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Increasing knowledge on distribution and habitat selection of coastal fish species is essential for the management
of marine environments, and can be provided through the use of Species Distribution Models (SDM). Opportu-
nistic and participatory data, such as recreational or commercial bycatch data, can provide precious information
at large scale and low cost to estimate fish spatial distributions, but are subject to biases (e.g. lack of absence
data, non-random sampling scheme). The European sturgeon (Acipenser sturio) is a critically endangered diad-
romous fish and its marine habitat preferences are unknown. The goal of this study was to investigate key
variables driving A. sturio distribution and predict its current distribution in inshore waters along the European
Atlantic coast. We developed two correlative SDM in A. sturio marine habitats based on incidental observations
(2012-2021) and two different sets of environmental predictors. In both attempts, six methods which differ
according to the biases they aim to reduce (i.e. oversampled areas or environmental conditions, dependence
between calibration and validation datasets) and the input dataset used (i.e. random pseudo-absences or target-
group pseudo-absences) were applied at various stages of the model building and evaluation process. By
comparing potentially biased and bias-corrected predictions, we found similar satisfactory level of evaluation
and spatial patterns of habitat suitability. Marine areas predicted as the most suitable were distributed along the
French Atlantic coast, the Seine and Somme bays, and at a lesser extent around the Rhine delta and in some
coastal areas of the Cantabrian Sea (Northern Spain). We found a strong influence of the bathymetry, temper-
ature, and salinity as well as an influence of the bottom current velocity and of the distance to the source
population in explaining A. sturio marine distribution, while the nature of the substrate was not retained by the
models. Results of this study could pave the way toward more integrated conservation measures for this critically
endangered fish.

1. Introduction

Coastal ecosystems are key areas to sustain marine fish and inver-
tebrate populations (Bradley et al., 2020) in addition to provide goods
and services for humans (e.g. food production, tourism) (Ronnback
et al., 2007). However, coastal marine habitats and their associated
species are under increasing pressure and impacted by a variety of
human activities such as habitat degradation, overfishing, pollution and
climate change (Crain et al., 2009; Halpern et al., 2008). As a result,
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increasing our scientific knowledge on the ecology, distribution and
habitat selection of species is essential to support the management of
marine environments (Crain et al., 2009).

Species Distribution Models (SDM) (Guisan et al., 2017) are useful
tools for linking species presences/absences or abundances with a set of
environmental variables to examine their relative influence on the
species habitat selection. SDM also produce habitat suitability maps
which are increasingly considered to support spatial and conservation
planning (Guisan et al.,, 2013; McShea, 2014). However, their
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application is more recent in marine than in terrestrial environments
(Melo-Merino et al., 2020).

Species occurrence data are available from traditional survey tech-
niques for many species but they are more limited for larger, less
abundant species (Eble et al., 2020). In this context, participatory sci-
ence offers an alternative by providing large amount of data collected
over large areas (McKinley et al.,, 2017) while increasing citizen and
stakeholders’ awareness and thus, their contribution in biodiversity
conservation (Peter et al., 2019).

Recreational or commercial bycatch (i.e. fishery-dependent) data
can provide valuable information to estimate fish spatial distributions
(Pennino et al., 2016). While collected at lowest cost, some biases are
inherent to these opportunistic observations, including the non-random
sampling design (Murphy and Jenkins, 2010). For example, the intensity
of fishing tends to decrease further from the port of origin or from the
coast. Fishing boats tend also to fish preferentially in areas where high
abundances of the target species are expected (Pennino et al., 2019).
Hence, building SDM from bycatch data is challenging and requires that
these limitations be correctly integrated in the modelling framework
(Noviello et al., 2021).

When the survey effort is unknown, thinning the observation data is
a method commonly used to correct sample biases (Inman et al., 2021;
Steen et al., 2021). This technic aims at reducing the prevalence of
oversampled environmental conditions (i.e. environmental filter) (Var-
ela et al., 2014) or oversampled areas (i.e. spatial filter) (Aiello-Lam-
mens et al., 2015). Opportunistic observations usually do not have
information regarding the locations where the species are absent
(monitoring taken place but only the species presences declared)
(Bradter et al., 2018). To overcome this problem, a widely-used method
is to generate virtual absences, called pseudo-absences, which are used
instead of monitored absences in the input dataset (Barbet-Massin et al.,
2012). Pseudo-absences can be selected in different ways, in varying
numbers, and with various weights (Barbet-Massin et al., 2012; Phillips
et al.,, 2009). The most common way is to randomly generate a large
number of virtual absences within the study area (i.e. random
pseudo-absences) (Barbet-Massin et al., 2012). Another way, called
target-group pseudo-absences, consists of using sites where species of the
same taxonomic group have been surveyed and where the targeted
species was not detected (Phillips et al., 2009). Whereas random
pseudo-absences is the strategy with the least assumptions (Guisan et al.,
2017), the sampling of target-group pseudo-absences is usually based on
ecological reasoning (Phillips et al., 2009). Finally, to overcome the lack
of an independent dataset to evaluate the model predictive ability, in-
ternal cross-validation is recommended (Hijmans, 2012). Random par-
titioning was demonstrated to generate dependences between
calibration and evaluation datasets, which then affect the model co-
efficients and statistical inference (de Oliveira et al., 2014). Hence, a
recent method, called block cross-validation, generates spatially sepa-
rated datasets to address this issue (Valavi et al., 2019).

In the case of rare species, not targeted at sea but considered as
bycatch such as diadromous fish, participatory data can be the best way
to provide data on many individuals at a low cost, to assess their ecology
in the marine environment. The European sturgeon (Acipenser sturio) is a
large-bodied fish (McDowall, 1997) that undertakes anadromous mi-
grations through riverine, estuarine and marine habitats (Bemis and
Kynard, 1997). The species has conservative life-history strategies, such
as slow growth, late sexual maturation and long life span (Williot et al.,
2011a) which takes place more than 90% at sea. While A. sturio had an
almost pan-European distribution a century ago (Lassalle et al., 2011),
its distribution at sea is now reduced to the European side of the Atlantic
Ocean, from Norway to Spain (Rochard et al., 1997). Since the begin-
ning of the 19th century, the species has been facing several threats
resulting from human activities, such as habitat degradation (Rochard
et al., 1990; Williot and Castelnaud, 2011), overfishing (Fernandez--
Pasquier, 1999) or river engineering and damming (e.g. barriers to
migration) (van Puijenbroek et al., 2019). A. sturio has been listed as
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critically endangered on the IUCN Red List (Gessner et al., 2010b). There
is a fishing ban in France since 1982 and the species is listed since 1992
in Annexes II and IV of the European Habitat directive. A European
restoration action plan was presented in 2007 (Rosenthal et al., 2007)
and implemented in national action plans in France and Germany
(Gessner et al., 2010a; MEDDTL, 2011; MTES, 2020). The last remaining
population, in a critical state, is found in the
Gironde-Garonne-Dordogne (GGD) system. This population was saved
from global extinction by the building of an ex-situ brood stock during
the 1990’s for restocking purposes (Williot et al., 2011b) that occurred
between 2007 and 2015 (Roques et al., 2018). Some researches have
been conducted to assess the species riverine and estuarine habitat use
(Acolas et al., 2017; Carrera-Garcia et al., 2017; Taverny et al., 2002).
However, there is a lack of studies characterizing its marine habitat and
these are mainly focusing on describing the fish characteristics in the
marine environment (Letaconnoux, 1961; Rochard et al., 1997). This
knowledge gap hampers a proper conservation and management of the
species.

The goal of this study was thus to (i) investigate key variables
steering A. sturio marine distribution and (ii) generate predictions of its
current distribution in inshore waters along the European Atlantic coast.
We combined incidental observations (2012-2021) and selected
explanatory variables to create two ensemble models with different sets
of variables, given the relationships that exist between some of the de-
scriptors. While one ensemble model only contains environmental var-
iables, the other one includes a geographic constraint (i.e. the distance
to the GGD system) and therefore takes into account the natal river of
the individuals. Six SDM methods, which differ according to the biases
they aim to reduce (i.e. oversampled areas, oversampled environmental
conditions or dependence between calibration and validation datasets)
or the input distribution dataset used (i.e. random pseudo-absences,
target-group pseudo-absences), were implemented in both ensemble
models, at various steps of the model building and evaluation process.
We aimed at producing a final consensus map of suitable habitats for this
species at sea, i.e. representing an agreement between all models and
methods.

2. Materials and methods
2.1. Study area

The present study was carried out in the temperate marine waters
over the large continental shelf of the northeastern Atlantic Ocean
(Fig. 1). The Bay of Biscay is composed of complex hydrological and
climatic regimes with strong spatial and temporal dynamics (Koutsiko-
poulos and Le Cann, 1996). The circulation of water masses in the En-
glish Channel and the North Sea is conditioned by the tides, winds and
water density (Hardisty, 1990). Benthic habitats across the study area
consist of coarse-grained and mixed sediments (53.14%), sands
(30.51%), mud to muddy sands (11.64%), and rock and boulders
(4.72%) (EMODnet Geology). This area is subject to high pressures from
human activities such as marine traffic, pelagic and demersal fishing,
tourism activities, coastal discharges, sand extraction and dredged
sediment disposal (Borja et al., 2019; Lorance et al., 2009). In the pre-
sent work, the bathymetric limit was set at 150 m depth beyond which
environmental conditions were considered as unsuitable for A. sturio, as
the species was never observed in deeper waters (Letaconnoux, 1961;
Rochard et al., 1997). Lagoons and estuaries were also not considered.

2.2. Observations of A. sturio at sea

Observations of A. sturio mainly came from the French database
STURWILD (2012-2021; data extraction on the July 02, 2021; Center
for Aquaculture, Fisheries and the Environment in New Aquitaine -
CAPENA, National Committee of Maritime Fisheries and Marine Fish
Farming - CNPMEM, French National Research Institute for Agriculture,
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Fig. 1. Location of the study area and presence cells of A. sturio
(n = 110; 2012-2021).

Food and Environment - INRAE). A total of 311 observations at sea were
collected from incidental observations by professional and amateur
fishermen or citizens. These data were complemented with 5 observa-
tions from the Obsmer database (i.e. commercial fisheries operating on
all French maritime facades) (Cornou et al., 2021) and 1 incidental
observation declared in Germany (Gessner, comm. pers.). The study area
was then converted into a grid of 10 x 10 km cells to deal with the
uncertainty of the observation locations, leading to a total of 3095 cells.
A cell with at least one observation was considered as a presence,
resulting in 110 presence cells over the period (Fig. 1).

2.3. Environmental variables

Given the limited knowledge on the marine ecology of A. sturio, we
calculated a wide variety of variables (i.e. physico-chemical,
geographic, topographic, hydrodynamic, substrate types) based on
what was commonly used for bentho-demersal or diadromous species in
previous SDM studies (e.g. Breece et al., 2018; Huff et al., 2012; Trancart
et al., 2014). Twelve variables were selected since they (i) were related
to the species presences according to point biserial correlations (Elith
et al., 2006; Sillero et al., 2021); (ii) had absolute values of Pearson
correlation coefficients <0.58; (iii) showed variance inflation factor
<10, as recommended by Sillero et al. (2021) and (iv) presented the
most variation spatially across the study area (Table 1, Supplementary
Table S1). For 3D variables (i.e. available at multiple depths), we used
the environmental information on the seabed to be consistent with the
ecology of Acipenseridae species (Bemis et al., 1997). The parameters (i.
e. mean, range) were calculated for each year at a monthly resolution,
and then averaged over the entire 2012-2020 period. For substrate
variables, the simplified Folk classification system (Folk, 1954) was used
to make four categories: “mud to muddy sands”, “sands”, “coarse--
grained and mixed sediments” and “rock and boulders”. Then, we
calculated the shortest distance from each cell center to the nearest
patch boundary of each substrate category with the geosphere R package
(Hijmans, 2019), creating the four substrate variables. The distMOUTH
variable (all abbreviations and definitions of variables are given in
Table 1) was calculated for each cell as the shortest distance to the
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Table 1

Variables selected for species distribution modelling. The models in which the
variables were included as well as the sources were also specified. The salinity
was measured using the Practical Salinity Scale.

Categories Variables (abbreviations) Units  Models  Sources
Physico- Mean annual temperature °C 1&11 MARS 3D
chemical on the seabed (2012-2020; (http
TEMP_MEAN_10km) s://marc.
Mean annual salinity on the / I ifremer.fr)
seabed (2012-2020;
SAL_MEAN_10km)
Inter-monthly mean range mg/ 1&1I ECOMARS 3D
of dissolved oxygen on the Lt (http
seabed (2012-2020; s://marc.
OXY_RANGE_10km) ifremer.fr)
Mean light attenuation m? I
coefficient on the seabed
(2012-2020;
LIGHT_MEAN_10km)
Hydrodynamic =~ Mean amplitude of m 1&1I WW3-

sediment displacement on
the seabed (2012-2020;
DISP_MEAN_10km)

NORGAS-
2MIN (https
://marc.if
remer.fr/)
Mean current speed on the m/ MARS 3D
seabed (2012-2020; st (http

VEL_MEAN_10km) s://marc.
ifremer.fr)
Substrate Distance to mud or muddy km 1&1I EUSeaMap
sand substrate 2021 (
(distMUD_SAND_10km) Vasquez
Distance to sandy substrate km et al., 2021)
(distSAND_10km)
Distance to coarse or mixed ~ km
substrate
(distMIX_COARSE_10km)
Distance to rock substrate km
(distROCK_10km)
Topographic Bathymetry m 1 EMODnet
(BATHY_10km) Bathymetry
(\,‘\'\\'\V.L‘Iﬂ
odnet-bath
ymetry.eu)
Geographic Distance to the river origin ~ km I Calculated
(i.e. Gironde estuary; with the
distMOUTH) raster
package in R (
Hijmans,
2020)

Gironde estuary, excluding terrestrial environments and marine envi-
ronments deeper than 150 m (raster R package) (Hijmans, 2020). The
distribution and spatial variation of the twelve environmental variables
selected were displayed in Supplementary Figs. S1 and S2. Due to strong
nonlinear relationships, two pairs of variables (i.e. distMOUTH and
BATHY_10km vs SAL_ MEAN_10km and LIGHT MEAN_10km) were not
included together in the same model. As both pairs could be relevant in
the marine species ecology, the choice was made to carry out two
separate models: the first containing the 12 variables except the pair of
variables SAL_MEAN_10km and LIGHT MEAN_10km (model I), the
second also containing the 12 variables except the pair of variables
distMOUTH and BATHY_10km (model II; Table 1). As the distMOUTH
variable reflected a dispersal constraint from a single source (i.e. the
GGD system), the model I was only focused on the population from the
GGD system. Hence, the observations for which the origin of individuals
was known, and not from the GGD system, were deleted for the model I
input dataset. Thus, 107 presence cells were used for model I against 110
for model II.

2.4. Species distribution models: basic method

To model the A. sturio marine distribution, an ensemble modelling
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approach was used from seven algorithms (generalised linear model -
GLM, generalised additive model - GAM, multivariate adaptive regres-
sion splines - MARS, flexible discriminant analysis - FDA, Maxent,
random forest - RF and gradient boosting machine - GBM) with the
Biomod2 package in R (Thuiller et al., 2009; Aratijo and New, 2007). The
settings used for each algorithm were listed in Supplementary Table S2.

As there was no absence data available from our participatory
dataset, we generated 2 sets of 2000 random pseudo-absences on the
whole study area. This high number of pseudo-absences aims to opti-
mize model performance and ensure the selection of enough informative
pseudo-absences. They encompassed the environmental conditions
where the species can potentially occur in the study area (Barbet-Massin
et al., 2012). The much larger number of pseudo-absences compared to
presences generates a very low prevalence. In order to avoid negative
prevalence effects, the prevalence was then set to 0.5 to give equal
weights to presence and pseudo-absence cells (Jiménez-Valverde and
Lobo, 2006). We implemented 10 random replications and used 80% of
the datasets for model calibration and the remaining 20% for evaluation.
We evaluated single and ensemble models with the Area Under the ROC
Curve (AUQC), the threshold maximizing True Skill Statistic (MaxTSS),
the threshold maximizing Kappa (MaxKappa) and the Boyce Index
(Allouche et al., 2006; Hirzel et al., 2006; Lobo et al., 2008). Ensemble
predictions over the study area were computed using the mean of
single-model outputs with Boyce index superior to 0.5. The continuous
predictive maps produced displayed a habitat suitability index (HSI)
ranging from 0 to 1000.

The relative contribution of each variable included in the ensemble
model was calculated using the ranking measure proposed by the get -
variables_importance function in Biomod2 (Thuiller et al., 2009). A
top-down approach was then used to keep a reasonably small number of
variables in models I and II. The overall model approach described
above was applied to both models, each containing 10 variables at the
start. The variable with the lowest mean relative contribution was
removed and the ensemble modelling approach was rerun, and so on
until each final ensemble model contained the five most important
variables.

2.5. Alternative methods to reduce potential biases

The quality of the presence/pseudo-absence datasets (i.e. participa-
tory data with an unknown but certainly uneven sampling effort,
random pseudo-absences) and the cross-validation approach used with
the basic method (i.e. repeated random splits) can be source of several
biases (Peterson and Soberon, 2012; Phillips et al., 2009) (Supplemen-
tary Table S3). To evaluate these possible biases, some alternative
methods were conducted, in addition to the basic one, on both final
ensemble models with their respective five most important variables
(Table 2).

To reduce the problem linked with oversampled areas, we used
spatial and environmental filters (Castellanos et al., 2019). The spatial
filtering of aggregated presence cells was performed (Spat filter method)
by using the R package spThin (Aiello-Lammens et al., 2015) with a
neighbour distance threshold of 15 km. The clustering level before and
after the spatial thinned procedure was measured with the nearest
neighbourhood index (NNI) (Clark and Evans, 1954). The NNI ranges
from O (i.e. clustered pattern) to 2.15 (i.e. regular pattern) while 1
means a random pattern. We also used two environmental filters to
remove redundant information (i.e. presence cells with similar envi-
ronmental conditions) by using the envSample R function (Varela et al.,
2014) (https://github.com/SaraVarela/envSample). For the first envi-
ronmental filter (Env filter VAR method), we used the distMOUTH var-
iable and the distance to the coast to represent the environmental space.
The aim was to limit the likely oversampling near the coast and the
Gironde estuary (i.e. coastal zones more intensely prospected and ob-
servers close to the Gironde estuary, where stocking occurred, probably
more aware of this practice). For the second environmental filter
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Table 2

Detailed description of selected presence and pseudo-absence cells and cross-
validation approach for each method. Abbreviations: Basic, basic method;
Spat filter, spatial filtering of presence cells; Env filter PCA, environmental
filtering of presence cells using the first two axes of a PCA including the 5 final
variables at presence cells; Env filter VAR, environmental filtering of presence
cells using the distMOUTH variable and the distance to the coast; PA tar-
get group, inventoried pseudo-absences from target-group species; Block CV,
block cross-validation approach.

Presence cells Pseudo-absence Cross-validation

cells
Basic
All: 107 (model I)/110 (model Random: 2000 Random with 20 iterations
1) (i.e. 2 sets of pseudo-
absences x 10 replications)
Envy filter PCA

Random: 2000 Random with 20 iterations
(i.e. 2 sets of pseudo-

absences x 10 replications)

Environmentally filtered using
the first two axes of a PCA
including the 5 final
variables at presence cells: 74
(model 1)/69 (model II)

Envy filter VAR

Environmentally filtered using
the distMOUTH variable and
the distance to the coast: 72
(model 1)/73 (model II)

Spat filter

Spatially filtered: 62 (model 1)/
63 (model II)

Random: 2000 Random with 20 iterations
(i.e. 2 sets of pseudo-

absences x 10 replications)

Random with 20 iterations
(i.e. 2 sets of pseudo-
absences x 10 replications)

Random: 2000

Block_CV
All: 107 (model 1)/110 (model Random: 2000 Non-random and blocked
1) with 5 replications
(selected in 15 x 15
blocks)

PA_target group
All: 107 (model 1)/110 (model Inventoried from
1) target-group
species: 1770

Random with 10 iterations
(i.e. 1 set of pseudo-
absences x 10 replications)

(Env filter PCA method), the first two axes of a principal component
analysis (PCA), including the five most influential variables at presence
cells, were used to represent the environmental space. Hence, each
filtering treatment led to a pool of unique presence cells (Supplementary
Figs. S3a and S4a).

Random cross-validation can produce the same spatial autocorrela-
tion structure between calibration and validation datasets (de Oliveira
et al., 2014; Pottier et al., 2013). This issue can be reduced by parti-
tioning the datasets using a block cross-validation approach (Valavi
et al., 2019) which increases the degree of independence of both data-
sets. The study area was divided into 15 x 15 blocks that were parti-
tioned randomly (Supplementary Figs. S3c and S4c). The presence and
pseudo-absence cells contained in blocks selected for the calibration
dataset were assigned to it, and similarly for the validation dataset. We
applied this approach (Block_CV method) using 5 replications and the
blockCV R package.

Then, the use of target-group pseudo-absences instead of random
pseudo-absences considers that a site with a similar species observed but
not the targeted one can be considered as an inventoried absence.
Models using target-group pseudo-absences can have better predictive
performance than those using random pseudo-absences (Mateo et al.,
2010) if areas that are unfavourable for the targeted species are correctly
represented (Brotons et al., 2004) or have the same bias as the presence
dataset (Phillips et al., 2009). We adapted that method (PA_target group
method) by extracting pseudo-absences from the MigrenMer database
(Elliott et al., 2021). This database contains capture records of diadro-
mous species from French fisheries observers and scientific surveys
(downloaded from ICES DATRAS and French scientific surveys). These
data have been filtered to coincide with the spatio-temporal extent of
this study and consider only fishing gears than can catch A. sturio. In this
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subsample, all cells with at least one site surveyed and without detection
of A. sturio were considered as pseudo-absence cells (Supplementary
Figs. S3b and S4b). The Supplementary Table S3 gave a more complete
description of the advantages and limits for each method used.

2.6. Comparison of modelling methods

To determine the extent of change in predicted HSI between the
different modelling methods and to select the most robust one, we
compared (i) the obtained evaluation metrics (i.e. Boyce, AUC, MaxTSS,
MaxKappa); (ii) anomaly maps; (iii) Schoener’s D statistics (Schoener,
1968) and (iv) percentage of HSI values among 4 classes of HSI (i.e.
0-250/250-500/500-750/750-1000). Anomaly maps were pairwise
calculation of differences in HSI values between predictions with the
basic method and those with the alternative methods. An increase in HSI
corresponded to negative values on anomaly maps while a decrease in
HSI corresponded to positive values (Castellanos et al., 2019). The
pairwise Schoener’s D statistic compared habitat suitability maps on a
scale from O (no similarity between predictions) to 1 (identical pre-
dictions) by using the ENMeval package in R (Muscarella et al., 2014).

2.7. Building the final habitat suitability map

For the most robust final ensemble models I and II, we converted the
20 mean continuous predictions (i.e. 2 sets of pseudo-absence x 10
replications) of HSI into binary predictions according to the threshold
that maximizes sensitivity (i.e. ratio of correctly predicted presences to
their total number) plus specificity (i.e. ratio of correctly predicted ab-
sences to their total number). Then, the 20 binary maps of both final
ensemble models were summed to build the final habitat suitability
map. Values of this map range from O (i.e. the 40 predictions agreed that
the HSI of the given cells were low) to 40 (i.e. the 40 predictions agreed
that the HSI of the given cells were high) while intermediate values
indicated variability between predictions.

3. Results

The reduction from 10 to 5 variables in the models resulted in the
selection of the following variables: TEMP_MEAN_10km, VEL -
MEAN_10km and OXY_RANGE_10km for both models as well as
BATHY_10km and distMOUTH for model I and SAL_MEAN_10km and
DISP_MEAN_10km for model II (Fig. 2). The application of spatial and
environmental filters resulted in the reduction of 107/110 (model 1/
model IT) presence cells to 62/63 for the Spat filter method, 72,/73 for the
Env filter VAR method and 69/74 for the Env filter PCA method. For the
latter method, the first two axes of PCA explained 75% and 71% of the
total variance for models I and II, respectively. The NNI values increased
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from 0.67/0.67 (p-value < 0.01) to 0.91/0.92 (p-value < 0.01)
following the application of the Spat filter method, which allowed get-
ting closer to a random distribution (Supplementary Figs. S3a and S4a).
The PA target group method resulted in 1770 pseudo-absence cells
(Supplementary Figs. S3b and S4b).

Basic and alternative methods applied on both final ensemble models
resulted in satisfying evaluations according to AUC (ranging from
(mean =+ SD) 0.87 + 0.04 for the Spat filter method applied to model I to
0.93 £ 0.03 for the Basic method applied to model II), MaxTSS (ranging
from 0.67 + 0.08 for the Spat filter method applied to model I to
0.77 + 0.07 for the Basic method applied to model II), MaxKappa
(ranging from 0.30 =+ 0.06 for the Spat filter method applied to model I to
0.55 + 0.07 for the Basic method applied to model II) and Boyce Index
(ranging from 0.82 + 0.12 for the Block_CV method applied to model II
to 0.89 £ 0.06 for the Basic method applied to model II; Fig. 3). While
predictive capacities were relatively similar among methods, they were
still slightly better for the Basic method whereas the Spat filter method
had always the least good predictive capacities, except with the Boyce
index.

Predictive and anomaly maps as well as Schoener’s D statistics
confirmed similar results among methods for both final ensemble
models (Fig. 4). Predictive maps for both models and all methods
showed very high HSI on the French Atlantic coast and more interme-
diate HSI on the southern coasts of the English Channel and the North
Sea, and around the Thames estuary in the United-Kingdom (Fig. 4a to
D). Schoener’s D statistic values were always greater than 0.90 and
anomaly maps were dominated by cells with values close to 0 (Fig. 4a-b
to 4g-1), meaning small differences between predictions of the basic
method and those of alternative methods. However, little variations
were observed depending on the method used for the model I. With the
three filter methods (i.e. Spat filter, Env filter VAR, Env filter PCA), a
slight decrease of HSI was observed along the French Atlantic coast as
well as a minimal increase of HSI on the rest of the study area (Fig. 4a-b
to 4a-d). The Env filter PCA method also caused a slight increase of HSI
in the Iroise Sea and in the Bay of Seine (Fig. 4a-b). The Block CV and
PA target group methods gave nearly identical results to the basic one
(Fig. 4a—e to 4a-f). Still for the model I, alternative methods tended to
slightly decrease the percentage of cells with very high (i.e. 750-1000
class; except for Block CV and PA_target group methods where an in-
crease was observed) and very low HSI (i.e. 0- 250 class), and to slightly
increase the percentage of cells with moderately low and strong HSI (i.e.
250-500 and 500-750 classes respectively; Supplementary Table S4).
For model II, same trends were observed as with model I. However, new
sectors appeared with a decrease in HSI following the application of
filters, such as the English coasts (Env filter PCA; Fig. 4g-h), or the
Belgian and Dutch coasts (Env filter VAR; Fig. 4g-i). A slightly more
pronounced decline in HSI appeared on the French Brittany coast for the

Fig. 2. Mean relative contribution across the 20 it-
erations (i.e. 2 sets of pseudo-absences x 10 repli-
cations) of ensemble modelling for the 5 most
important variables selected in the final ensemble
models I (left) and II (right) for the basic method.
Variables were listed in increasing order of mean
relative contribution. Error bars represented stan-
dard deviation (SD).

Abbreviations: BATHY_10km, bathymetry; TEMP_-
MEAN_10km, mean annual temperature on the
seabed (2012-2020); VEL_MEAN_10km, mean cur-
rent speed on the seabed (2012-2020); OXY.-
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Fig. 3. Plots of the results of the evaluation metrics obtained for the basic and the alternative methods tested for final ensemble models I (left) and II (right). The
results shown were MaxKappa, MaxTSS, AUC and Boyce metrics. Each point is the average value across the 20 iterations with the standard deviation displayed as an
error bar. The grey gradient allowed the distinction between the methods used.

Abbreviations: Basic, basic method; Spat filter, spatial filtering of presence cells; Env filter PCA, environmental filtering of presence cells using the first two axes of a
PCA including the 5 final variables at presence cells; Env filter VAR, environmental filtering of presence cells using the distMOUTH variable and the distance to the
coast; PA_target group, inventoried pseudo-absences from target-group species; Block_CV, block cross-validation approach.
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Fig. 4. Habitat suitability index (HSI) predictions for the final ensemble models I (top) and II (bottom) with the basic (a, g) and the alternative methods (b to f & h to
1). Anomaly maps (a-b to a-f & g-h to g-1) facilitated the pairwise comparison between the basic method and each alternative method. The map (a-b) represented the
values of map (a) from which the values of map (b) were subtracted. Increases in HSI for alternative methods were shown in shades of green, while decreases in HSI
were depicted in shades of red. The other anomaly maps should be interpreted in the same way. Schoener’s D statistic was also displayed on each anomaly map.
Abbreviations: Basic, basic method; Spat filter, spatial filtering of presence cells; Env filter PCA, environmental filtering of presence cells using the first two axes of a
PCA including the 5 final variables at presence cells; Env filter VAR, environmental filtering of presence cells using the distMOUTH variable and the distance to the
coast; PA target group, inventoried pseudo-absences from target-group species; Block_CV, block cross-validation approach. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Env filter PCA method (Fig. 4g-h). Hence, comparison of results from SAL_MEAN_10km had the greatest relative contribution (0.28 + 0.03)
different modelling methods associated with their known limits and followed by TEMP_MEAN_10km (0.17 + 0.03) while VEL_MEAN_10km
advantages (Supplementary Table S3) led to the selection of the basic (0.07 & 0.04), DISP_.MEAN_10km (0.05 £ 0.02) and OXY_RANGE_10km

method for the next analyses. (0.04 + 0.01) contributed less. The more BATHY 10km, VEL_-
For model I, BATHY 10km had the best relative contribution MEAN_10km and distMOUTH values increased, the more the HSI
(0.48 £ 0.04) followed by TEMP_MEAN_10km (0.11 + 0.04), VEL - decreased (Fig. 5). HSI appeared to increase up to TEMP_MEAN_10km

MEAN_10km (0.07 + 0.02), OXY_RANGE_10km (0.06 + 0.02) and then values between 14 and 15 °C, and to increase also very slightly when
distMOUTH (0.05 <+ 0.03; Fig. 2). Concerning model II, DISP.MEAN_10km and OXY_RANGE_10km values increased.



A. Charbonnel et al.

Model |

BATHY_10km distMOUTH

Habitat suitability index

500 1000

Model Il

DISP_MEAN_10km OXY_RANGE_10km

Habitat suitability index

00 02 04 06 08 2 - 6 20

OXY_RANGE_10km

SAL_MEAN_10km

Estuarine, Coastal and Shelf Science 280 (2023) 108136

TEMP_MEAN_10km VEL_MEAN_10km

0.00 025 050 075

TEMP_MEAN_10km VEL_MEAN_10km

0.00 025 050 075

30 35 10 12 14

Fig. 5. Mean response curves among the seven algorithms for the five most important variables of models I (top) and II (bottom) applied on the selected method (i.e.
the basic method). The y-axes represented the habitat suitability index (HSI) while the x-axes represented the values of the variables. Response curves demonstrated
how HSI differed as variables varied, whilst all other variables were kept constant at their average values. There were 20 mean response curves for each variable, as

one response curve corresponded to one iteration.

Abbreviations: BATHY_10km, bathymetry; TEMP_MEAN_10km, mean annual temperature on the seabed (2012-2020); VEL_ MEAN_10km, mean current speed on the
seabed (2012-2020); OXY_RANGE_10km, inter-monthly mean range of dissolved oxygen on the seabed (2012-2020); distMOUTH, distance to the river origin (i.e.
Gironde estuary); SAL_MEAN_10km, mean annual salinity on the seabed (2012-2020); DISP_MEAN_10km, mean amplitude of sediment displacement on the

seabed (2012-2020).

Concerning SAL MEAN_10km, HSI values seemed maximum around
25-30 and dropped quickly and drastically from 35.

Looking at the final habitat suitability map, the most suitable marine
areas for A. sturio, with a strong consensus of both final ensemble
models, were distributed along the French Atlantic coast, the Seine and
Somme bays, around the Rhine delta and in some coastal areas in
Northern Spain (Fig. 6). The least suitable areas with a strong consensus
of both final ensemble models were mainly located offshore from
France, Belgium and Netherlands while they were closer to the coasts in
Spain, the United-Kingdom and Ireland. Some sectors were character-
ized by high variability among final ensemble models and iterations,
such as the bays of the Mont Saint-Michel in France and the Thames and
sectors along the Dutch coast.

4. Discussion

For the first time, this study draws a map of A. sturio marine habitat
in coastal European waters, a key starting point to understand complex,
wide-ranging distribution patterns and mechanisms driving the species
ecological requirements. We acknowledge that A. sturio observations
used in this study were collected from participatory declarations. This
type of approach is vital for gaining information on this species that is
difficult to access and to promote cooperative management between
fishermen and researchers (Giareta et al., 2021). Our results showed that
regardless the aim of the modelling method used (i.e. to remove the
biases in presence data, to generate pseudo-absences, to perform
cross-validation), the predictions were very similar which brings more
confidence in the results. Along the same lines, the study of Pennino
et al. (2016) highlighted that spatial patterns of suitable habitat pre-
dicted for elasmobranchs were similar whatever the source of data used,
fishery-independent (i.e. scientific surveys) or -dependent data (i.e.
surveys by observers in commercial vessels). In the course of our study,
having removed duplicate observations within each 10 x 10 km cell

France

f Gironde estuary 4
0

Bay of Biscay

[ No information

_150km_ O Terrestrial land

Fig. 6. Final habitat suitability map summing binary predictions of both final
ensemble models I and II, using the basic method. Values of this map ranged
from O (i.e. the 40 binary predictions of both final ensemble models I and II
agreed that the HSI of the cells were low) to 40 (i.e. the 40 binary predictions of
both final ensemble models I and II agreed that the HSI of the cells were high)
while intermediate values indicated variability between predictions.
Abbreviations: HSI, habitat suitability index.
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before the application of further thinning and statistical modelling,
which is already a kind of spatial thinning (Aiello-Lammens et al., 2015),
may have reduced biases inherent in the dataset.

Another important consideration suggested by Pennino et al. (2016)
is that fishing data can be an unbiased indicator of species occurrences in
case that their locations have been chosen independently of the known
distribution of the interest species. This hypothesis seems plausible for
A. sturio as this is a non-target species for commercial fishing with a
fishing ban in France since 1982. Yet, given the paucity of data avail-
able, we are confident that citizen science was essential to model A.
sturio distribution along the European Western coast with the
best-available data.

The strong influence observed for the bathymetry, temperature and
salinity is in agreement with Bradie and Leung (2017) meta-analysis,
which showed these variables as the most important drivers of marine
species distribution. The strong negative influence of the bathymetry is
consistent with previous studies conducted on A. sturio in marine and
estuarine environments (Acolas et al., 2017; Rochard et al., 1997), as
well as on other sturgeon species such as A. medirostris (Huff et al., 2012,
2011) and A. oxyrinchus (Breece et al., 2018; Stein et al., 2004). Since
bathymetry is known to indirectly drive the species distribution (Bosch
et al., 2018), we hypothesize that this variable, in association with the
seabed chlorophyll-a concentration (negatively correlated to the ba-
thymetry, r = -0.74), can be linked to the benthic macrofauna abun-
dance (Karakassis and Eleftheriou, 1997) on which A. sturio feeds in
estuaries (Brosse et al., 2000). On the continental shelf of Portugal for
example, a decrease in abundance of polychaetes with depth has been
observed (Martins et al., 2013). Highest abundances were found be-
tween 30 and 60 m depth, which are depth levels highly suitable to A.
sturio. However, the lack of studies in our study area does not allow
confirming the trend observed in Portugal between the abundance of
polychaetes and depth. Moreover, the diet at sea of the species is un-
known. The bathymetry was also strongly correlated with the distance to
the coast (i.e. r = 0.73), and coastal waters can offer more food resources
favouring the growth of individuals, as observed for sharks (Speed et al.,
2010).

The temperature is a limiting factor that directly influences the
species physiology (Portner, 2002) and this being even more true for fish
that are poikilotherms (Doudoroff, 1938). In this study, the optimum in
the response curve is around 14-15 °C mean annual temperatures and
the coldest temperatures around 10-11 °C seem to limit A. sturio
occurrence. However, the coldest areas are mainly located in the
northern part of the study area, far from the GGD system (i.e. the natal
river). The energy cost of moving away from GGD spawning sites
(Jonsson and Jonsson, 2006) may result in fewer individuals being
observed in the northern and coldest parts of the study area. In addition,
the extent of the study area was constrained by the availability of
environmental variables, and did not consider the northern part of the
species range. This limitation may have underestimated habitat suit-
ability at colder temperatures (Sanchez-Fernandez et al., 2011).

Sectors with high suitability regarding the mean salinity (i.e.
maximal suitability between 27 and 34) correspond to narrow coastal
margins mainly located around estuaries and bays, and therefore under
the influence of river flows (Trimoreau et al., 2013). Sea outlets with
high productivity could serve as nursery areas, as already observed for
the common sole (Solea solea) in the Seine estuary (Rochette et al.,
2010).

The observed negative influence of the average current velocity on
the seabed is contrary to our expectations. Sea currents provide ener-
getic advantages to cover long-migration distances at lower cost for the
green sturgeon (A. medirostris) (Huff et al., 2012; Kelly and Klimley,
2012). However, average current velocity on the seabed may be globally
too slow or poorly oriented, to provide energetic advantages for in-
dividuals during their migration or their coastal movements, as it has
been observed for the plaice (Pleuronectes platessa L.) (Hunter et al.,
2003). The present result suggests that rather than migrating or moving,
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the individuals observed in the study area would have selected habitats
with low average current speeds, probably for feeding.

Habitat suitability also decreases as the distance to the Gironde es-
tuary increases. This result supported the hypothesis that observed
sturgeons originate from a single natal river (i.e. the GGD system) and
display a homing behaviour, which may drive the species marine dis-
tribution. This constraint, linked with the need to be close to the natal
river for reproduction through the life span, would lead to an increase in
energetic costs caused by repeated long-distance movements at sea
(Jonsson and Jonsson, 2006). An influence of the river origin on the
marine spatial distribution of chinook salmon (Oncorhynchus tshawyt-
scha) stocks has also been observed (Shelton et al., 2021). The sharp
drop in habitat suitability in the first 200 km from the GGD system may
also be explained by two migratory tactics within the population: some
individuals would remain around the estuary while some would travel
greater distances, the two tactics could be alternatively used by in-
dividuals. Moreover, the estuarine plume of the GGD system is a
mandatory transition zone between the marine environment for growth
and the breeding basin. Nonetheless, the importance of this variable can
be challenged since the model without the distance to the Gironde es-
tuary provides similar predictions to the one including this predictor.

Surprisingly, all substrate variables are less relevant in explaining the
marine distribution of A. sturio, but this conclusion remains consistent
with the results of Rochard et al. (1997) for A. sturio and Stein et al.
(2004) for A. oxyrinchus. However, substrate type is known to directly
influence benthic invertebrate prey (Levin, 1982; McBreen et al., 2008).
Future studies with more precise data on A. sturio marine distribution
and looking further into its diet and associated prey availability are
needed to provide knowledge on its fine-scale habitat choices.

Predictions in the present work provide a static image, irrespective of
potential migratory events (e.g. Wisz et al., 2015) or seasonal changes in
distribution. Given the paucity of observation data, it was not possible to
make seasonal models for which the relevance has been demonstrated
for A. medirostris (Huff et al., 2012) and A. oxyrinchus (Breece et al.,
2018). Hence, our approach provides global estimates and general
trends, most of the variables being annual averages over 9 years in
calibration and validation. Correlative SDM approaches give informa-
tion on where a species actually or potentially lives across a landscape
according to the physical/environmental features (Sillero et al., 2021).
They do not rely on an explicit mechanistic understanding (i.e. causal
relationships) of how different environmental factors interact with the
target species to affect its key biological processes such as growth, sur-
vival and reproduction (i.e. its fitness) (Kearney, 2006). In addition, they
do not provide information on how the habitat is used nor how the or-
ganism experiences that habitat (e.g. for food, rest, movement). Indeed,
correlative SDM studies should be considered as a first step in generating
hypotheses about mechanistic links between a species and its sur-
roundings (Kearney, 2006). Relationships and hypotheses proposed in
this study will have to be confirmed at finer scales thanks to specific
studies, such as through real-time tracking of individual movements (e.
g. Huff et al., 2011). Then, shifts in environmental requirements
throughout ontogeny is common in mobile marine species (Dahlgren
and Eggleston, 2000) and can result in shifts in spatial distributions (e.g.
Camiolo et al., 2021; Wisz et al., 2015). Concerning the stocked A. sturio,
individuals start to leave the Gironde estuary to grow at sea at the age of
3 and later acquire sexual maturity (Acolas et al., 2011). We can
therefore assume that habitats at sea modelled in this study concern
mainly immature juveniles from stocking, from 3 to 14 years old, since
no natural reproduction was observed over the period considered.

Model predictions confirm a potential near-shore distribution and
also more coastal habitats for A. sturio. Hence, this species is potentially
vulnerable to anthropogenic stresses which are increasingly accumu-
lating in coastal areas (Bugnot et al., 2021; Davidson et al., 2012). The
benthic behaviour of A. sturio (Brosse et al., 2000) and the use of elec-
tromagnetic fields for orientation (Lohmann et al., 2008) can make the
species sensitive to actions that physically and directly impact the
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seabed (e.g. substrate and minerals extraction, bottom trawling, un-
derwater constructions) (Bugnot et al., 2021; Kaikkonen et al., 2018;
Taormina et al., 2018) or marine structures that emit electromagnetic
fields (Taormina et al., 2018). Sectors identified as highly suitable for A.
sturio are subject to exploitation of shell or siliceous sands and gravels
(Pichon et al., 2017), installation of submarine cables (RTE, 2018) or
construction of wind energy developments (Creocean, 2021). Further
specific studies would help to assess the potential impacts of these
human activities on A. sturio and the need for compromises to optimize
the species conservation with the maintenance of socio-economic ac-
tivities. By overlapping the habitat suitability map with the existing
marine protected area (MPA) network, conservation gap analyses
(Jennings, 2000) will also help environmental managers to evaluate the
amount of suitable habitats for A. sturio within the MPA network (e.g.
Hooker et al., 2011). Furthermore, as the species spends most of its life
span at sea, the existence of suitable areas in this environment is
essential for the population to be functional. Nevertheless, this model-
ling attempt at sea remains disconnected from information on habitat
suitability for A. sturio in the Gironde estuary and in the Garonne and
Dordogne rivers. A future challenge would be the application of SDM
combining information from riverine, estuarine and marine environ-
ments to ensure the availability and the preservation of the global lon-
gitudinal connectivity between the different living environments of this
diadromous fish (Brevé et al., 2014). This kind of approach would make
it possible to consider the ecological requirements of A. sturio at different
stages of its life cycle (Frans et al., 2018; Hakkinen et al., 2021).
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