B GAM: generalised additive model with a (negative) 

binomial distribution
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Fish counts were overdispersed and, as such, mod-
elled with a negative binomial error distribution
(with log link function). GAMs were applied to model
the apparent non-linear relations using the mgcv
package (version 1.5-5; Wood 2004, 2006). Smooth-
ness selection of thin plate regression splines was
done automatically during the model fitting process
while searching for the dispersion parameter (θ) that
minimised the Un-Biased Risk Estimator/Aikake
Information Criterion (AIC) of the model (Wood
2004). The general formula of the full model was:

Yi =  α + f1(X1) + f2(X2) + f3(X3) + ... + fn(Xn) + εi

with Y being the response variable, α the intercept,
f1−n() the smoothing function for predictor variable
X1−n, and ε the unexplained variation for sample i.

Abundances of Pagellus spp., Sphyraena viriden-
sis, Symphodus caeruleus and Trachurus picturatus
had the highest percentage of zeros and were con-
verted to presence−absence because initial count
models exhibited residual patterns and could not be
improved. Instead, a binomial error distribution with
a cloglog link function was applied, except for the
model for Sphyraena viridensis that used a logit link
instead. Starting with the full model, stepwise back-
wards selection was used for model selection by AIC
minimisation. This criterion might favour more com-
plex models (Murase et al. 2009); consequently,
hypothesis testing was used in the last step to avoid
overfitting. Smoothers that continuously included
zero in the confidence interval were removed (Wood
& Augustin 2002). Model selection was confirmed by
comparing the adjusted R2 of nested models. The rel-
ative proportion of the deviance explained by each
predictor in the final model was estimated.

Model validation

Model residuals were plotted against (1) each pre-
dictor variable (included in the model, excluded
during model selection or data exploration), (2) the
spatial coordinates, and (3) the temporal covariates
year and month to verify the absence of residual
patterns, heterogeneity, outliers, spatial or temporal
dependence. Leverage was investigated graphically.
Possible influential observations were removed and
the model process repeated from the beginning.
The dispersion parameter was estimated to confirm
that overdispersion was no longer present. Receiver
operating characteristic (ROC) curves and the area
under the curve (AUC) were calculated to test the
accuracy of binomial models (package ROCR; Sing
et al. 2005). ‘Winter’ data (December to May) from
the same years and study area were used to exam-
ine model generality after applying a Mann-Whit-
ney test to test for differences between winter and
summer data. Predictions for this validation data set
were compared to actual counts with the Spear-
man’s rank correlation ρ and Wilcoxon signed-rank
test (null hypothesis: no difference between mean
ranks). The percentage of correctly predicted pres-
ences (greater than or equal to 1 fish for count mod-
els) and absences was estimated.

Spatial prediction of species’ distributions

Abundances or presence of species with no resid-
ual patterns in the final model were predicted in R
on a 5 m grid over the entire study area down to
the 40 m isobath. In a few locations, environmental
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Predictor                        Description                                                                         Unit                                                 Range

Depth                             Water depth                                                                       Metres                                           2.4−38.5
Slopea                            Steepness of the terrain                                                    Degrees                                         0.6−43.5
Swella                            Relative exposure to swell and waves                             Percentage of maximum              0.3−72.0
Chlorophylla                  Average surface chlorophyll a concentration                 Milligram per m3                         0.52−1.12
Distance to coast           Distance of transect to shore                                            Metres                                         4.0−2999.5
Distance to rock            Distance of transect to nearest hard bottom                   Metres                                           0−138.0
Distance to sediment    Distance of transect to nearest soft bottom                     Metres                                           0−731.8
Currenta                        Relative exposure to currents                                           Percentage of maximum               0−84.6
Ruggedness                  Terrain ruggedness as the variation in 3D                      Dimensionless; 0 (flat) to 1           0−0.12
                                       orientation of grid cells within a neighbourhood         (most rugged)
Bottom typea                 Classification into hard and soft bottom                          Dimensionless; rock = 0,                 0, 1
                                                                                                                                   sediment = 1
Slope of slope                Maximum rate of maximum slope change                      Degrees of degrees                      0.8−69.2

aafter Tempera (2008)

Table 2. Summary of environmental predictors in this study. All variables are continuous, except for bottom type
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values eventually exceeded the sampled range and
predictions were extrapolated, but never for all
predictor variables simultaneously. Accuracy was
assessed by comparing standard errors of extra -
polations and interpolations. Relative abundances
(the ratio of predicted to maximum abundance)
were calculated for count models to better compare
species with contrasting schooling behaviour. If the
modelled maximum exceeded the observed maxi-
mum (excluding outliers; Table 1), the latter was
taken as a reference value to mitigate possible over -
estimation. Results were imported and visualised in
ArcGIS. The percentage of available rocky habitat
with potential presence of single species (scoring at
least a 0.1 probability of occurrence on a scale from
0 to 1 for binomial models) was estimated. This was
repeated for rocky habitats that were potentially
suitable for different levels of relative abundance
of single species (‘single-species hotspots’), setting
predictive abundances with at least 10% (Max10),
25% (Max25) and 50% (Max50) of the maximum
as target levels. In a next step, maps were over-
laid and areas with overlapping potential presence
(Max10, Max25, Max50; ‘multi-species hotspots’) of
all carnivores and omnivores identified. This was
not necessary for herbivores and planktivores be -
cause predictions were not done for multiple spe-
cies. The location of  multi-species hotspots in re -
lation to the existing coastal MPA network was
analysed.

RESULTS

Statistical assumptions and 
performance of GAMs

The initial set of 11 environmental predic-
tors was reduced to 5 to avoid including corre-
lated variables in the models. The retained
predictors were depth, slope, distance to sedi-
ment (log-transformed), exposure to current
(square root-transformed) and exposure to
swell. It was possible to establish count models
for species with up to 69% of zeros (Table 1).
Final models explained 34.3 to 67.6% of the
de viance, except for planktivore models that
had the lowest values (≤21.1%; Table 1). No
outliers or overdispersion were present and
variograms did not indicate spatial correlation.
Further residual plots confirmed homogeneity
and independence, except for the models for
Pagellus spp., Sparisoma cretense and Sphy -

raena viridensis which exhibited spatial clusters. A
significant difference between group medians of
the model fitting and validation data set was only
detected for Coris julis. Model validation results,
which generally performed well, are summarised
in Table A1 in the Appendix.

Importance of environmental predictors

Depth, exposure to swell and/or current, and dis-
tance to sediment were significant predictors for 90
to 100% of the species. Distance to sediment con-
tributed most to the total explained deviance (mean
relative explained deviance: 48.5 ± 19.3%), followed
by depth (24.4 ± 14.0%), exposure to current (12.7 ±
18.4%) and swell (10.7 ± 10.3%), and slope (3.6 ±
5.5%) (Fig. 2). The distribution of carnivores was
described by 4 to all 5 predictor variables, whereas
herbivores and omnivores responded to 3 predictor
variables and planktivores to even less (2) (Figs. 2
to 5).

(Dis)similarities of distribution models 
between trophic guilds

Carnivores showed a predicted preference for
deeper areas further away from sediment, except for
Symphodus caeruleus. A positive response to steeper
slopes was only recorded for Sphyraena viridensis,
whereas all labrids had decreasing predictive abun-
dances (or presence) with increasing steepness
(Fig. 3). Omnivores and herbivores had similar pat-

206

Fig. 2. Relative contribution (%) of each predictor variable to the 
explained deviance of 11 reef species models
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terns for the resulting smoothers, with the exception
of predicted abundance maxima at different depths,
which were also shallower in comparison to carni-
vores (Fig. 4). The response to distance to sediment
was strongest at the intercept between bottom types
(more than 10 m distance to sediment) and predictive
abundances decreased in areas with highest ex -
posure to swell. Planktivores had a predicted maxi-
mum of occurrence in the transition zone between
 substrates. Pagellus spp. was also significantly in -
fluenced by depth, whereas exposure to current
influenced the occurrence of Trachurus picturatus
(Fig. 5).

Predictive habitat maps and identification 
of species hotspots

Table 3 summarises calculations made with predic-
tive maps (Figs. 6 & 7) and reports the percentage of
available reef habitat that was potentially occupied
by single species and different trophic groups. Indi-
vidual species were predicted to occur in 21 to 98%

of the available rocky habitat. That area was much
reduced for simultaneously predicted presence of
herbivores or omnivores (62%) and even more for
carnivores (12%). Only a minor percentage of the
available reef was identified as a single-species hot -
spot with Max25 or Max50 as target. The herbivorous
Sarpa salpa and the carnivorous Coris julis were
omnipresent and the only species with large hot spots
with more than 75% predicted relative abundance
(Fig. 6). The centre of these hotspots had higher pre-
diction standard errors due to extrapolation of expo-
sure to swell (as for Sarpa salpa) or distance to sedi-
ment (as for C. julis) values. Standard errors were
also higher for extrapolation of exposure to swell in
predictions of Symphodus caeruleus. But maps did
not indicate sharp contrasts between such areas and
surrounding ones, instead similar distribution pat-
terns were found in comparable locations.

Multi-species hotspots were identified by overlaying
predictive abundance maps of all carnivores or omni-
vores. They were reduced to 12−17% of the available
reef habitat and only identified for minimal abun-
dance levels (Max10), mainly at the south coast (and
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Fig. 3. Smoother estimates (solid line) for the environmental predictors depth, distance to sediment (Dsed), slope, exposure to
current and swell as obtained by generalised additive models (GAMs) for carnivorous reef fishes. The approximate 95% 

confidence envelopes are indicated (grey shading). Tick marks on the x-axis are sampled data points. sqrt: square root
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north coast for carnivores) of Faial Island (Fig. 8). At
least half of these multi-species hotspots (50% for car-
nivores, 83% for omnivores) were located in the exist-
ing MPAs where they represented 13 to 15% of the
total protected reef habitat down to 40 m.

Predictive maps for Pagellus spp., Sparisoma cre -
tense and Sphyraena viridensis were not included in
the analysis to avoid any inferential or misleading
conclusions, although models gave plausible results

that are supported by other studies (de
Girolamo et al. 1999, Barreiros et al.
2002, Afonso et al. 2008b).

DISCUSSION

This study demonstrates the adequacy
of GAMs to model and predict the spatial
distribution of 11 typical rocky reef fishes
in the Azores. Species from the same
trophic guild respond similarly to a max-
imum of 5 environmental predictors,
with depth and distance to sediment
influencing most distribution patterns. It
also demonstrates how predictive models
permit the mapping of species’ distribu-
tions over an island scale and how hot -
spots with distinct abundance-targets are
identified and can be considered in MPA
zoning schemes.

GAM performance

Overall, GAMs performed well in mod-
elling the species−environment relation-
ships. However, it was not possible to
find a common model type for all reef
fishes. Instead, the best method reflec -
ted their habitat and schooling behav-
iour. Pelagic, non-territorial, (facultative)
school ing species with a large yearly dis-
placement (Claudet et al. 2010) were
sighted less and typically only their pres-
ence−absence was modelled, whereas
count models worked well for most ben-
thic, solitary species. Model generality
and accuracy seemed suitable, consider-
ing that they performed well in the vali-
dation, even with data from another sea-
son. However, optimally, the validation
data should also be spatially independ-
ent (Araújo & Guisan 2006), but this is

seldom the case, as in the present study. As GAM
flexibility may lead to data overfitting, careful data
exploration, model formulation, model selection and
validation were applied to avoid this.

Despite this overall positive performance, 3 models
reflected spatial residual patterns, indicating that an
important aspect for explaining these species’ distri-
bution is missing. Results could not be improved by
applying mixed models, including a spatial correla-
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Fig. 4. Smoother estimates (solid line) as obtained by generalised additive
models (GAMs) for herbivorous (Sarpa salpa, Sparisoma cretense) and
omnivorous (Abudefduf luridus, Diplodus sargus) reef fishes. Other details 

as in Fig. 3

Fig. 5. Smoother estimates (solid line) as obtained by generalised additive 
models (GAMs) for planktivorous reef fishes. Other details as in Fig. 3
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tion structure, or zero inflated models (see also Zuur
et al. 2012 for discussion of Sparisoma cretense). We
concluded that, rather than model misspecification, 1
(or more) missing influential predictor variable has
caused the observed residual patterns. Experimental
GAMs confirmed that this environmental predictor is
not any of the variables excluded during data explo-
ration, nor the spatial coordinates or other available
predictors, such as protection status (e.g. Goñi et al.

2008, Claudet et al. 2010) or average sea surface
 temperature (Tempera 2008). Residual patterns also
remained if interaction be tween environmental vari-
ables was considered.

Predictors for habitat complexity, in particular, are
known to influence fish assemblages both in temper-
ate (Charbonnel et al. 2002, De Raedemaecker et al.
2010, Monk et al. 2011) and tropical reefs (e.g. Fried-
lander & Parrish 1998, Nemeth & Appeldoorn 2009,
Pittman et al. 2009) and, consequently, such variables
were calculated in ArcGIS. Despite their apparent
importance all were excluded during data explo-
ration because of their correlation with slope.

Nevertheless, final predictor variables were highly
significant and should not lose their importance even
if the missing variable is identified, measured and
integrated into the model.

Environmental predictors that influence the 
distribution of single reef species and trophic guilds

This study concurs with results from others (e.g.
Friedlander et al. 2003, Beger & Possingham 2008,
De Raedemaecker et al. 2010, Krajewski & Floeter
2011) that indicated oceanographic forces (swell or
current), depth and distance to sediment significantly
influence the distribution of many reef fishes. How-
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Species TE Presence Max50 Max25 Max10

C. julis C 98 19 49 78
L. bergylta C 21 <1 3 19
S. atricauda C 97 13 45 84
S. caeruleus C 65 NA NA NA
S. salpa H 94 15 25 43
A. luridus O 62 <1 3 33
D. sargus O 98 <1 9 37
T. picturatus P 91 NA NA NA
Carnivores 12 0 1 17
Omnivores 62 0 <1 12

Table 3. Percentage of available rocky habitat with potential
presence (≥1 for count, ≥0.1 for binomial models) of single
species and species from the same trophic group, as well as
percentage of available rocky reefs that is potentially inhab-
ited by 3 different levels of relative abundance (Max50, Max25,
Max10). NA: a binomial model was applied and as such rela-
tive abundances are not applicable. TE: trophic ecology 

(C: carnivore; H: herbivore; O: omnivore; P: planktivore)

Fig. 6. Predictive maps for relative abundances of carnivorous (Coris julis, Labrus bergylta, Serranus atricauda), herbivorous
(Sarpa salpa) and omnivorous (Abudefduf luridus, Diplodus sargus) reef fishes down to 40 m, including the outline of rocky 

substrate down to 200 m. Fish illustrations (by L. Gallagher/fishpics/ImageDOP) are not to scale
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ever, it also shows that the species’ trophic ecology
shapes such relationships differently. In agreement
with other studies, carnivores and planktivores
respond positively to bathymetry (Fried lander & Par-
rish 1998, Bertoncini et al. 2010, Krajewski & Floeter
2011), whereas herbivores and omnivores are also
more abundant in shallow and intermediate depths
(Friedlander & Parrish 1998, Nemeth & Appeldoorn
2009). Distance to sediment influences the distribu-
tion of all trophic guilds, with increasing or highest
predictive abundances (or po tential presence) in
proximity to soft bottom (ap prox imately 10 m dis-
tance to sediment; Figs. 3, 4 & 5). Such maxima at
habitat edges have also been reported for coral or
seagrass habitats in the Ca ribbean (e.g. Pittman et al.
2007a, Kendall et al. 2011), Australia (e.g. Vander -
klift et al. 2007, Smith et al. 2011) and the Indian
Ocean (e.g. Dorenbosch et al. 2005). Slope only
affects the distribution of carnivores, with the single
pelagic representative being the only carnivore re -
sponding positively to it. Responses to exposure

partly corroborate findings from the
Mediterranean. Similar to the results of
De Raedemaecker et al. (2010), no
overall pattern could be distinguished
for carnivores and potential presence
of planktivores was least for most shel-
tered habitats. But on the contrary,
predicted abundances of herbivores
and omnivores decreased with increas-
ing exposure.

The single predictors and their im -
portance for individual species and
trophic guilds are discussed in the
 following.

Substrate-related effects

The importance of seascape proxies
or distance-to-domain boundaries in
describing fish assemblages has been
demonstrated recently (Mellin et al.
2010, Kendall et al. 2011, Pittman &
Brown 2011). Similarly, distance to
sediment was the most important and
single common predictor. Although it
is easy to measure (Friedlander &
 Parrish 1998), to our knowledge, it has
not been used in the same way else-
where. Studies in the Caribbean Sea
used the percentage or area of sedi-
ment in proximity to coral reefs and

demonstrated a correlation between these predictors
and fish density, richness, or individual species,
whereas correlation strength varied with the analysis
radius and map resolution (Pittman et al. 2007b,
Kendall et al. 2011). Friedlander & Parrish (1998)
used the distance to the coral reef edge to describe
fish assemblages in Hawaii and concluded that
abundance, biomass and diversity are higher in close
proximity to the edge. Results in the Azores show
that herbivores, omnivores and carnivores have
highest predicted abundances close to the sediment.
Likewise, highest probabilities for the presence of
planktivores (such as Trachurus picturatus) are at the
interface between substrate types, which concurs
with the observations of local fishermen (T. Morato
pers. comm.). Most likely, distance to sediment has
an indirect effect and the zone may be a preferred
foraging ground due to local hydro dynamics and
increased quantity and/or diversity in food resources.
Such a complementary effect through the presence
of different habitat types in close proximity is known
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Fig. 7. Probability of presence of the carnivore Symphodus caeruleus and the
planktivore Trachurus picturatus for coastal habitats down to 40 m, including
the outline of rocky substrate down to 200 m. Note the different probability
scales. Fish illustrations (by L. Gallagher/ fishpics/Image DOP) are not to scale

Fig. 8. Shared potential habitat (marked red) with a target of Max10 relative
abundance of carnivores (Coris julis, La brus bergylta, Serranus atricauda) and
omnivores (Abu def duf lu ri dus, Diplodus sargus) down to 40 m depth. The
 outline of rocky substrate down to 200 m and marine protected areas 

are shown
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from other studies (Pittman et al. 2007b). This signif-
icance of edge effects in the marine realm (Doren-
bosch et al. 2005, Pittman et al. 2007a, Smith et al.
2011) emphasises the importance of including a con-
tinuous predictor that represents the distance to
habitat edges in distribution models for reef species.
Such influence would not be captured if, for instance,
a categorical substrate-type predictor was used.

Substrate slope shapes hydrodynamic forces, illu-
mination and sedimentation patterns, and as such,
influences the distribution of benthic and bentho-
pelagic assemblages (e.g. Denny et al. 2003, Letour -
neur et al. 2003, Milazzo et al. 2011). Its importance
seems to be accentuated by the correlation with
 terrain complexity measures in this study, implying
that a significant slope effect could also represent, for
instance, a ruggedness effect. Fine-scale or in situ
measurement of habitat complexity may even out-
perform slope in the study area. On the other hand,
its importance might be more evident at broader
 spatial scales. However, it is only significant for
 carnivores, with relationships that corroborate other
studies in the Azores, the Canaries and the Mediter-
ranean (Barreiros et al. 2002, Letourneur et al. 2003,
Milazzo et al. 2011). Pittman & Brown (2011) high-
light not only the significance of such substrate-
related predictors but also the importance of interac-
tions between the geographical location (i.e. distance
to sediment) and the topographic heterogeneity of
seafloor structure (i.e. slope). However, interactions
are not used in our study because experimental
GAMs revealed that resulting 2D-smoothers were
either not significant or not interpretable or meaning-
ful and seemed to overfit the data.

Depth-related effects

Depth was the second most important predictor.
The bathymetric distribution patterns corroborate
previous findings for the Azores (e.g. Patzner & San-
tos 1993, Harmelin-Vivien et al. 2001, Bertoncini et
al. 2010) and other areas (e.g. Nemeth & Appeldoorn
2009, Krajewski & Floeter 2011, Richards et al. 2012),
and indicate that carnivorous species (Coris julis,
Labrus bergylta, Serranus atricauda, Sphyraena
 viridensis) have higher predictive abundances for
deeper habitats, whereas herbivorous species (Sarpa
salpa, Sparisoma cretense) prefer shallow or inter -
mediate depths. Planktivores responded positively to
increasing depth in Hawaii (Friedlander & Parrish
1998), which was also observed for the planktivorous
Pagellus spp. in the Azores. The importance of

bathy metry for this guild would probably be more
pronounced (i.e. for Trachurus picturatus) if habitats
below 40 m were included (Menezes et al. 2006).

Depth is a proxy for other environmental variables
such as light penetration (Nemeth & Appeldoorn
2009), which influences the distribution and species
composition of algae in the Azores (Neto 2001, Tem-
pera 2008, Tempera et al. 2012). This, in turn, affects
spatial and bathymetric patterns for herbivores (Ruit-
ton et al. 2000) and species such as Abudefduf
luridus and Symphodus caeruleus which use algae
for nest building (Porteiro et al. 1996, Azevedo et
al. 1999).

Bathymetric patterns are influenced by varying
diet preferences of similar species or different life
stages of 1 species and/or ontogenetic depth prefer-
ences (Porteiro et al. 1996, Letourneur et al. 2003,
Figueiredo et al. 2005). Such niche separation has
been observed for carnivorous labrids that mainly
feed on small benthic crustaceans (Symphodus cae -
ru leus; Azevedo et al. 1999) or sea urchins, including
different sizes or species (Coris julis, Labrus bergylta;
Sala 1997, Figueiredo et al. 2005).

Preference for different habitat types has also been
observed for herbivores. For instance, larger individ-
uals of Sparisoma cretense are typically territorial
and prefer more exposed, deeper reef sections,
whereas smaller individuals often form schools in
sheltered, shallower habitats (de Girolamo et al.
1999, Afonso et al. 2008b). This dual social system
seems to be reflected by the prediction of 2 abun-
dance maxima for different depths and exposures to
swell. Similar habitat segregation is predicted for
Sarpa salpa and confirms findings of Harmelin-
Vivien et al. (2001), who recorded lower abundances
for intermediate depth strata. Other studies have
shown that Sarpa salpa actively forages in shallow
waters and shelters in deeper areas (Ruitton et al.
2000, Jadot et al. 2002), which are generally pre-
ferred by larger specimens (Afonso 2002). Given the
ecological importance of this species, and that stud-
ies have so far focused on its shallower habitat use
(e.g. Verlaque 1990, Ruitton et al. 2000, Jadot et al.
2002, 2006), more research is needed to understand
its use of deeper areas.

Exposure-related effects

Exposure to swell or currents were significant for
the distribution of all but 1 species. Similar hydrody-
namic influences on reef fishes have been demon-
strated in other volcanic archipelagos (e.g. Friedlan-
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der et al. 2003, Beger & Possingham 2008, Krajewski
& Floeter 2011, Richards et al. 2012).

Pais et al. (2007) reported significantly higher
abundance of carnivorous labrids and serranids in
sheltered habitats in the Mediterranean, whereas
De Raedemaecker et al. (2010) did not find a signi -
ficant difference for these guilds. However, those
 studies used different exposure measurement sca les,
and overall exposure is greater in the Azores. Carni-
vores, especially, vary in their exploitation of differ-
ent exposure regimes in the archipelago, which may
partly be explained by species-specific swimming
performances (e.g. Fulton & Bellwood 2004, Fulton et
al. 2005). Species with high aspect ratio fins have
enhanced swimming abilities, swim faster and are
likely to also inhabit exposed environments as ob -
served, for instance, for different Coris species (Wain -
wright et al. 2002, Fulton & Bellwood 2004, Milazzo
et al. 2011). Such conditions are typically met at
the offshore reefs in the Faial-Pico channel, where
schools of C. julis are very numerous (Afonso 2002).
On the contrary, Serranus species swim in bursts
when hunting (Wakeling & Johnston 1998, authors’
pers. obs.) but otherwise are sustained swimmers,
explaining their preference for sheltered habitats
(Dominici-Arosemena & Wolff 2005, Pais et al. 2007,
De Raedemaecker et al. 2010, present study). Multi-
ple peaks in the smoothers of exposure variables
(and others) may indicate the interaction and domi-
nance of another variable or competition and dis-
placement by other species over exposure levels
between maxima. For instance, the dual social sys-
tem of the herbivorous Sparisoma cretense seems to
be reflected here (see previous subsection; Afonso
et al. 2008b). However, in general, herbivores and
omnivores have non-linear decreasing predicted
abundances (presence) for higher exposure regimes,
contrary to planktivores. Currents carry suspended
food items and as such are particular important for
YOY of species such as Trachurus picturatus.

Multi-species habitat mapping and potential
benefit for conservation planning

Priority areas for each species were identified with
predictive maps that are rather different from each
other. Some illustrate a strong bathymetric depen -
dence (Serranus atricauda, Symphodus caeruleus),
while the influence of the sediment–rock interface is
most evident, for instance, for Trachurus picturatus.
Its spatial pattern also overlaps with areas of highest
exposure to current, such as the channel margins and

the western shore of Faial Island (Tempera et al.
2012). Such sites should have diverse and abundant
food resources (Dominici-Arosemena & Wolff 2005).
When interpreting these maps, it is important to keep
in mind that they are restricted by the study area
 limits and, for a few species, by the low explained
model deviance. For instance, the highest presence-
probability of T. picturatus is only 0.73, reflecting
that its main habitat at deeper strata (Menezes et al.
2006) is not integrated in the model.

Models of all 8 species selected for spatial predic-
tion carefully comply with statistical considerations
(i.e. exclusion of outliers, overdispersion, independ-
ence, heterogeneity), assuring their applicability for
habitat maps. Distribution of most species from 1
trophic guild is described by the same predictor vari-
ables with similar (mostly) non-linear patterns. Yet
niche separation is reflected, for instance, by differ-
ent bathymetric preferences. Based on these results,
it is not possible to identify, for instance, a single spe-
cies as surrogate for a trophic group, but rather all 8
species act as surrogates.

Trophic guild analysis can support studies on eco-
system structure and functioning (Cartes et al. 2002,
Claudet et al. 2010), even if euryphagy and ontoge-
netic or seasonal diet changes in reef fishes (e.g. Ver-
laque 1990, Azevedo et al. 1999, Figueiredo et al.
2005) pose some limitations to this use. For instance,
fishing pressure can influence trophic groups differ-
ently (Ashworth & Ormond 2005). Future studies
should include a larger number of species which
should allow a more refined classification, for exam-
ple, into different types of carnivores (Friedlander &
Parrish 1998, Ferreira et al. 2001, De Raedemaecker
et al. 2010) and consider other life history traits
(Dominici-Arosemena & Wolff 2005, Claudet et al.
2010). For instance, model results indicate that po -
tential habitats of solitary species with smaller home
ranges (Abudefduf luridus, Labrus bergylta, Sym-
phodus caeruleus) are spatially more restricted than
potential rocky habitats of e.g. schooling specimens
(Coris julis, Diplodus sargus, Sarpa salpa; Table 3).
Such a refinement should allow good identification of
surrogate species.

Although individual species often had a wide
potential distribution, predictive maps illustrate that
areas with highest relative abundance (>50% of the
maxima) and, consequently, the most favourable
habitat, are rather small. Only 2 hotspots — larger
areas with more than 75% relative abundance of a
single species — were identified, off the north-west
of Faial Island (for Coris julis) and eastern coast of
Pico Island (for Sarpa salpa), but these had higher
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prediction standard errors in their centres. There-
fore, these single-species hotspots need to be con-
firmed by further field surveys.

Nevertheless, the methods and results presented
allow identification of important fish habitats, alias
species hotspots, that ought to be considered in
MPA site selection or evaluation of existing zoning
schemes. For instance, rocky reef areas with poten-
tial highest relative abundances of single species
(Max50) were identified in the present study. Such
single-species hotspots are potential priority areas
for conservation and should be considered if the goal
of an MPA is the protection of a single endangered
species. However, multi-species spatial management
is often the aim of MPA establishement, and a multi-
tude of habitat maps has to be considered. Overlay-
ing predictive maps for different species reduced the
size of such multi-species hotspots, which was espe-
cially pronounced for abundance maps (and not
merely presence). Carnivore or omnivore multi-
 species hotspots with a target of Max10 were identi-
fied off the south and north coast of Faial. These
areas were much smaller than anticipated, stressing
their relevance as priority sites for conservation. A
subsequent analysis focused on the percentage of the
hotspots that is included in the MPA network cover-
ing the study area. About 64% (22 km2) of the entire
available reef habitat in the study area down to 40 m
is encompassed in existing MPAs. Although at least
half of the multi-species hotspots (carnivores: 50%;
omnivores: 83%) are located in these managed sites,
importantly, such hotspots represent only 13% (car-
nivores) to 15% (omnivores) of the reef habitat in the
MPAs. Thus, any future refinement of the current
zoning should target those hotspots, namely by
including them entirely. However, an in situ evalua-
tion of predicted hotspots should be conducted to
ensure reliability and support analyses of network
representativeness. Expansion to another island will
help validate the presented approach for the identifi-
cation of areas of priority for conservation.

This demonstration gives only a relatively simple
simulation for the application of habitat maps in the
context of marine conservation. Multi-species hot -
spots targeted only 10% of the maximum abundance
of species from the same trophic group. Other tar-
gets, namely Max25 or Max50, were not feasible be -
cause shared habitat was diminutive. However, one
might define other criteria, for instance not se lect -
ing overlapping but rather neighbouring sites with
Max50 as target. If habitat maps with potential pres-
ence (and not abundance levels) are considered, it is
crucial to define an appropriate probability level for

presence (i.e. 0.1 or 0.5). However, such decisions
depend on the goal of the MPA and are not the focus
of this study. Furthermore, information such as the
im portance of a site for recreational or fishing pur-
poses needs to be considered as well. Site-selection
or MPA evaluation is more challenging than the sim-
ple approach presented in this study. Thus, species
distribution maps can be integrated in well devel-
oped multicriteria decision-making software (e.g.
Marxan; Ball et al. 2009) that support MPA design by
providing protection scenarios that meet distinct con-
servation objectives. In conclusion, adequate pre -
dictive modelling can improve the knowledge of
 species’ spatial habitat use that, in turn, supports
 scientifically sound conservation planning and site
selection.
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Appendix 

Table A1. Model validation and generality of final generalised additive models for 11 coastal reef fishes in the Azores showing
the Spearman’s rank correlation (ρ) of predicted and observed values from the model fitting and validation data set, rank sum
statistics from the Wilcoxon signed rank test (V), percentage of correct predicted presences and absences (CP), and the area 

under the curve (AUC, for binomial models). ***p < 0.001,**p < 0.01,*p < 0.05

Species ρ V CP (%) AUC
Fitting Validation (Validation) (Validation) (Fitting)

Coris julisa 0.81*** 0.78*** 2961 89 –
Labrus bergylta 0.57*** 0.54** 2703 77 –
Serranus atricauda 0.67*** 0.78*** 3114 76 –
Sphyraena viridensis 0.56*** 0.48*** 1530*** 88 0.92
Symphodus caeruleus 0.56*** 0.40*** 2327 75 0.86
Sarpa salpa 0.61*** 0.62*** 2334.5 74 –
Sparisoma cretense 0.65*** 0.49*** 2175* 77 –
Abudefduf luridus 0.76*** 0.70*** 2064** 65 –
Diplodus sargus 0.62*** 0.46*** 2494 95 –
Pagellus spp. 0.41*** 0.51*** 2783 78 0.81
Trachurus picturatus 0.44*** 0.56*** 3093 76 0.78
aSignificant difference between model fitting and validation data set (Mann-Whitney test)
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