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ABSTRACT: Under climate change, future species assemblages will be driven by the movements
and poleward shift of local species and the arrival of more thermophilic species from lower lati-
tudes. To evaluate the impacts of climate change on marine communities in the Bay of Biscay, we
used the hierarchical filters modelling approach. Models integrated 3 vertical depth layers and
considered 2 Intergovernmental Panel on Climate Change (IPCC) scenarios (Representative Con-
centration Pathway, RCP2.6 and RCP8.5) and 2 periods (2041-2050 and 2091-2100) to simulate
potential future species distributions. Results predicted potentially suitable future ranges for 163
species as well as future arrivals of non-indigenous southern species. We aggregated these results
to map changes in species assemblages. Results revealed that coastal areas would undergo the
highest species loss among the Bay of Biscay species, depending on their vertical habitat (benthic,
demersal, benthopelagic or pelagic). Benthic and demersal species were projected to experience
a westward shift, which would induce a deepening of those species. In contrast, pelagic species
were projected to shift northward. The potential ecological niche for half of the studied species,
mostly benthic and demersal, was projected to decrease under climate change. In addition, a high
rate of southern species arrivals is expected (+28%). Assessment of community composition
showed high species replacement within the 0-50 m isobath, driven by the replacement of native
species by southern ones. This could lead to a major reorganization of trophic networks and have
socio-economic impacts.

KEY WORDS: Climate change - Ecological niche model - Habitat model - Hierarchical filters -
Species turnover - Species distribution
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1. INTRODUCTION Poloczanska et al. 2013, Pecl et al. 2017, Lenoir et al.

2020). There is now firm evidence that the climate is

Impacts of climate change on biodiversity have warming and will continue to warm (Hoegh-Guldberg
been extensively explored and documented in the lit- et al. 2018). In the marine realm, the global upper
erature over the last 2 decades (Harvell et al. 2002, ocean mean temperature increased by 0.4°C between

Root et al. 2003, Hoegh-Guldberg & Bruno 2010, 1955 and 2008 (Levitus et al. 2009), and global mean



surface temperatures are projected to increase by
1.64 to 3.51°C by the end of the century (Hoegh-Guld-
berg et al. 2018). Temperature changes impact
marine diversity at different levels (Perry 2005, Che-
ung et al. 2009, Doney et al. 2012), including life his-
tory traits (e.g. Genner et al. 2010), abundances (e.g.
Hermant et al. 2010), range shifts (e.g. Brander et al.
2003) and, in consequence, the related trophic net-
works (e.g. Doney et al. 2012, Albouy et al. 2014).

To evaluate climate change impacts on biodiversity
and on ecosystem goods and services, species distri-
bution models (SDMs) have become relevant tools
(Cheung et al. 2009, Robinson et al. 2017). Marine
SDMs can be built at the global (Cheung et al. 2009),
regional (Morley et al. 2018) or local (e.g. Guillaumot
et al. 2018, Wabnitz et al. 2018) scale. They can be
applied to emblematic species (Vestbo et al. 2018),
endemic species (Guillaumot et al. 2018) or those of
commercial interest (Alabia et al. 2016, Butzin &
Portner 2016), from corals (Cacciapaglia & van Woe-
sik 2018) to seabirds (Kriiger et al. 2018), including
copepods (Brun et al. 2016) and fishes (Cheung et al.
2016a). SDMs are useful tools for detecting areas
where climate change could deeply impact biodiver-
sity (Jones & Cheung 2015), therefore also allowing
an evaluation of the possible implications for fish-
eries (Weatherdon et al. 2016) or conservation deci-
sions (Vestbo et al. 2018). Most marine SDMs confirm
a global poleward shift under climate change (Che-
ung et al. 2009, Chust et al. 2014, Weatherdon et al.
2016). However, shifts differ depending on the verti-
cal habitat of the species in question. Indeed, in the
marine realm, species are distributed in 3 dimen-
sions, and one way in which species respond to rising
temperature is deepening (Dulvy et al. 2008, Lenoir
& Svenning 2015). Despite the importance of this ver-
tical dimension, the majority of marine SDM studies
have only used sea surface environmental layers for
both pelagic and benthic species range projections
(Duffy & Chown 2017).

Marine fauna spatial responses to climate change
are expected to be deepening (Dulvy et al. 2008,
Lenoir & Svenning 2015), habitat fragmentation, per-
sistence of species in a climatic trap (Ben Rais Lasram
et al. 2010) and poleward shifts (Chust et al. 2014,
Guillaumot et al. 2018, Lenoir et al. 2020). Latitudinal
shifts would imply the arrival of non-indigenous ther-
mophilic species, leading to a tropicalization of mar-
ine communities (Cheung et al. 2012). Tropicaliza-
tion has already been observed at the global scale,
especially in temperate marine ecosystems (Vergés
et al. 2014), and at the local scale (Sorte et al. 2010,
Banoén et al. 2017, Vasilakopoulos et al. 2017).

The northern Atlantic and its neighbouring seas,
the North Sea and Baltic Sea, have been the subject of
the development of several SDMs (Gogina et al. 2010,
Siaulys & Bucas 2012, Bucas et al. 2013). The Bay of
Biscay, located on the eastern side of the northern
Atlantic, is an area of particular interest due to poten-
tial cold species emigration to higher latitudes but
also to the arrival of thermophilic species originating
from the southern Atlantic. Such outcomes are even
morerealistic because a temperature increase of 0.2°C
decade™! has been proven for in the upper 200 m layer
between 1965 and 2004 (Dulvy et al. 2008, Michel et
al. 2009) in the Bay of Biscay. In addition, Hily et al.
(2008) showed that some macrobenthic species, com-
mon in the south of the Bay of Biscay but unusual in
the area as a whole in 1960, are now frequent and
more abundant in the north. These potential species
range shifts are still more challenging to predict
because the Bay of Biscay is France's top fishing area.

In this study, we used the hierarchical filters mod-
elling approach (Hattab et al. 2014) and explicitly
considered the vertical gradient of temperature (Ben
Rais Lasram et al. 2020) to assess the potential im-
pacts of climate change on the spatial distribution of
fish and cephalopod species in the Bay of Biscay.
More precisely, we investigated the vulnerability of
species to climate change in the periods 2041 to 2050
and 2091 to 2100 under 2 Intergovernmental Panel
on Climate Change (IPCC) Representative Con-
centration Pathway (RCP) scenarios: 2.6 (optimistic)
and 8.5 (pessimistic). We also investigated climate-
related arrivals from the southern Atlantic. Changes
in species richness and composition were analysed
together to fully examine the potential effects of cli-
mate change on species assemblages.

2. MATERIALS AND METHODS
2.1. Study area

The Bay of Biscay is a large gulf located on the
eastern side of the North Atlantic Ocean. It is bor-
dered by the Spanish (43.5°N) and French coasts and
by the English Channel in the north (48.3° N) (Fig. 1).
The continental shelf is narrow in the south and
becomes broader in the north. The total study area
was about 80 000 km?. As a part of the North Atlantic,
Bay of Biscay waters are warmed by the Gulf Stream
(Palter 2015). Furthermore, in addition to Atlantic
Ocean influences, the Bay of Biscay receives a large
quantity of freshwater from French rivers, especially
the Loire and Gironde. Consequently, the Bay of Bis-
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Fig. 1. Current potential species richness in the Bay of Biscay (n = 163 species)

cay is a complex and highly productive area, sustain-
ing a high level of fishing activity (Hily et al. 2008).
The main species exploited are sardine Sardina pil-
chardus, hake Merluccius merluccius, horse mack-
erel Trachurus trachurus, anchovy Engraulis encrasi-
colus and mackerel Scomber scombrus (Moullec et
al. 2017).

2.2. Species data

Our modelling procedure requires species data at
both global and local scales. Species data at the
global scale will be used to fit bioclimatic envelope
models (BEMs), and species data at the local scale
will be used to fit habitat models (HMs).

A total of 198 coastal fishes and cephalopods, from
Brittany to northern Spain, were selected from
Ocean Biogeographic Information System (OBIS;
www.iobis.org) and Global Biodiversity Information
Facility (GBIF; www.gbif.org) databases. This list
encompasses about 40 % of the fish and cephalopod
species of the Bay of Biscay, according to FishBase
(www.fishbase.org). We did not model any crus-
taceans because, apart from some commercially tar-
geted species, their distribution areas are insuffi-
ciently known. We also selected 127 species whose
northern limits of distribution are found between
Spain (43.5°N) and southern Morocco (27.0°N) to
project their potential arrival in the Bay of Biscay. For
each of these 325 species (198 in the Bay of Biscay
and 127 southern), occurrences at the global scale

were uploaded from OBIS, GBIF, iNaturalist (www.
inaturalist.org) and VertNet (vertnet.org) databases,
as well as from Ecoengine (University of California
Berkeley's Natural History Data; https://ecoengine.
berkeley.edu/). The vertical habitats of the species
were then specified according to FishBase: pelagic
and benthopelagic species, with no substratum
requirements, and benthic and demersal species,
with specific substratum requirements. Species with
less than 20 occurrences were discarded, leaving 300
species (190 in the Bay of Biscay and 110 in the more
southern area delimited by the 27°N latitude) that
were used for modelling. To build HMs (applied only
to benthic and demersal species) at the local scale,
we used occurrences from the Database of Trawl
Surveys (DATRAS)-ICES (https://datras.ices.dk/Data
_products/Download/Download_Data_public.aspx)
data sets. We used these data sets because working
at the local scale requires a spatial resolution of
300 m or smaller. Occurrences previously down-
loaded for the first filter were selected to keep only
those smaller than 300 m and were combined with
those from DATRAS-ICES. All analyses were carried
out with R software (v3.6.1) using the script by Ben
Rais Lasram et al. (2020) available at https://github.
com/TarekHattab/SDM.

2.3. Environmental data

The modelling procedure had 2 main steps: a BEM
applied at the global scale and calibrated with coarse-
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resolution climatic grids, and an HM applied at the
local scale and calibrated with fine-grained habitat
variables. We selected the 2 extreme scenarios among
the set of RCPs to explore the impact of different
socio-economic climate policies on climatic projec-
tions. RCP8.5 is a high carbon emission, business-as-
usual scenario with a net radiative forcing by year
2100 of 8.5W m~2 and a simulated global atmospheric
surface temperature change of about 3.7+0.7°C
(mean + SD) relative to 1986-2005. RCP2.6 is a strong
emission mitigation scenario with a global mean net
radiative forcing by year 2100 of 2.6 W m~2 and a sim-
ulated global atmospheric surface temperature change
of about 1.0 + 0.4°C.

2.3.1. BEM

The BEM was built on the occurrences down-
loaded for the 300 species at the global scale, to cap-
ture the entire bioclimatic niche of each species. To
calibrate the BEM, decadal means of temperature
and salinity were downloaded from World Ocean
Database (WOD) 2013 version 2 for periods between
1955 and 2012 (1955-1964, 1965-1974, 1975-1984,
1985-1994, 1995-2004 and 2005-2012) with a %°
resolution and divided into 40 depth layers. The data
were then interpolated to a 5 arcmin resolution (%4,°)
using a bilinear interpolation. We aggregated them
on the first 50 m depth (pelagic species), first 200 m
depth (benthopelagic species), and 50 m from the
bottom (benthic and demersal species). Climatic pro-
jections for the 2 periods (2041-2050 and 2091-2100)
and 2 scenarios (RCP2.6 and RCP8.5) were down-
loaded from 3 general circulation models (GCMs)
from Coupled Model Intercomparison Project Phase
5 (CMIPS5): GFDL-ESM2G (NOAA), IPSL-CM5A-MR
(Université Pierre et Marie Curie) and MPI-ESM-MR
(Max Planck Institut). We considered 2005 to 2012 as
a baseline decade and calculated projected anom-
alies between this baseline decade and 2091 to 2100
and 2041 to 2050. These anomalies were then added
to the observed average temperatures and salinities
for the same period in the WOD 2013 data.

2.3.2. HM

The HM was built on the occurrences downloaded
at the local scale. The habitat was characterized by
5 variables: depth, seafloor type, slope and slope
orientation (eastness and northness). These environ-
mental data were downloaded from the studied area

for the species currently present in the Bay of
Biscay and from their native range for the southern
species. Because habitat variables can be strongly
intercorrelated, we removed multicollinearity by
using the ordination method of Hill & Smith (1976).
The resulting orthogonal and uncorrelated principal
components were used as predictive variables in the
HM. These data are available from the European
Marine Observation and Data Network (EMODnet)
(EMODnet Bathymetry [www.emodnet-bathymetry.
eu/] and EMODnet Seabed Habitats [www.emodnet-
seabedhabitats.eu/]) and have a 250 m spatial resolu-
tion. The seafloor type was aggregated into 8 Euro-
pean Nature Information System categories: rock,
coarse sediment, sand, sandy mud, muddy sand,
fine sand, mud and fine mud. The southern species
variables were taken from their native ranges.

2.4. Modeling procedure
2.4.1. BEM

The BEM constituted the first climate filter. To
model the bioclimatic envelopes of the species, a
spatiotemporal matchup between climatology and
species occurrence was realized, taking into account
the geographic coordinates of occurrences and their
corresponding decade (to remove the climate trends
over the past 58 yr) and the correct vertical layer
corresponding to the vertical habitat of the focal
species. There were 3 vertical layers: the first 50 m
depth for pelagic species, the first 200 m depth for
benthopelagic species and the last 50 m depth for
benthic and demersal species. Thereafter, to account
for the risk of oversampling, and consequent over-
representation of environmental features (Kramer-
Schadt et al. 2013), we first homogenized species
data sets to assign the same weight to over- and
under-sampled regions. To do this, we created a
grid encompassing all combinations of temperature
and salinity occurring at the global scale for the
1955-2012 period with a resolution of 0.3°C x
0.3 psu (which represents 100 x 100 bins). Then,
species occurrences were overlapped on this grid
(according to their temperature and salinity values),
and 1 data occurrence was retained when more
than 1 observation was made in the crossed inter-
vals of temperature and salinity. This threshold was
fixed to eliminate the influence of unbalanced sam-
pling (Schickele et al. 2020).

For each species, 8 algorithms were run individu-
ally with the BIOMODZ2 R package using the default



settings (Thuiller et al. 2009): generalized linear
model (GLM), generalized additive model (GAM),
multiple adaptive regression splines (MARS), gener-
alized boosting model (GBM), random forest (RF),
classification tree analysis (CTA), flexible discrimi-
nant analysis (FDA) and artificial neural network
(ANN). These models required both presence and
absence data. However, as we downloaded only
presence data, our datasets did not contain absences.
Thus, we needed to generate pseudo-absences,
which was done using the convex hull method (Getz
& Wilmers 2004, Cornwell et al. 2006). We defined
the convex hull as the smallest surface in the envi-
ronmental space containing all species records. A
restricted convex hull has been defined as a convex
hull excluding occurrence points within the 1% and
99 % percentiles for each environmental parameter.
We used the percentiles to exclude observations in
the most extreme environmental conditions. Thus,
pseudo-absences were randomly selected outside
the environmental space delimited by this restricted
convex hull, which is a proxy of suitable climatic con-
ditions. Based on the statistical theory of model-
based designs (d-designs; Hengl et al. 2009), we sim-
ulated for each species as many pseudo-absences,
randomly selected, as the number of occurrences
(Hengl et al. 2009; Table S2 in the Supplement at
www.int-res.com/articles/suppl/m647p017_supp.pdi).
After modelling we evaluated the models for each
species with a 3-fold cross-validation procedure
using 75 % of a random sample of the initial data for
calibration and the remaining 25 % for validation. We
assessed predictive performance of the models using
the true skill statistic (TSS) and the continuous Boyce
index (CBI). For each species, 24 predictions of the
current climate envelopes (8 algorithms x 3 permuta-
tions) can be obtained. Only algorithms with CBI >
0.5 for the 3 permutations (i.e. models resilient to the
occurrence permutations) were retained. To gener-
ate current and projected binary (presence—absence)
outputs, a threshold was used that maximized the
TSS score of the 8 algorithms (Thuiller et al. 2009).

2.4.2. HM

The habitat filter was applied only for benthic and
demersal species, in the same way as for the BEM,
and pseudo-absences were generated based on the
surface range envelope (Thuiller et al. 2009). In this
approach, we applied rectilinear hypervolumes limit-
ing the 1% and 99% quantiles of cells containing
presences instead of the convex hull.

2.5. Model averaging and hierarchical filtering

After validation, we retained 210 species (199 fishes
and 11 cephalopods; Table S1 in the Supplement)
from the 300 species considered: 163 that occur cur-
rently in the Bay of Biscay and 47 southern species
(from the area between Morocco and Spain). The se-
lected species were those having algorithms with a
CBI value higher than 0.5. Among them, 73 are tar-
geted by fishery activities (www.fishbase.in/search.
php). Combined BEM and HM can give markedly dif-
ferent projections for the same dataset, and model
evaluations often cannot demonstrate which projec-
tion is better (Aratjo & New 2007). To overcome these
limitations, we used the weighted average consensus
method (Thuiller et al. 2009), which accounts for
model-based uncertainty. For each grid cell and time
period, we calculated a probability of occurrence (W)
according to the weight of each model, based on TSS
values:

2. TS,

where i is a given grid cell, jis a given model and m;;
is the projected probability of occurrence in cell i ac-
cording to model j. Finally, we resampled maps de-
rived from BEM and HM approaches to obtain the
same spatial resolution (the finest one, 250 m).
Indeed, habitat variables must be integrated at fine
scale (250 m), and there are no bioclimatic maps at
this fine scale. Once combined, we considered a
species to be present only if both filters, climate and
habitat, predicted its presence.

WSS = 1)

2.6. Changes in species composition

To explore modifications of species assemblages
through time, we first calculated the pairwise Jac-
card dissimilarity index f;,. through time (Albouy et

al. 2012):
b+c

Bjac = Tbic (2)
where a is the number of species present in both
periods, bis the number of species lost, ¢ is the num-
ber of species gained and a + bis the baseline species
richness. The pairwise Jaccard dissimilarity index
ranges from O (the species composition is identical
between both baseline and projection) to 1 (it is com-
pletely different).

The Jaccard dissimilarity index combines 2 compo-
nents (Baselga 2010) that are important to under-
standing climate change impacts on biodiversity at a
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given location through time: (1) changes in assem-
blage composition caused by the loss or gain of spe-
cies (i.e. the nestedness component of B diversity)
and (2) changes in assemblage composition caused
by a process of species replacement independent of
the species richness variations (i.e. the species turn-
over component of B diversity, Albouy et al. 2012).

Next, by applying this partition, we calculated both
the species replacement (Bj,; Eq. 3) and the nested-
ness components (Bjne; Eq. 4) as follows:

2 min(b,c)
a+2 min(b,c)

Bjeu = 3)
where a, b and c are identical to Eq. (2), min is the
smaller of the 2 values b or c and B;,. was calculated
by the difference between B, and B;,, (Baselga 2010):

Bjne = Bjac_ Bjtu (4)

Although Bjsc, Bjry and Bj,e can be studied separately,
the ratio between B;,. and B;,. enables an apprecia-
tion of the contribution of both the replacement and
nestedness components (Dobrovolski et al. 2012):

Bine
ﬁjac
Cells with a Baio < 0.5 are dominated by the re-
placement process, and cells with a B, > 0.5 are
dominated by the nestedness process. To represent
more informative projections, we simultaneously
mapped Braii, values and the changes in species rich-
ness with a specific colour range. Hereafter, we will
call the pairwise Jaccard dissimilarity index Bjuc
through time the temporal beta diversity (TBD).

Bratio = ()

3. RESULTS
3.1. Projected environmental data

According to the 3 CMIP5 Earth system models —
GFDL, IPSL and MPI—and both RCP scenarios, the
annual mean sea surface temperature (SST) and sea
bottom temperature (SBT) were projected to increase
during the 215 century (Fig. S1). In the middle of the
21% century (2041-2050), the models suggested that,
on average, the SST would increase by 0.55 + 0.07°C
(RCP2.6) and 0.55 + 0.09°C (RCP8.5). In the same
way, CMIP5 Earth system models suggested that, on
average, the SBT would increase by 0.43 + 0.12°C
(RCP2.6) and 0.44 + 0.20°C (RCP8.5). At the end of
the 215 century (2091-2100), CMIP5 Earth system
models predicted that, on average, the SST would
increase by 0.56 + 0.10°C (RCP2.6) and 1.56 + 0.28°C

(RCP8.5). For the SBT, the models suggested, on
average, an increase of 0.57 + 0.13°C (RCP2.6) and
0.82 + 0.49°C (RCP8.5) for the end of the century. The
projected increase in mean temperatures was pre-
dicted to be highest in the coastal region up to the 50
m isobath, especially close to the Gironde estuary.
There was no change in the mean salinity for both
periods and both scenarios.

3.2. Model prediction accuracies

Considering only reliable models (i.e. models that
are resilient to the occurrence permutations), based
on the CBI, we checked their performance using the
TSS criterion. For the BEM, the predictive accuracy
over all modelling techniques was classified as excel-
lent, with a mean TSS criterion of 0.901 + 0.035
(Tables S3 & S4). The most accurate model was the
RF (mean TSS =0.930 + 0.032), and the least accurate
was the FDA (mean TSS = 0.857 + 0.044). Within
HMs, the predictive accuracy among all modelling
techniques was classified as high, with a mean TSS
criterion of 0.708 + 0.002 (Tables S5 & S6). The most
accurate model was the RF (mean TSS = 0.795 +
0.103), and the least accurate was the GAM (mean
TSS = 0.650 + 0.110).

3.3. Impacts on Bay of Biscay species

By considering 163 species currently present in the
Bay of Biscay, we found the current potential species
richness per cell (Fig. 1) to range from 96 to 158 spe-
cies, and we predicted a species richness gradient
from the coast to the open sea.

Under the RCP2.6 scenario, mid-century model
projections suggested that geographical ranges in
the Bay of Biscay would increase for 25 species
(15 %) and decrease for 59 species (36 %). Moreover,
by the end of the century, geographical ranges would
increase for 4 species (5%) and decrease for 68 spe-
cies (41%). Under the RCP8.5 scenario, mid-century
projections suggested that geographical ranges
would increase for 21 species (12 %) and decrease for
68 species (41%). By the end of the century, geo-
graphical ranges would increase for 6 species (3 %)
and decrease for 75 species (46 %).

Among the 163 modelled Bay of Biscay species, 12
were benthic, 29 were benthopelagic, 83 were dem-
ersal and 39 were pelagic. Model outputs revealed
different responses for fish and cephalopods accord-
ing to their vertical habitat (Fig. 2). We projected that



under the RCP2.6 scenario, bottom species (i.e. ben-
thic and demersal, n = 95) would be the most nega-
tively impacted: 45 species (47 %) and 54 species
(56 %) would lose range by 2041 to 2050 and 2091 to
2100, respectively. Under the RCP8.5 scenario, 50
bottom species (562%) would lose range by 2041 to
2050, and 56 species (59 %) would lose range by 2091
to 2100. Moreover, future ranges of benthic and dem-
ersal species seem to shift westward (Fig. 2). In con-
trast, we projected that pelagic species would be less
impacted by climate change. Indeed, under the RCP2.6
scenario, only 2 species (10 %) would lose range by the
middle of the century and 4 species (5 %) by the end of
the century. Under the RCP8.5 scenario, 3 pelagic
species (17 %) would lose range by the middle of the
century and 8 species (10 %) by the end of the century.
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These species seem to undergo a northward shift
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the century, respectively. Under the RCP8.5 scenario,
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and 15 species (51 %) by 2091 to 2100.
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Fig. 2. Projected species richness anomalies (percentage of species richness loss [or gain] between current and future) in

the Bay of Biscay for all species (n = 163), bottom species (n = 41), benthopelagic species (n = 83), pelagic species (n = 39)

and commercial species (n = 73) under each scenario and period compared with current species richness. Warm colours
represent a decrease in species richness, and cold colours represent an increase in specific richness



pected to lose more than 10 % of their current range
for the 2 periods. For the RCP8.5 scenario, 26 species
(35 %) were projected to lose range by mid-century
and 30 species (43 %) by the end of the century. Some
species, like the great sandeel Hyperoplus lanceola-
tus, were projected to gain more than 10 % in future
range under both scenarios and over the 2 periods.
Commercial species were projected to lose suitable
habitats in French coastal areas, especially in the
Pertuis Charentais marine protected area (Fig. 2).
Model projections indicated a gain in species rich-
ness in the north of the Bay of Biscay (Fig. 3). In the
studied area as a whole, by the middle of the century
(Fig. 3a,b), replacement (Bratio < 0.5) would affect a
larger area than nestedness under scenarios RCP2.6
(61 % of cells) and RCP8.5 (66 % of cells). By the end
of the century (Fig. 3c,d), nestedness (Brato > 0.5) is
dominant under the RCP2.6 scenario (87 % of cells)
and under the RCP8.5 scenario (86 % of cells). Focus-
ing on the different regions close to the French coast,
by the middle of the century, a high rate of nested-
ness combined with a loss of species richness is ob-
served (Fig. 3, red shading). This area with a nest-

Species Species
gain loss
Replacement

Nestedness [l BE

edness driven by species richness loss then ex-
pands to the entire continental shelf by the end of
the century.

3.4. Southern species arrivals

We modelled 47 southern species currently limited
to the area between northern Spain and southern
Morocco: 8 benthic, 4 benthopelagic, 19 demersal
and 16 pelagic species. Among these species, 23 are
targeted by fishing activities. Under the RCP2.6 sce-
nario, 33 species (70 %) would be expected to expand
their future range of distribution to the whole of the
Bay of Biscay by mid-century and 35 species (74 %)
by the end of the century. Under the RCP8.5 sce-
nario, 36 species (77 %) would be affected by 2041 to
2050 and 35 species (74 %) by 2091 to 2100. Our re-
sults highlighted that arrivals of southern species
would balance the decrease in species richness in the
Bay of Biscay; however, more southern species were
modelled to occur over the continental shelf than
along the French coast.

48°0

44°0’

Fig. 3. Changes in species richness and composition considering only the Bay of Biscay species (n = 163) calculated for the 2

projected periods , (a,b) 2041-2050 and (c,d) 2091-2100, and the 2 Representative Concentration Pathway (RCP) scenarios,

RCP2.6 (a,c) and RCP8.5 (b,d), compared with current species richness. Changes in species composition are quantified using

the Braiio index. The 2 colour gradients show the difference in species richness compared with the current situation: cold

colours represent cells that would gain species, and warm colours represent cells that would lose species. Blues and yellows

indicate the species replacement contribution to the temporal B diversity (Brato < 0.5), whereas greens and reds indicate the
species nestedness contribution to the temporal beta diversity (Bai, > 0.5)



3.5. Changes in species composition

The species turnover (B;,) calculated between ob-
served and projected time periods on assemblages
including both Bay of Biscay and southern species
(n = 210) revealed that the highest values occurred
close to the French and Spanish coasts (Fig. 4). Under
the RCP2.6 scenario, the mean species turnover was

projected to be 28 % by mid-century and 30 % by the
end of the century. Considering the whole studied
area under the RCP8.5 scenario, the mean species
turnover is expected to be 27 % by 2041 to 2050 and
30% by 2091 to 2100. In the whole studied area under
the RCP2.6 scenario, 91.4 % of the cells would be con-
cerned by nestedness (Fig. 4; Bratio > 0.5) by 2041 to
2050 and 86.6 % by 2091 to 2100. Under the RCP8.5

(0.75,1)

(0.5,0.75)

(0.25,0.5)

Nestedness

(0,0.25) -

(0,0.25) -
0.25,0.5) -
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=

Temporaﬁ/ beta diversity

Fig. 4. Relative contribution of species nestedness to the tem-
poral beta diversity when climate-related southern arrivals
are considered (n = 210). Results are displayed for each of the
2 projections, (a,b) 2041-2050 and (c,d) 2091-2100, and each
of the 2 Representative Concentration Pathway (RCP) sce-
narios, RCP2.6 (a,c) and RCP8.5 (b,d), compared with current
species richness. A nestedness lower than 0.5 indicates a
species replacement



scenario, 95.8% of the cells would be affected by
2041 to 2050 and 71.7 % by 2091 to 2100. Finally, we
projected that species replacement would mostly oc-
cur in the coastal region up to the 50 m isobath.

4. DISCUSSION

The main goal of this study was to predict future
species range shifts likely to occur in the Bay of Bis-
cay under IPCC scenarios RCP2.6 and RCP8.5 by
2041 to 2050 and 2091 to 2100. To achieve this, we
applied a methodological framework, combining the
hierarchical filters approach (ecological niche model
and habitat model).

4.1. Increase in Bay of Biscay temperatures

The averaged projection of the 3 CMIP5 Earth sys-
tem models highlighted an increase in annual mean
temperature of the sea surface and bottom, under
both IPCC scenarios and for both periods, in accor-
dance with other studies (Chust et al. 2011, Bruge et
al. 2016). It is worth noting that the RCP2.6 and the
RCP8.5 scenarios for 2041-2050 both projected very
similar increases in SST and SBT, probably due to the
influence of the Gulf Stream. Indeed, over the course
of the 21% century, we expect a decrease in the
strength of the Atlantic meridional overturning circu-
lation, including the Gulf Stream, which would miti-
gate climate warming by exporting cooler waters to
some parts of the North Atlantic (Bryden et al. 2005).
Here, the averaged results of the 3 CMIP5 Earth sys-
tem models suggested that the Bay of Biscay waters
may experience a slower warming in the most pes-
simistic scenario, as observed in other studies (Vel-
linga & Wood 2002, Gierz et al. 2015). Under both
scenarios and for both periods, the maxima of the
SST and SBT occurred in the coastal region up to the
50 m isobath. This increase in ocean SST and SBT is
expected to have important impacts on ecological
systems because temperature is the most important
driver explaining shifts in marine species (Pinsky et
al. 2013, Cheung et al. 2016a). Salinity was not pro-
jected to change from current concentrations.

4.2. Differential impact of climate change on
Bay of Biscay species

Our results revealed local changes in species rich-
ness in the Bay of Biscay. Projected changes involve

reductions in range size of some species in the bay,
coupled with a northward shift. This result is in
agreement with other empirical modelling studies
that have explored the responses of marine species to
climate change scenarios at the global scale (Cheung
et al. 2009, Weatherdon et al. 2016).

Bottom species (i.e. benthic and demersal) are
expected to be highly impacted by climate change,
as already projected for the deep ocean (Brito-
Morales et al. 2020). Indeed, over half of these spe-
cies are likely to experience a reduction of their
future potential range, combined with a westward
shift. Specifically, models projected a greater de-
crease of species richness in the coastal region, up
to the 50 m isobath, than in the rest of the continen-
tal shelf. This shift may be explained by a westward
shift to deeper areas where the temperatures are
cooler (Dulvy et al. 2008). For example, we modelled
a decrease in the extent of the future potential
range of the snake pipefish Entelerus aequoreus
(Fig. S2) that results in a westward shift under the
RCP8.5 scenario. Van Damme & Couperus (2008)
observed an increase in the abundance of this spe-
cies in oceanic areas of the northeastern Atlantic
since 2004. We also predicted a westward shift for
the future potential range of the plaice Pleuronectes
platessa in the Bay of Biscay under both scenarios
and for both periods. The same phenomenon has
been noted for this species in the North Sea where
the species moved to deeper waters but remained at
the same latitude (Perry 2005). Demersal species
seemed to undergo both northward and westward
shifts, which is similar to previous studies highlight-
ing changes in demersal species communities. For
example, Punzé6n et al. (2016) showed increases in
the occurrence of 37 demersal species from the
province of Lusitania (Portugal), of which 60 % could
be explained by temperature increases in interme-
diate waters in the southern Bay of Biscay. More-
over, the highest decrease in species richness was
projected to occur in the inner coastal areas. This is
in accordance with a recent study conducted in the
Strait of Gibraltar, where demersal species living in
shallow waters were observed to be more sensitive
to climate variability and tended to experience longi-
tudinal shifts to deeper waters (Delgado et al. 2018).

Our results highlighted that pelagic and bentho-
pelagic species are less impacted by climate change
than bottom species. These species are expected to
undergo a northward shift (see for example Merlan-
gius merlangus, Fig. S3), in accordance with predic-
tions for the Pacific Ocean (Cheung et al. 2015). For
example, pelagic fishes of the northeastern Pacific



have been modelled to shift at an average rate of 30.1
+ 2.3 km decade™! by 2050, which would mean new
species arrivals in the Gulf of Alaska and the Bering
Sea (Jones & Cheung 2015). In addition, the decrease
in species richness could be weaker for pelagic spe-
cies than for bottom species. The greater impacts of
climate change on bottom species than on pelagic
species may be explained by the ability of pelagic
species to exploit the entire water column. The space
limitation of bottom species does not allow them to
search for better isotherms. Pelagic species, on the
other hand, have more available space. Besides a
northward shift, benthopelagic species richness is
also projected to greatly decrease in the coastal
region up to the 50 m isobath. For example, accord-
ing to Punzén et al. (2016), Phycis blennoides abun-
dances are projected to increase at deeper levels in
the south of the Bay of Biscay. Our results corrobo-
rate these earlier ones by highlighting a distancing of
this species from the French coast for the 2 IPCC sce-
narios and 2 periods.

For both scenarios and both periods, 60 Bay of Bis-
cay species (36 %) were projected to be unaffected
by climate change. For these cases, temperature
anomalies induced by climate change did not exceed
the thermal ranges at which the species occur. These
results agree with those from other empirical studies
that explored the responses of marine species to cli-
mate change (Poloczanska et al. 2013).

The future potential range shifts under different
ocean warming scenarios will have effects on the
future availability of resources for fisheries (Cheung
etal. 2016b). Indeed, among the 73 commercially tar-
geted marine fishes and cephalopods modelled in
this study, 29 species would show a northward shift
(e.g. M. merlangus), a westward shift (e.g. Microsto-
mus kitt) or both (e.g. Pollachius pollachius). Addi-
tionally, climate change is now known to impact suit-
able spawning areas. For example, the optimal SST
for Engraulis encrasicolus spawning is around 17°C,
and for Sardina pilchardus, it ranges from 12 to 15°C
(Planque et al. 2007). Consequently, even if ocean
warming does not induce a future range shift for
these species at the adult stage, it may induce a shift
in spawning area and change egg production
(Erauskin-Extramiana et al. 2019). In the same way,
our results did not reveal a shift of suitable area for
Scomber scombrus. However, its thermal spawning
range shifted northward by 180 km between 1992
and 2013 and is projected to continue this way under
RCP8.5 (Bruge et al. 2016). This species is expected
to be influenced by climate change, even if its spatial
distribution at the adult stage is not impacted.

4.3. Southern species arriving in the Bay of Biscay

The arrival of more thermophilic species from the
south would induce a tropicalization of marine com-
munities, an already documented phenomenon over
recent decades in the Bay of Biscay. Indeed, Hily et
al. (2008) studied the effects of global warming on
macrobenthic fauna and concluded that some spe-
cies, common in the south of the Bay of Biscay in
1960 but unusual in the whole Bay of Biscay, were
now more common and abundant in the north. Like-
wise, the sub-tropical species Capros aper (boarfish)
was rare in the Bay of Biscay in the 1970s but is now
a common species in this area, which can be ex-
plained by the increase of sea bottom temperature
and by the biology of the species (Blanchard & Van-
dermeirsch 2005). In our study, the potential range of
C. aper was projected to be maintained over the
entire continental shelf, except in the inner coastal
areas, for both scenarios and both periods. Moreover,
in the Bay of Somme (France), a tropicalization of fish
communities has been observed since mid-1990 be-
cause of the decrease in abundances of cold-water
species (Auber et al. 2017).

The 47 southern species modelled here are ex-
pected to experience a northward shift in their future
potential range. The arrival of southern species
would also lead to trophic interactions with native
species, such as competition and predation. For ex-
ample, trophic competition would occur with the
arrival of piscivorous species like bigeye tuna Thun-
nus obesus, Guinean pike conger Cynoponticus
ferox or pastel ringwrasse Hologymnosus doliatus.
These new top predators would feed on the prey of
native predators, such as T. alalunga or Conger con-
ger. We also project that Lagocephalus lagocephalus
(see Fig. S4), a benthopelagic species with flesh toxi-
city, will show a northward shift in the Bay of Biscay,
potentially causing a public health problem (Saoudi
et al. 2008). Moreover, in this study, we outlined the
shifting of the leading edge of the range for southern
species of commercial interest such as Klein's sole
Synapturichthys kleinii, greater amberjack Seriola
dumerili and round sardinella Sardinella aurita.
Moreover, red pandora Pagellus bellottii has already
been recorded in the southern Bay of Biscay (Iglésias
& Lorance 2016). Our results for this species revealed
an extension of its future potential range to the entire
Bay of Biscay continental shelf for both scenarios and
both periods.

Our projections of the arrivals of southern species
revealed notable changes in the Bay of Biscay fish
and cephalopod assemblages by the middle and end



of the century, under both IPCC scenarios. Indeed,
the average TBD in fish and cephalopod assem-
blages is projected to exceed 25% under both sce-
narios and for both periods. These rates would reach
a maximum of almost 50 % in the coastal region up to
the 50 m isobath, which is similar to the mean turn-
over, predicted at over 60% worldwide for 2050
(Cheung et al. 2009).

The measurement of TBD highlighted that changes
in biodiversity in projected assemblages in the Bay of
Biscay are driven by 2 main processes. The first pro-
cess is species replacement: species currently
present in the area are projected to no longer be
there in the future and could be replaced by southern
species. The second process is nestedness: some of
the species currently present in the area are
projected to stay in the future and coexist with south-
ern species (Albouy et al. 2012). Under both scenar-
ios and for both periods, assemblage changes are
mainly driven by nestedness, explained by the ar-
rivals of southern species that would coexist with the
remaining Bay of Biscay species. However, biodiver-
sity changes along the French coast up to the 50 m
isobath are driven by species replacement, because
southern species are projected to move into those ar-
eas and the native Bay of Biscay species to shift
away. This dominance of southern species in French
inner coastal areas would induce a tropicalization of
current marine communities.

4.4. Potential implications of southern
species arrivals

Itis noteworthy that because SDMs predict changes
in habitat suitability and not changes in the actual
distribution per se, there are uncertainties about the
arrival of southern species. Indeed, most of the time,
the SDM method focuses only on climatic variables
and does not take into account biotic species interac-
tions like competition, predation or mutualism (Wisz
et al. 2013, Albouy et al. 2014, Fernandez & Hamilton
2015). The ecological niche of a species is also delim-
ited by its prey and/or predator distribution areas
(Elith & Leathwick 2009) or by a parasite distribution
area (Mack et al. 2000). In this study, most of the
habitat and environmental conditions (sea tempera-
ture and salinity) suitable for southern species
already exist in the Bay of Biscay, but such species
have not yet been observed because of biotic interac-
tions or abiotic parameters not accounted for in our
model (e.g. biogeographical barriers). Consequently,
some southern species arrivals projected for the Bay

of Biscay might not occur. Nevertheless, SDM re-
mains a useful tool for predicting future assemblages
because temperature is the main driver in marine
communities (Dulvy et al. 2008). Furthermore, sea
temperature also increases the dimensions of the na-
tive areas of many southern species, which would in-
duce a northward shift of the southern limit of their
present ecological niche. Moreover, marine species
shifts have already been observed on the eastern At-
lantic coast (Iglésias & Lorance 2016), which leads us
to conclude that our results are reliable.

The southern species studied here cannot be con-
sidered as invasive (Urban 2020). However, we can-
not exclude that some of them could, in the future,
act in the same way as introduced species and cause
damage to native communities (e.g. altering ecosys-
tem functions and habitat, reducing native species
fitness or causing economic loss [Mack et al. 2000]).
Climate change and its consequences have already
been seen to benefit invasive species (Walther et al.
2009). On this basis, our results raise questions about
the ability of Bay of Biscay fish and cephalopod com-
munities to resist the arrival of new species. In addi-
tion to the trophic competition previously discussed,
damage caused by invasive species can also be re-
lated to the species richness of the new area. Indeed,
Elton (2000) suggested that a community's resistance
to invaders increases with its species richness. This
means that invaders may proliferate not only be-
cause of advantageous traits but also because of the
lack of predators (Mack et al. 2000). In our case, the
potential loss of species richness within the 50 m iso-
bath would lead to empty ecological niches, in which
southern species could settle. The lack of predators
in such areas could lead to an invasion, with conse-
quences for native species.

4.5. Limits of the approach and perspectives

SDMs are useful and reliable tools to predict past,
present and future species ranges, but they are sub-
ject to some limits and uncertainties that are well
documented in the literature (Goberville et al. 2015,
Planque 2016, Yalcin & Leroux 2017). The hierarchi-
cal filters approach can, for example, be improved by
considering mechanistic information such as the
physiological response of species to abiotic condi-
tions (e.g. Feng et al. 2020) or by applying a dispersal
filter (Allouche et al. 2008). Here, we focussed on the
limits that are specific to the Bay of Biscay. First, for
projections, we considered annual mean environ-
mental parameters and did not take into account sea-



sonal variability. Second, some pelagic fishes are
migratory and thus are not present in the Bay of Bis-
cay throughout the year. For example, juvenile and
pre-adult T. alalunga are only present in the Bay of
Biscay during summer and early autumn (Sagarmi-
naga & Arrizabalaga 2010). Third, species occur-
rences were downloaded from online databases and
were therefore not obtained from a well-designed
sampling survey, which may have induced an under-
representation of non-commercial species, such as
those from the family Gobiidae.

Some studies (e.g. Bruge et al. 2016) revealed that
thermal niches for spawning of some commercially
targeted species would experience a northward shift.
For these species at adult stage (e.g. S. pilchardus, S.
scombrus), our results did not project any impact on
their future range. Our study could be improved by
exploring potential shifts in the ranges of the juvenile
stage of species such as S. scombrus, S. pilchardus
and E. encrasicolus. Moreover, our modelling ap-
proach does not consider a primary productivity filter,
which fishes depend on (Cheung et al. 2016a). Finally,
genetic plasticity and natural selection, which allow
species to adapt to environmental changes, should be
taken into account, because they may moderate spe-
cies shifts. Such phenomena have already been ob-
served in coral reef fishes facing ocean warming and
acidification, with results indicating the acclimation
and adaptation of some fishes (Rummer & Munday
2017). In addition, human pressures on the environ-
ment (e.g. industrial fishing, shipping traffic or ocean
acidification) are also an important consideration in
the shifts of marine species (Lenoir et al. 2020). Fi-
nally, to gain a better understanding of the changes
in marine communities induced by climate change,
trophic interactions resulting from the new assem-
blages should be investigated.
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