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The Mediterranean Sea is now recognized as a hotspot of global change, ranking among
the fastest warming ocean regions. In order to project future plausible scenarios of
marine biodiversity at the scale of the whole Mediterranean basin, the current challenge
is to develop an explicit representation of the multispecies spatial dynamics under
the combined influence of fishing pressure and climate change. Notwithstanding the
advanced state-of-the-art modeling of food webs in the region, no previous studies have
projected the consequences of climate change on marine ecosystems in an integrated
way, considering changes in ocean dynamics, in phyto- and zoo-plankton productions,
shifts in Mediterranean species distributions and their trophic interactions at the whole
basin scale. We used an integrated modeling chain including a high-resolution regional
climate model, a regional biogeochemistry model and a food web model OSMOSE to
project the potential effects of climate change on biomass and catches for a wide array
of species in the Mediterranean Sea. We showed that projected climate change would
have large consequences for marine biodiversity by the end of the 21st century under
a business-as-usual scenario (RCP8.5 with current fishing mortality). The total biomass
of high trophic level species (fish and macroinvertebrates) is projected to increase by 5
and 22% while total catch is projected to increase by 0.3 and 7% by 2021-2050 and
2071-2100, respectively. However, these global increases masked strong spatial and
inter-species contrasts. The bulk of increase in catch and biomass would be located in
the southeastern part of the basin while total catch could decrease by up to 23% in the
western part. Winner species would mainly belong to the pelagic group, are thermophilic
and/or exotic, of smaller size and of low trophic level while loser species are generally
large-sized, some of them of great commercial interest, and could suffer from a spatial
mismatch with potential prey subsequent to a contraction or shift of their geographic
range. Given the already poor conditions of exploited resources, our results suggest the
need for fisheries management to adapt to future changes and to incorporate climate
change impacts in future management strategy evaluation.

Keywords: biodiversity scenario, climate change, ecosystem model, end-to-end model, OSMOSE, fishing,
Mediterranean Sea
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INTRODUCTION

Climate change and ocean acidification are altering oceans at
rates that have been unprecedented over the last millennia
(IPCC, 2014; Howes et al., 2015; Weatherdon et al., 2016). Such
changes in ocean conditions have numerous impacts scaling
from individuals up to ecosystems, jeopardizing ecosystem goods
and services as well as human societies (Brown et al., 2010;
Ainsworth et al.,, 2011; Cheung et al., 2013; Pecl et al., 2017).
Following environmental changes, the physiology of marine
organisms, population dynamics, ecological interactions, and
entire marine food webs are or will be, directly or indirectly,
impacted (Parmesan and Yohe, 2003; Cheung et al., 2013; Albouy
et al, 2014; Poloczanska et al, 2016; Henson et al., 2017;
Miller et al., 2018; Selden et al., 2018). Climate change will
affect all ocean organisms and primary productivity, change
the composition of marine communities, and alter ecosystem
functions such as the production of marine living resources
(Brown et al., 2010; Hoegh-Guldberg and Bruno, 2010; Blanchard
et al., 2012; Holt et al., 2016).

With growing human populations, rising incomes, and
changing dietary preferences, the global demand for fish is
expected to increase in the future while climate-induced changes
are expected to change future fisheries production patterns
dramatically, either by shifting spatial patterns of production
as species tend to track their suitable environmental niche or
as a result of changes in net primary production (Perry et al,
2005; Brander, 2007; Cheung et al.,, 2010; Merino et al., 2012;
Barange et al,, 2014; IPCC, 2014; Cheung, 2018; FAO, 2018).
For example, the spatial distribution of fish has been shown
to shift toward higher latitude regions or into deeper waters,
with rates of range shift of ca. 30-130 km decade™! toward the
poles and 3.5 m decade ™! to deeper waters (Cheung et al., 2010;
Cheung, 2018). Regarding global primary production, 10 earth
system models projected a mean global decrease of 8.6% (£7.9%)
under the highest emission scenario RCP8.5 (Representative
Concentration Pathway) and a decrease of 2% (£4.1%) under
the high mitigation scenario RCP2.6 by 2090, with large regional
differences (Bopp et al., 2013). These changes are likely to trigger
a global redistribution of the maximum catch potential (MCP)
of fishing areas, with MCP and global revenue projected to
decrease by 7.7 and 10.4%, respectively, by 2050 relative to 2000
when considering RCP8.5 (Lam et al.,, 2016). Using a dynamic
size-based food web model forced by a physical-biogeochemical
model, Blanchard et al. (2012) predicted a decline of 30-60% in
potential fish production in some tropical and upwelling areas
and an increase in the production of pelagic predators by 28-89%
in some high latitude shelf seas by 2050 under the SRES A1B
scenario (Special Report on Emissions Scenarios). According to
Carozza et al. (2018), climate change could decrease the global
fish biomass by as much as 30% by 2100 (RCP8.5), because
of changes in primary production and a temperature-driven
increase of natural mortality. From an ensemble of ecosystem
models included in the Fisheries and Marine Ecosystem Model
Inter-comparison Project (Fish-MIP), a 15-30% decline of the
total marine animal biomass in the North and South Atlantic,
Pacific, and Indian Ocean is projected by 2100, whereas polar

ocean basins would experience a 20-80% increase under a high
emission scenario (RCP8.5) (Bryndum-Buchholz et al., 2019).
It turns out that climate change can significantly alter the
availability and composition of commercial fisheries catches,
thereby having socioeconomic implications for fisheries, markets,
and consumers worldwide (Weatherdon et al., 2016).

The Mediterranean Sea, bordered by Africa, Europe, and
Asia (Figure 1), is one of the most responsive regions to
climate change (Giorgi, 2006; Marba et al., 2015), with various
sources of disturbance interacting synergistically (Coll et al.,
2012; Micheli et al., 2013; Ramirez et al., 2018). Several studies
conducted in the region have already explored the impacts of
climate change on marine populations, species assemblages and
ecosystem structures (Ben Rais Lasram and Mouillot, 2008; Ben
Rais Lasram et al., 2010; Lejeusne et al., 2010; Albouy et al., 2012,
2013, 2014; Coll et al., 2012; Tsikliras and Stergiou, 2014; Halpern
et al.,, 2015; Marba et al., 2015; Hattab et al., 2016). Under a
high emission scenario (SRES A2 scenario), Albouy et al. (2013)
showed that by the end of the century, 54 out of 288 coastal
fish species are expected to lose their climatically suitable habitat,
species richness would decrease across 70.4% of the continental
shelf area and mean fish body size would increase over 74.8%
of the continental shelf area. Under the same climate change
scenario, Ben Rais Lasram et al. (2010) suggested that the coldest
areas of the Mediterranean Sea (i.e., the Adriatic Sea and the
Gulf of Lions) would first act as refuges for cold-water species
then would become a “cul-de-sac,” driving those species toward
extinction by the end of the century.

Most of the future projections conducted so far at the
Mediterranean basin scale have been based on climate niche
models, and none have projected future changes in trophic
and ecosystem functioning as well as in biomass evolution
or fisheries catch at the whole basin scale under climate
change. Several local scale scenarios of climate change impacts
involved the Ecopath with Ecosim modeling approach (Coll and
Libralato, 2012; Libralato et al., 2015; Corrales et al., 2018),
focused on trophic fluxes within food webs, with most of the
dynamics being non-spatially explicit (Brander, 2010; Perry
et al., 2010; Urban et al, 2016). A few global scale models
provided some quantification of the climate-induced changes
to be expected for the Mediterranean Sea, but these were
typically developed using physical and biogeochemical models at
a spatial resolution probably too low to properly reflect the very
complex Mediterranean dynamics (e.g., Cheung et al., 2010, 2016,
2018). Yet, not all these studies have studied the consequences
of climate change on Mediterranean marine ecosystems in
an integrated way: considering changes in ocean dynamics,
in plankton production, shifts in species distributions, their
life cycles and their trophodynamic interactions. Consideration
of these processes is critical to fully address the future
of marine biodiversity, and to explore robust mitigation
and adaptation strategies in response to global changes.
Representing the strength of food web connections and
developing holistic approaches are fundamental to project the
response of ecosystems under bottom-up and top-down forcing,
such as climate-driven changes or over-exploitation of living
marine resources (Perry et al, 2010; Grimm et al, 2017;
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FIGURE 1 | Main biogeographic regions, basins, and maximum average depth (m

) in the Mediterranean Sea.

Seidl, 2017; Cheung, 2018; Nicholson et al., 2018; Peck et al,,
2018; Selden et al.,, 2018). Such scientific progress is needed
to support an ecosystem-based approach to marine resources
management (EAM) (Garcia et al., 2003; Pikitch et al.,, 2004;
Coll and Libralato, 2012; Coll et al.,, 2013) and to advance the
sustainable use and conservation of the oceans (UN Sustainable
Development goal 14; Pecl et al., 2017).

In this context, we used an integrated modeling chain
including a high-resolution regional climate model, a regional
biogeochemistry model and a food web model (Moullec et al.,
2019) to project the potential effects of climate change on biomass
and catches for a wide array of species in the Mediterranean
Sea, by the middle and end of the 2Ist century under the
high-emission RCP8.5 socio-economic scenario and “business
as usual” fisheries management (i.e., current fishing mortality).
With this modeling chain, primary and secondary production
changes and spatial distribution shift of species induced by
climate change were considered. We aimed to explore how
climate-induced changes could affect the Mediterranean marine
biodiversity, as well as the ecosystem structure and functioning,
by using a set of ecological indicators relevant at different scales,
from individuals to communities and from ecoregions to the
whole Mediterranean Sea.

MATERIALS AND METHODS

General Structure of the End-to-End
Modeling Chain

In this study, we used a consistent end-to-end modeling chain
from global climate to regional marine ecosystem under the
RCP8.5 scenario. The RCP8.5 scenario from the IPCC AR5 is
characterized by increasing greenhouse gas emissions (GHG)
over time, leading to high GHG concentration levels in 2100
(Riahi et al., 2011). It assumes a high population growth rate and
relatively slow income growth with modest rates of technological

change and energy intensity improvements (Riahi et al., 2011).
In terms of expected global temperature increase by the end of
the century, the RCP8.5 scenario can be considered close to the
IPCC SRES A1F1 and A2 scenario (Rogelj et al., 2012). It was
chosen here as the range of projected temperatures were the most
frequently explored in the region (Albouy et al., 2014; Hattab
et al., 2016; Benedetti et al., 2018; Corrales et al., 2018), hence
facilitating comparisons with previous findings.
Our modeling chain includes:

(1) A general circulation model (GCM), CNRM-CM5
(Voldoire et al, 2013), that simulates the past
and future evolution of the various components
(atmosphere, ocean, land surface, river, cryosphere) of
the global climate system.

A regional climate model, CNRM-RCSM4 (Sevault
et al., 2014), that simulates at high spatial resolution
various components (atmosphere, ocean, land surface,
river) of the Mediterranean regional climate system.

A regional biogeochemistry model, Eco3M-S (Auger
et al, 2011) that simulates at high-resolution the
biogeochemistry cycles and the lower trophic level
species (i.e., plankton) of the Mediterranean Sea.

A multispecies dynamic model (OSMOSE'; Moullec
et al, 2019), that represents at high-resolution the
spatial dynamics of interacting high trophic level species
in the Mediterranean Sea.

2

3)

4

In this chain, CNRM-RCSM4 is driven one-way by
atmosphere and ocean lateral boundary conditions extracted
from CNRM-CM5 (see Supplementary Material S1 for
details). Eco3M-S is itself driven one-way by the atmosphere
and ocean outputs of CNRM-RCSM4. Finally, OSMOSE is
driven one-way by the biogeochemistry outputs of Eco3M-S
(i.e., by phyto- and zoo-plankton biomass). This end-to-end

'http://www.osmose-model.org
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model is fully described in Moullec et al. (2019), only a brief
presentation of the structure and parameterization is given in the
present study. Details on the OSMOSE model can be found at
https://documentation.osmose-model.org/index.html.

Despite the complexity of the modeling chain, we consider
that it represents the best solution to date to combine in a
consistent way and at high-resolution all the drivers required to
assess the future evolution of the Mediterranean upper trophic
species. We acknowledge, however, that we are exploring here
only one possible modeling chain among a large ensemble of
possibility and in particular, we do not explore the uncertainty
related to the choice of each modeling block.

The Regional Biogeochemistry
Model Eco3M-S

Eco3M-S is a biogeochemical model which simulates the lower
trophic part of the food web. It represents several elements’
cycles such as carbon, nitrogen, phosphorus and silica in order to
reproduce the different limitations and co-limitations observed
in the Mediterranean Sea and the dynamics of different plankton
groups (Auger et al., 2011). Seven planktonic functional types
(PFTs), characterized by a specific size range and representing
the main PFTs of the Mediterranean Sea were modeled: Pico-
(0.7-2 pm, mainly Synechococcus spp.), nano- (2-20 pm, mainly
dinoflagellates), and micro-phytoplankton (20-200 wm, mainly
diatoms); nano- (5-20 pm, mainly bacterivorous flagellates
and small ciliates), micro- (20-200 pm, mainly ciliates and
large flagellates), and meso- zooplankton (>200 pm, mainly
copepods and amphipods) and heterotrophic bacteria (not
considered in the present study). All features, formulations, and
parameterization of biogeochemical processes integrated in the
mechanistic Eco3M-S model were described in details by Auger
etal. (2011) and Ulses et al. (2016).

The coupling between Eco3M-S and OSMOSE was realized
through (i) the spatial distribution of high trophic level species
(HTL) in OSMOSE and (ii) the predation process with the
planktonic organisms from Eco3M-S serving as potential prey
fields (in the form of biomass) for the HTL species in
OSMOSE. As within OSMOSE, predation upon planktonic
groups is an opportunistic size-based process (Travers-Trolet
etal., 2014a) controlled by a minimum and a maximum predation
size ratio parameter.

The High Trophic Level Model OSMOSE

OSMOSE is a multispecies and individual-based model, spatially
explicit and representing the whole life cycle of several interacting
marine species from eggs to adult stages. Major processes of
the life cycle, i.e., growth, predation, reproduction, natural, and
starvation mortalities as well as fishing mortality, are modeled
with a time step of 2-weeks in this study. Species interact
through predation in a spatial and dynamic way (Shin and Cury,
2001, 2004). The predation process occurs when there are both
spatio-temporal co-occurrence and size compatibility between a
predator and its prey. The model is forced by species-specific
spatial distribution maps (one unique map per species in this
study) (see section “Current and Future Species Geographic

Distributions”). A maximum and a minimum predator/prey size
ratio are defined to constrain predator prey interactions. The
food web structure thus emerges from these local individual
interactions (Travers et al., 2009; Travers-Trolet et al., 2014b).

OSMOSE covers the whole Mediterranean basin with a regular
grid of 20 km x 20 km counting 6229 cells. It represents the
Mediterranean food web from plankton production to main apex
predators on the 2006-2013 period (Moullec et al., 2019). Ninety-
seven high trophic level species (82 fish species, 5 cephalopod
species, and 10 crustacean species, mainly shrimps) were
modeled, accounting for around 95% of total declared catches in
the region during the 2006-2013 period. Modeled species were
selected according to their ecological and economic importance
and Data Availability (Moullec et al., 2019). For this study,
three amphihaline fish species (i.e., Alosa alosa, Alosa fallax,
and Anguilla anguilla) were removed from the previous version
of the model because their complex life cycle characterized by
movements between fresh-water and salt-water has not been
modeled as being influenced by climate change. A benthos
compartment was added and modeled with just a few parameters
(i.e., size range, trophic level, and biomass) to take into account
the diet specificity of some HTL species that partly feed on
benthic invertebrates (e.g., crustaceans, polychaetes) (Moullec
et al, 2019). The biological parameters linked to somatic
growth (Von Bertalanffy parameters, length-weight relationship
parameters), mortalities (longevity, additional natural mortality
that is not explicitly represented in OSMOSE, age/size at fisheries
recruitment), reproduction (size at maturity, relative fecundity)
and predation (minimum and maximum predation size ratios,
maximum ingestion rate), along with their sources, are detailed
in the Supplementary Tables S1, S2.

Implementation of the Future Scenario
Current and Future Species Geographic Distributions
A niche modeling approach based on environmental data
was used to generate species presence/absence maps in the
Mediterranean Sea and drive species spatial distributions in
OSMOSE (Moullec et al, 2019). Environmental predictor
variables, i.e., temperature, salinity, were extracted from the
World Ocean Atlas 2013 version 2* which provides observed
climate data over the 1975-2012 period. To take into account
the vertical distribution of species in the water column, six
environmental metrics were derived from monthly temperature
and salinity climatologies: mean sea surface temperature and
salinity (0-50 m depth), mean vertical temperature and salinity
(0-200 m depth), and mean sea bottom temperature and salinity
(50 m - maximum bathymetry depth).

Current geographic distributions were modeled using an
ensemble forecasting approach involving eight climate suitability
models embedded in the freeware BIOMOD?2 R package (Thuiller
et al.,, 2009; R Core team, 2015) (see Moullec et al., 2019 for
details on models parameterization and assumptions). The niche
models developed and calibrated under present conditions were
then used to project the environmental niche of species to the
2021-2050 and 2071-2100 periods using future environmental

Zhttps://www.nodc.noaa.gov/OC5/woal3/woal3data.html
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predictors. A threshold approach maximizing the fit with current
species distribution was used to predict the geographical range
of the species under both current and future environmental
conditions. In this study, only the current and future geographic
distributions of species already present in the Mediterranean Sea
before the year 2013 and for which the biological knowledge
necessary for the parameterization of the OSMOSE model
is available were modeled. We included potential invasive
species, which distribution centroid and main abundance are
located outside the Mediterranean Sea, but which have been
observed in Mediterranean waters, even in small numbers.
No new introduction of non-indigenous marine species has
been considered.

Sea temperature and salinity values at different depth strata
were obtained for the historical period (1970-2005), the middle
(2021-2050), and the end of the 21st century (2071-2100) from
CNRM-RCSM4. For projecting the future species geographical
distribution, a deltas method was used: anomalies between
the historical simulated period (1970-2005) and the future
projected periods were calculated and applied to current
climate temperature and salinity climatologies to create future
environmental conditions.

Future Plankton Productions
The same deltas approach was followed for the biogeochemistry
forcing extracted from Eco3M-S: anomalies between the
historical and future time periods (2021-2050 and 2071-2100)
were calculated and applied to current plankton biomasses.
Transient biogeochemical simulations were performed over
historical (1950-2005) and future (2006-2100, RCP8.5 scenario)
periods using the Eco3M-S model, forced by the physical model
CNRM-RCSM4. The historical simulation was initialized using
the MEDAR-MEDAtlas database (Manca et al., 2004) as in
Kessouri (2015). The final state of this simulation was then
used to initialize the scenario simulation. Terrestrial, atmospheric
inputs and nutrient concentrations in the Atlantic have been kept
constant from 1950 to 2100. An average of nutrient loads over
the period 1960-2000, based on regional estimates by Ludwig
et al. (2010), was imposed at the mouths of the 173 rivers
considered. The atmospheric deposition of dissolved inorganic
nitrogen has been determined on the basis of studies by Ribera
d’Alcala (2003), Powley et al. (2017), and Richon et al. (2018); and
the phosphate deposition has been derived from a climatology
of Saharan dust deposits simulated by the regional model
ALADIN-Climat (Nabat et al., 2015; Richon et al., 2018). Nutrient
profiles applied in the Atlantic buffer zone were prescribed using
monthly profiles from the World Ocean Atlas 2009 climatology
(Garcia et al., 2006).

Assessing Climate Change Effects on Mediterranean
Marine Biodiversity With OSMOSE

We used OSMOSE to project potential changes in biomass
and catch of high trophic level species (fish, cephalopods, and
crustaceans) by the middle (2021-2050) and end of the 21st
century (2071-2100) under the high emission RCP8.5 scenario
and current fisheries exploitation level (fishing mortality and
size of recruitment were held constant). For each future time

period (each spanning 30 years), climate and biogeochemical
forcing variables were used as climatologies. All the parameters
relating to growth, reproduction, predation or mortality of the
modeled species were kept similar between scenarios (except
predation mortality which varies dynamically and is an outcome
of the model). Given the inherent stochasticity of OSMOSE (the
main source of stochasticity lies in the species movement within
their habitat and the order at which schools interact (through
predation) (Moullec et al., 2019), ten replicated simulations by
time period were run and averaged. For each of the three time
slices (current, 2021-2050 and 2071-2100), simulations were run
for 110 years to ensure sufficient spin-up time and only the last
10 years were averaged to analyze the outputs.

To assess climate change impacts on Mediterranean marine
biodiversity, a range of output indicators, including total biomass
and catch, were analyzed and compared between the current
(2006-2013) and future time periods, 2021-2050 and 2071-2100.
Trophic indicators were used to assess potential changes in
food web structure and functioning: the Mean Trophic Level of
the community (MTLc) (Pauly et al., 1998), the High Trophic
Indicator (HTI), which represents the proportion of biomass of
predators with a trophic level higher or equal to 4 (Bourdaud
et al.,, 2016). The percentage of biomass within different body
size-classes (<10 c¢cm; 10-20 c¢cm; 20-30 c¢cm; 30-40 c¢m, and
>40 cm) was also used to assess climate change impacts on
ecosystem structure. Note that the proportion of total biomass
that exceeds a threshold length of 40 cm is equivalent to the
Large Fish Indicator (LFI) that is a key indicator monitored in
European waters to assess ecosystem impacts of fishing (Modica
et al., 2014). All analyses were performed using R version 3.5.1
(R Core Team, 2018).

RESULTS

Current and Future Environmental

Conditions

During the historical period (1970-2005), CNRM-RCSM4
estimated that the annual mean Sea Surface Temperature (SST;
0-50 m depth) and the mean Sea Surface Salinity (SSS; 0-50 m
depth) of the Mediterranean Sea were 17.6°C (£1.3°C; standard
deviation) and 37.9 practical salinity unit (£0.7 PSU; standard
deviation), respectively (see Supplementary Figures S1, S2). The
Gulf of Lions and the Northern Adriatic Sea were identified as the
coolest areas (with a mean SST of 15.3 and 15.6°C, respectively)
while the Levantine Sea and the Gulf of Gabes were identified
as the warmest areas (with mean SST of 19.4 and 18.9°C,
respectively). Under the RCP8.5 emission scenario, CNRMS-
RCSM4 projected a spatially homogeneous warming and a more
regionally contrasted salinification of the Mediterranean Sea by
the end of the century (Supplementary Figures S1, S2). The
Mediterranean Sea was projected to warm by 0.9°C (£0.05°C)
globally for 2021-2050 and by 2.51°C (20.16°C) for 2071-2100
with respect to 1970-2005. By the end of the century, the
projected increase in mean SST was highest in the Levantine
Sea and the Western Ionian Sea (+2.7°C). In parallel, the SSS is
expected to increase, with marked regional differences, by 0.13
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PSU (40.13 PSU) for the 2021-2050 period and to come back to
its current global climate value (£0.01 PSU) for the 2071-2100
period (Supplementary Figures S1, S2). By 2021-2050, the SSS
of the Adriatic Sea was projected to increase by 0.35 PSU while
that of the Alboran Sea (next to the Strait of Gibraltar) was
projected to decrease by 0.1 PSU. By the end of the century
(2071-2100), due to the evaporation increase, the precipitation
decrease and the strong decrease in the Po freshwater input, SSS
was found to increase by 0.55 PSU in the Adriatic Sea, while
due to changes in Atlantic waters inflow characteristics, SSS may
decrease by 0.65 PSU in the Alboran Sea.

Current and Future Plankton Productivity
Under RCP8.5, projections of Eco3M-S showed a relative
stability of the overall biomass of phytoplankton by mid-century
(2021-2050) compared to the current period (Supplementary
Figure S3). This global stability conceals a biomass increase
of the smallest groups of phytoplankton such as the pico-
and nano-phytoplankton (by 10 and 4%, respectively) and a
decrease of ca. 6% in the biomass of the largest size group
(i.e., microphytoplankton). The biomass of zooplankton
followed similar trends with a slight increase of the smallest size
groups (3 and 4% increase for nano- and micro-zooplankton,
respectively) and a very low increase of biomass of 1% for
the mesozooplankton group (Supplementary Figure S4).
Significant changes of primary and secondary productions
appeared toward the end of the century. Projections showed
an overall increase of phytoplankton biomass at the whole
Mediterranean scale, due to a large gain of biomass for the
smaller sized organisms (pico- and nano-phytoplankton biomass
were projected to increase by 28 and 13%, respectively), but
a decrease by 15% for microphytoplankton biomass was
expected (Supplementary Figure S5). Likewise, climate changes
are projected to favor the most opportunistic zooplankton
class in the model with an increase of biomass of 8, 19,
and 7% for nano-, micro-, and meso-zooplankton groups,
respectively (Supplementary Figure S$6). For both time
periods, changes of plankton productivity were spatially
heterogeneous and a more pronounced increase of plankton
productivity was projected in the eastern basin, compared to
the western part.

Current and Future Species Geographic

Distribution

By 2021-2050, under the RCP8.5 scenario, the geographic
range of 12 species (12.4%) was projected to shrink whereas
16 species (16.5%) were projected to increase their geographic
range (Supplementary Table S3). By the end of the century
(2071-2100), while the number of species gaining in geographic
range remained relatively stable (14 species), the proportion of
species projected to lose suitable habitat increased by fifty percent
(24 species) to reach almost a quarter of the Mediterranean
modeled fauna. Among the 24 “losers,” Micromesistius poutassou
was expected to contract its geographic range by 95%, with a
distribution becoming extremely fragmented. The projections
reported high variations in the size of species distribution

areas through time. By 2021-2050, the average loss and gain
in species distributional range were 22 and 32%, respectively,
whereas by 2071-2100 they were 26 and 174%, respectively.
Gains in range size were mainly due to some thermophilic
alien species (i.e., Etrumeus teres, Caranx crysos, Sphyraena
viridensis, Stephanolepis diaspros, and Upeneus moluccensis)
originally restricted to small areas of the Mediterranean Sea
and which found, with changes in environmental conditions,
new suitable habitats across the basin. Some species of high
commercial interest exhibited contrasted evolution of their range
between the two time periods. For instance, European hake
(Merluccius merluccius) was expected to gain up to 9% of
potential suitable climatic habitat at first (2021-2050), but then
to experience a range reduction of 15% toward the end of the
century (2071-2100).

Projected Changes in Biomass of the
High Trophic Level Species

At the Mediterranean scale, considering projected changes of
plankton productivity and species geographic distribution under
the high emission scenario RCP8.5, climate change is projected
to increase the total biomass of all high trophic levels species
by 5 and 22% by 2021-2050 and 2071-2100, respectively
(Figures 2A,B). Changes in biomass globally reflected the
changes in primary and secondary productions. For both future
periods, the gain in biomass was more important in the
eastern basin and especially in the Levantine Sea (Figure 2A).
In this area, some thermophilic exotic species, here qualified
as “winner” species, such as E. teres, Saurida undosquamis,
S. diaspros, and U. moluccensis, benefited from an increase
in their geographic range, as well as an increase in plankton
productivity, especially for the planktivorous fish species such
as E. teres. Biomass of this latter species has been found to
potentially boom 70-fold by the end of the 21st century while the
biomass of C. crysos or S. undosquamis could be multiplied by 2
and 48, respectively.

Future changes in biomass are expected to slightly differ
depending on the vertical distribution of species in the water
column (Figure 2B). By the middle of the century, the
biomass of demersal species could increase by ca. 3% whereas
benthic biomass could decrease by 2%. Pelagic species, with
an increase in biomass of 7%, could benefit the most from
the increase in plankton productivity (Figure 2B). Nevertheless,
the global gain of biomass by 2021-2050 masked some loser
species. For instance, biomass could be reduced by 6% for
Dicentrarchus labrax, by 4% for M. merluccius, by 20% for
Spondyliosoma cantharus, by 6% for Octopus vulgaris, by
7% for Scomber scombrus, and by 5% for Diplodus vulgaris.
In addition, three species, for which a reduction in range
had not been predicted by niche models, were projected
to be on the verge of collapse, with a decrease of more
than 50% in their biomass, and four species were projected
to become quasi extinct with a 90% decrease in their
biomass by 2021-2050.

By the end of the 21st century, with a projected increase
of ca. 3%, the biomass of demersal species could remain
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stable compared to 2021-2050 (Figure 2B). However, the
biomass of pelagic species was projected to increase by more
than 25% and that of benthic species by 32% compared
to the baseline period. Despite the global increase, the
biomass of some species of high commercial interest are
expected to decline, for instance, M. merluccius and Scomber
scombrus biomass could decrease by 26 and 15%, respectively.
Among the losers, ten species were projected to suffer

from a drastic reduction exceeding 50% of their current
biomass, and among these species, five were projected to
become extinct, following a reduction exceeding 90% of their
current biomass. On the other hand, the biomass of other
species of commercial interest, mainly pelagic species such as
Engraulis encrasicolus, Coryphaena hippurus, Thunnus thynnus,
or Sardina pilchardus, are expected to increase by 35, 34, 9,
and 6%, respectively.
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Regional contrasts in biomass changes can be observed
in the projections (Figure 3). By the middle of the
century, along the longitudinal gradient, from 0° to 32°E,
total biomass is expected to increase very moderately
by ca. 2.5%. Changes could likely be more pronounced
in the most western part, between 0° and 6°E, and in
the most eastern part of the Mediterranean Sea with a
total biomass gain of up to 27 and 90%, respectively.
Overall, by the end of the century, projected changes in
biomass showed similar spatial patterns, but with higher
magnitudes of changes (Figure 3). With the continued
northward and westward expansion of the ranges of
some exotic species and higher planktonic productivity
toward the end of the 21st century, biomass gain could
continue and reach up to + 50% between 15°E and 21°E
(South Ionian Sea) and up to + 61% in the Levantine Sea
(26°E). Analysis of biomass changes along the latitudinal

gradient revealed an increasing trend of biomass from
north to south (Figure 3). As with longitudinal changes,
projected changes of biomass by 2021-2050 and 2071-
2100 showed a similar pattern but of different magnitude.
Between 30°N and 35°N, the increase in biomass is
projected to reach up to 25% by 2021-2050 and up to 66%
by 2071-2100.

By mid-century, changes in biomass were rather homogene-
ous over the continental shelf and the offshore area and
along longitudinal and latitudinal gradients except for some
local zones. For instance, between 5°E and 7°E, a decrease
in biomass of up to 39% was projected on the continental
shelf (mainly Balearic island and Algerian coastal zone) while
a relative stability in biomass was projected in the offshore
area (Figure 4). By the end of the century, the continental
shelf and the offshore area exhibited more pronounced
differences along longitudinal and latitudinal gradients, especially
in the easternmost regions where biomass increases were
greater in offshore areas than on the continental shelf. Along
the latitudinal gradient, between 36°N and 45°N, biomass
increases were found to be generally higher on the continental
shelf than in the offshore area. This trend is reversed at
latitudes below 36°N where the increase in biomass was much
higher offshore.

Projected Changes in Size Structure

The analysis of the proportion of biomass within different
size-classes showed no substantial change by 2021-2050 but
a very slight increase (+3%) of medium-sized individuals
(20-30 cm) and a slight decrease (—6%) of very large-sized
individuals (>40 cm) (Figure 5). By the end of the 2Ist
century, the proportions of biomass in the two smallest size-
classes (<10 cm; 10-20 cm) were projected to increase by
3 and 7%, respectively, while the proportions of biomass of
medium-sized individuals, large-sized individuals and very large-
sized individuals were projected to decrease by 8, 15, and 15%,
respectively (Figure 5).

Projected Changes in Trophic Indicators
The two trophic indicators, namely the High Trophic Indicator
(HTI) and the Mean Trophic Level of the community (MTLc)
showed the same downward trend for the two future periods
(Figure 6). The HTI is projected to decrease by 5 and
15% by 2021-2050 and 2071-2100, respectively. Logically
linked to the increase in the biomass of pelagic species
(mainly planktivorous fish species), the MTLc is predicted to
decrease by 0.4 and 2% by the middle and end of the 21st
century, respectively.

Projected Changes of Catch

Annual fisheries catches simulated by OSMOSE amounted to
788 043 t for the current period. By 2021-2050, under RCP8.5
and “business as usual” fisheries management, the total projected
catches in the Mediterranean Sea are expected to remain stable
(Figures 7A,B). By the end of the century, the total catches could
rise by ca. 7% to reach 840 008 t. However, this projected increase
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hides a substantial heterogeneity between species and between
management units (i.e., Geographical Sub-Areas; GSA).

By the middle of the century, simulated catches showed
either a downward trend in most GSAs (up to —22% in South
Tyrrhenian Sea (GSA 10), —9% in Balearic Island and in Southern
Adriatic Sea (GSA 5 and 18, respectively) or —7% in South

of Sicily (GSA 16), or a relative stability (i.e., increase of less
than 2%) (Figure 7A). As with the projections of total biomass,
it was in the Levantine Sea (GSA 27) that catches are expected
to increase the most (up to +42%), mainly due to the biomass
explosion of two exotic species (E. teres and S. undosquamis). In
the Alboran Sea (GSA 1 and 3), Northern Spain (GSA 6), Gulf of

Frontiers in Marine Science | www.frontiersin.org

June 2019 | Volume 6 | Article 345


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Moullec et al.

Losers and Winners in a Warming Mediterranean Sea

33

32

31

High Trophic Level Indicator

FIGURE 6 | Trophic indicators values (HTI and MTLc) for current (2006-2013; gray bars) and future time periods (2021-2050, yellow bars; 2071-2100, blue bars)

under emission scenario RCP8.5.

0
Mean Trophic Level of community

Periods
* Current

| 2021 - 2050
| | 2071-2100

Lions (GSA 7), and Aegean Sea (GSA 22), catches were projected
to increase by between 7 and 9% mainly due to an increase in the
catch of small pelagic species such as E. encrasicolus (+-6%).

The spatial patterns of catch are projected to change
radically by the end of the century (Figure 7A). Three regions
could be distinguished: the western Mediterranean, the eastern
Mediterranean and the Adriatic Sea. By 2071-2100, in all the
western Mediterranean Sea, catches are expected to decrease by
between 2 and 22% (—22% in Balearic Island, —19% in the
southern Tyrrhenian Sea, —14% in Northern Spain and —13% in
Algerian and Tunisian waters, for instance). In the Adriatic Sea,
catches were projected to remain stable with an increase of ca.
2% in the northern part (GSA 17) and a decrease of ca. 3% in the
southern part (GSA 18). By contrast, due to a large increase of
catches of some exotic species in the eastern Mediterranean Sea,
all the GSAs of this part of the basin were projected to experience
an increase in catch by between 8% (eastern Ionian Sea) and
47% (Cyprus Island).

Depending on the vertical distribution of species, differential
responses to future climate change could be observed
(Figure 7B). Projections suggested a moderate to low increase
in the catches of demersal and pelagic species, of 2 and 0.6%,
respectively, and a decrease in the catches of benthic species of ca.
10% by 2021-2050 (Figure 7B). Among demersal catches, those
of M. merluccius, one of the main exploited species, are expected
to decrease by 4% while Boops boops catches are expected to
increase slightly by 2%. Among pelagic species, E. encrasicolus
catches were projected to increase by 6% while Sarda sarda
catches were projected to decrease by 7%. Finally, among benthic
species, Mullus barbatus catches are expected to increase by 3%

while Mullus surmuletus catches were projected to decrease by
up to 2%. By 2071-2100, some trends are expected to be reversed
or amplified with a reduction in demersal catches of about 2%,
an increase in pelagic catches of 9% and a substantial increase
in the catches of benthic organisms by nearly 16% (Figure 7B).
Among the main exploited species, M. merluccius catches are
expected to fall by 26% compared to current catches, while
E. encrasicolus catches could increase by nearly 35% and Mullus
barbatus catches are expected to decrease by just over 3%. The
increase in catches of thermophilic and/or exotic species is the
main cause of the overall increase in projected catches by the
end of the century. According to the business-as-usual fishing
mortality scenario considered in this study, the catches of exotic
species modeled in OSMOSE are expected to increase by an
average factor of 40.

DISCUSSION

Advances, Limits, and Perspectives

Under climate change, the Mediterranean climate is getting war-
mer and drier, causing large-scale changes in the Mediterranean
Sea and associated marine biodiversity with significant implica-
tions for marine ecosystems and the livelihoods that they support
(Somot et al., 2006; Coll et al., 2010; Macias et al., 2014, 2015;
Adloff et al., 2015; Marba et al., 2015; Ramirez et al., 2018).
Many studies have already shown, assessed or modeled potential
impacts of climate change on Mediterranean marine ecosystems
(Galil, 2000; Giorgi and Lionello, 2008; Lejeusne et al.,, 2010;
Albouy et al., 2013; Cramer et al., 2018). Most of them focused
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the scale of the continental shelf (e.g., Albouy et al, 2014;
Hattab et al., 2014) or for specific ecosystems (e.g., Libralato
et al, 2015; Corrales et al, 2018). To our knowledge, the

on a specific compartment, whether biotic (e.g., Ben Rais Lasram
et al, 2010; Benedetti et al, 2018) or abiotic (e.g., Richon
et al.,, 2019). Most of them were conducted at local scales, at
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present study is the first attempt to project the effects of climate
change at the whole Mediterranean scale in an integrated way,
considering explicit and consistent changes in regional climate,
ocean dynamics, nutrient cycle, plankton production, shifts in
species distributions, their life cycles and their trophodynamic
interactions. Nearly one hundred high trophic level species were
explicitly modeled in the modeling chain set for this study.
Despite the significant progress that our end-to-end modeling
chain represents to project the potential effects of climate
change on populations, communities, and ecosystems structure,
some limits still remain in the model projections as the results
presented here are subject to several sources of uncertainty.

The first uncertainty lies in the choice of specific physical
(RCSM4) and biogeochemistry (Eco3M-S) models to project
the future evolution of the regional climate, the Mediterranean
Sea physics and the plankton productivity that were used to
force the high trophic level model OSMOSE. These choices
were constrained by the existence of a very limited number of
consistent hydrodynamic-biogeochemical projections developed
at the Mediterranean scale, at high resolution, and for which
the most up-to-date greenhouse gas emission scenarios (i.e.,
IPCC RCPs) were implemented. The low trophic model Eco3M-S
simulated a significant increase in phytoplankton (1 and
11% in the western and eastern sub-basins, respectively) and
zooplankton (5 and 15% in the western and eastern sub-basins,
respectively) biomass, with an increasing contribution of small
phytoplankton by the end of the 21st century. The simulated
evolution of phytoplankton community structure in response to
the extension of the stratified period is consistent with previous
observational and modeling studies (Karl et al., 2001; Bopp et al.,
2005; Moran et al., 2010; Herrmann et al., 2014). The increase of
total plankton biomass obtained can be attributed to an increase
in metabolic processes due to surface water warming, as well as
by an increasing water inflow and associated nutrient supply at
the Gibraltar Strait, which accelerated after the 1950s. Primary
production, grazing and recycling processes are temperature
sensitive in Eco3M-S model (Auger et al., 2011). Their rates

are influenced directly by temperature through an Eppley-type
(I-Ty)

formula (Eppley, 1972) of the form of QIOT2 (where Q9 and T
were empirical constants, T} = 14 and T, = 10). Eco3M-S results
are consistent with previous studies in which integrated primary
production increased with the direct effect of temperature and an
increasing stratification (Sarmiento et al., 1998; Karl et al., 2001;
Taucher and Oschlies, 2011; Herrmann et al., 2014). In particular,
Taucher and Oschlies (2011) showed that the response of
primary production to climate change strongly varies according
to the temperature sensitivity in model equations of primary
production and recycling processes, with a change of direction in
primary production evolution if temperature influence is directly
taken into account or not. However, other studies obtained a
decline in primary production due to reduced vertical nutrient
supply into the photic layer with the weakening of vertical mixing
(Steinacher et al., 2010; Bopp et al., 2013). Here, the direct effect
of temperature prevailed over the decline of vertical nutrient
supply. This is consistent with the study of Herrmann et al.
(2014) who obtained no significant change in phytoplankton

biomass, but significant increase in zooplankton biomass and
primary production in the north-western Mediterranean Sea
where a weakening of deep convection was projected under the
SRES A2 scenario. This evolution is, however, in contrast to that
simulated by Richon et al. (2019) with a decline in zooplankton
biomass for the 21st century in the whole Mediterranean basin,
under the SRES A2 scenario. The discrepancies of Eco3M-
S results with the latter study may be partly explained by
differences in nutrient supply at the Gibraltar Strait. In our
study, the annual input of nutrients at the Gibraltar Strait was
increasing over the whole future period. Thus, the impacts of
climate change on the Mediterranean Sea could be modulated
by the choice of the near-Atlantic surface water evolution,
an uncertain element in General Circulation Models (Adloff
et al., 2015). Furthermore, in this study variations over the last
decades and future changes in nutrient river loads were not
taken into account in the Eco3M-S simulation as no consistent
projections until the end of the 21st century exist, partly due to
the difficulties of predicting socio-economic decisions (Ludwig
et al., 2010). However, the study of Lazzari et al. (2014) showed
that an increase in nutrient terrestrial inputs could lead to
an increasing primary production close to river mouths. More
complex scenarios will be assessed with the Eco3M-s model
in future works. Outputs trends of Eco3M-S, related to the
structure and parameterization characteristics of the model,
influence the overall trends of our results. One approach to
overcome individual model uncertainties and limitations would
be to force OSMOSE with an ensemble of several hydrodynamic-
biogeochemical coupled models when they are available for the
Mediterranean sea to estimate mean future trends and associated
inter-model spread (Lotze et al., 2018).

Despite the many ecological processes integrated explicitly
in OSMOSE, a number of simplifications were mandatory to
render the parameterization, the calibration of the model and
the simulations tractable. For example, the effects of changes
in temperature, oxygen content or pH, on the ecophysiology as
well as the feeding and intrinsic mortality rates and behavioral
capabilities of marine organisms were not considered in our
projections (Pauly, 2010; Cheung et al., 2011, 2013). Yet, such
ecophysiological changes could affect life history traits, life cycles
and key ecological processes such as predator-prey interactions
(Cheung et al., 2013; Mazumder et al, 2015; Allan et al,
2017) and thus could dampen or exacerbate the projected
effects of climate change on ecosystem structure and functioning
(e.g., Beaugrand and Kirby, 2018). Likewise, OSMOSE does
not consider the adaptive potential, whether phenotypic or
evolutionary, of marine organisms to climate change stressors.
When the magnitude and velocity of changes are moderate,
adaptation can buffer substantially the effects of climate change
on marine organisms and ecosystems (Crozier and Hutchings,
2014; Boyd et al., 2016; Beaugrand and Kirby, 2018).

In our study, a source of uncertainty also lies in the choice,
for methodological reasons, to not model and consider adaptive
behavior of fishermen to potential changes in species abundance
and distribution. We caution that a constant fishing mortality
scenario, implying no changes in fishing effort, technology,
management and conservation, is simplistic and could influence
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projected biomass and catch trends (Lotze et al., 2018) but this
type of scenario allows to focus and isolate climate change effects
on marine animal biomass (Bryndum-Buchholz et al., 2019). As
mentioned by Cheung et al. (2010), expliciting changes in fishing
dynamics is yet important in evaluating climate change impacts
and needs to be incorporated in future analyses. Our results are
most likely conservative with regard to the projections of biomass
and catches toward the end of the century. Climate change is
only one component of global change. In the Mediterranean
Sea, perhaps more than elsewhere, climate change is likely to
act in synergy with other increasing anthropogenic disturbances
such as pollution, eutrophication, overexploitation of resources
and habitat modification and destruction, all of which playing a
major role in altering the structure and functioning of ecosystems
(Crain et al., 2008; Ben Rais Lasram et al., 2010; Portner, 2010;
Portner and Peck, 2010). Our projections did not consider the
effects of climate change on key fish habitats such as seagrass
beds which act as nurseries for several species of high commercial
interest and are already threatened by the rapid warming of the
Mediterranean Sea (Hoegh-Guldberg and Bruno, 2010; Marba
and Duarte, 2010; Jorda et al., 2012). Changes in the biomass
and geographical distribution of benthic invertebrates were also
overlooked in the present study, yet subject to climate change
effect and playing a major role in marine biogeochemistry and
as food source for many high trophic level species (Hiddink
et al., 2015). In addition, a recent study suggests that species
distribution models such as those used here for forcing OSMOSE
may underestimate the potential spread of invasive species
(i.e., Lessepsian species) in the Mediterranean Sea thus leading
to an underestimation of the subsequent changes on marine
biodiversity (Parravicini et al., 2015). Finally, our projections
did not consider potential ingression of Atlantic thermophilic
species through the Gibraltar Strait or future settlement of new
Lessepsian species through the Suez Canal. With the expected
changing environmental conditions by the end of the century, it is
most likely that the number of invasive species would increase
and may have significant environmental, socio-economic and
human health impacts (Ben Rais Lasram and Mouillot, 2008;
Mannino et al., 2017).

Structure and Functioning of the
Mediterranean Sea Ecosystem
Under Climate Change

Our results show that the high greenhouse gas emission scenario
RCP8.5 could lead to a warmer Mediterranean Sea with large
variations of salinity conditions toward the end of the 21st
century relative to the current period. Such physical changes
are expected to change the biogeography of marine organisms
with many species expanding or shifting their distribution
areas northward and westward. These results are in line
with previous studies projecting future spatial distributions of
fish species on the Mediterranean continental shelf based on
global warming scenarios (e.g., Ben Rais Lasram et al.,, 2010;
Albouy et al., 2012, 2013).

The rise of plankton productivity which is projected by
Eco3M-S, mainly in the Alboran Sea and in the southeastern

of the Mediterranean Sea, associated with species’ range shift,
could lead to an increase in biomass and total catches at
the Mediterranean scale. Two processes were at the origin of
these changes: in the most western part, a higher planktonic
productivity allowed, by bottom-up effect, an increase in the
biomass of high trophic levels species while in the eastern
part, the increase of biomass resulted from a higher planktonic
productivity combined to the extension of the distribution
areas of thermophilic and/or exotic species. Several studies
have already shown the importance of bottom-up control
of the Mediterranean ecosystem, generally considered as an
oligotrophic system in which productivity of higher trophic levels
is under the control of primary productivity (Macias et al.,
2014; Lynam et al., 2017). Macias et al. (2014) have for instance
demonstrated that during the last 50 years the control of marine
productivity in the Mediterranean Sea, from plankton to fish, was
principally mediated through bottom-up processes.

The general projected increase in total biomass and catch
is principally due to the increase in biomass of small pelagic
species and thermophilic exotic species such as the lizardfish
S. undosquamis and the red-eye round herring E. feres, indicating
that climate change may produce “winners” and “losers”
among Mediterranean species. Winners are clearly thermophilic
planktivorous species that are projected to benefit both from an
increase of their spatial range and an increase of available food
within their range. This favorable association of thermal and
trophic niches partly explains the projected evolution of biomass
and catch in the Levantine Sea. With another trophic model,
Corrales et al. (2018) have also shown that according to climate
change scenarios, primary producers and alien fish species were
expected to increase the total biomass on the Israeli continental
shelf, masking the reductions of the biomass of native species.
Based on our integrated modeling, two major processes of change
emerged, i.e., the meridionalization and the tropicalization of the
Mediterranean Sea during the 21st century, in line with previous
findings (e.g., Boero et al., 2008; Azzurro et al., 2011).

According to our results, pelagic species, mainly the small
ones, would be the main winners of climate-induced changes.
This finding is in accordance with the study of Hattab et al.
(2016) who projected that the future food webs of the Gulf
of Gabes would be composed of smaller-sized species under
a high emission scenario. Smaller sized species, with higher
biomass turn-over rate, tend to show larger changes in biomass
in response to environmental modifications than larger species
with slower biomass turn-over (Brown et al., 2010). It has also
been shown that short life span species have benefited from the
increase in water temperature in the basin over recent decades
(Tzanatos et al.,, 2014). The increase in the prevalence of low
trophic levels and small sized species in the ecosystem by the
end of the century may have consequences for both ecosystem
functioning and fishing sustainability. Indeed, planktivorous fish
species play a central role in food webs and have the potential
to initiate complex cascading effects across and between trophic
levels thus modifying the trophic functioning of ecosystems.
Small pelagic species are more sensitive to climate variability and
are subject to more pronounced variability in recruitment under
environmental fluctuations (Hsieh et al., 2006; Ottersen et al.,
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2006; Perry et al., 2010). With climate change, the mean turnover
rate of marine communities is expected to increase due to the
relative increase in the proportion of smaller individuals with
higher metabolic rates. Thus, by favoring the dominance of short-
lived prey populations and strengthening the already important
bottom-up control in the basin, climate change might increase
the vulnerability of the Mediterranean Sea in synergy with other
drivers of change, in a context where fishing pressure has already
led to an alteration of the life history traits and demographic
structure of exploited populations in the Mediterranean Sea
(Colloca et al., 2013, 2017).

There will be winner but also loser species under climate
change. In our study, the variation in biomass of loser species
can be explained by a shift or contraction of their geographic
range leading to spatial mismatch between previously interacting
predators and prey. Indeed, climate-induced changes have a
strong potential to alter interspecific trophic interactions by
modifying the degree to which predators and prey overlap
in space and by creating or eliminating prey spatial refugia
(Schweiger et al., 2008; Chevillot et al, 2017; Selden et al,
2018). This suggests the importance of considering trophic
interactions for improving predictions of biodiversity under
climate change (Urban et al., 2016; Selden et al., 2018). As
an example, according to our niche models, the geographic
range of the European hake (M. merluccius), one of the main
commercial species in the basin, could be reduced by 15%
by the end of the century, but when considering trophic
interactions, it is a reduction of almost 26% in its biomass
and catches that is projected over this period. Our model
results thus suggest that trophic interactions can amplify
the direct effects of climate on species as already shown
locally by Libralato et al. (2015). In addition, even if species
distribution models have the potential to predict the westward
and northward expansion of thermophilic species, the increase
in biomass in the southeastern Mediterranean Sea could not be
anticipated without taking into account trophic interactions in
the projections.

Under the high emission scenario RCP8.5, with changes in
biogeography and productivity of modeled marine organisms,
the species composition of communities and the functioning
and structure of Mediterranean marine ecosystems are expected
to change significantly. There will likely be a reorganization
of species assemblages and associated food webs by the end
of the century, both on the continental shelf and in offshore
area. Other projections focusing on the continental shelf of
the Mediterranean sea showed the same patterns but it is the
first time that projections are performed on the offshore area
of the basin (Ben Rais Lasram et al., 2010; Albouy et al,
2012, 2013, 2014; Hattab et al., 2014, 2016). Our results suggest
an increase in the biomass of low trophic levels species, a
higher proportion of small-sized individuals, a decrease in top-
predators’ biomass as evidenced by the decrease in the HTI
indicator and associated decline of the mean trophic level
of the community. Several studies have already shown such
trends in the Mediterranean Sea (e.g., Ben Rais Lasram et al.,
2010; Albouy et al, 2012, 2014; Hattab et al., 2014, 2016;
Libralato et al., 2015; Corrales et al., 2018) and at global scale

(Cheung et al., 2010, 2011; Blanchard et al., 2012; Carozza
et al, 2018; Lotze et al, 2018; Bryndum-Buchholz et al,
2019) but not reporting at the same level of resolution in
both species responses and spatial scales. In addition, the way
species interactions are handled in OSMOSE, i.e., opportunistic
and mechanistically formulated (vs. correlative or fixed trophic
interactions), makes it appropriate to explore the impacts of
future environmental changes, and allows to explore shifts in
trophic structure.

The response of the Mediterranean Sea to climate change
could have significant consequences for ecosystem productivity
and biodiversity and hence for the overall goods and ecosystem
services they provide, especially the production of living marine
resources. Although our business-as-usual fishing scenario is
simplistic (management and conservation plans will most likely
be applied before the end of the century and fishing strategies
will change), our catch projections showed contrasted patterns
during the 21st century. By the middle of the century, most
Geographical Sub-Areas (GSAs) exhibited a slight decline in
catches as the loss of catch of native species was not compensated
by gains in catch of thermophilic and/or exotic species. By
the end of the century, the western and eastern part of the
Mediterranean showed opposite trends with an increase of
catch in all the eastern basin due to an increase in catch
of thermophilic/exotic species and a decrease in catch in all
the western basin due to the decrease of the biomass of
several main exploited native species and the non-replacement
by warm-water species. Our results suggest a tropicalization
of catch composition in eastern GSAs of the Mediterranean
Sea as already shown by Tsikliras and Stergiou (2014). In a
context where one-third of the Mediterranean human population
is concentrated along the coasts and is projected to grow,
the question of the availability of food resources is crucial,
especially in the southern countries where food demand is
projected to increase most. With the proliferation of non-
indigenous invasive species there is a need to explore market
options for non-target species currently of low or no economic
value (Weatherdon et al., 2016). Moreover, as shown by Lam
et al. (2016), due to the increasing dominance of low value
marine resources in the total world catches, an increase in
catch does not necessarily translate into increases in revenues
for fishing communities. The economic consequences of climate
change on fisheries might manifest through changes in the
price and value of catches (Sumaila et al, 2011). However,
climate-induced changes may also offer new opportunities to
some Mediterranean fisheries, with increased landings of warm-
water species, some of which of high commercial interest
(e.g., C. hippurus).

The projected increase in plankton production could provide
opportunities to rebuild some overfished stocks, but climate
change questions the relevance of current stock assessment
models and management strategies to reach sustainable
exploitation of all living marine resources. Several studies have
indeed shown the potential synergistic effects of climate change
and fishing on exploited populations and ecosystem functioning
in the Mediterranean Sea and other regions of the world (e.g.,
Scheffer et al.,, 2001; Hsieh et al., 2006; Ottersen et al., 2006;
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Perry et al., 2010; Hidalgo et al., 2011; Quetglas et al,
2013; Tu et al, 2018). For instance, Hidalgo et al. (2011)
showed that the erosion of the age structure of harvested
hake populations in the Mediterranean Sea may drastically
alter their capacity to dampen environmental fluctuations.
Ignoring the effects of climate change in stock assessment
could compromise the validity of stock forecasts and affect the
robustness of several biological reference points such as the
Maximum Sustainable Yield (MSY) (Brander, 2010; Grafton,
2010; Link et al., 2011; Galbraith et al.,, 2017; Serpetti et al,
2017). However, improved fisheries and ecosystems management
in a highly overexploited Mediterranean Sea could have the
potential to offset many negative effects of climate change
(Roberts et al., 2017; Gaines et al., 2018).

CONCLUSION

This study projects climate change impacts on the biomass
and fisheries catch at the whole Mediterranean scale under the
high emission scenario RCP8.5. It is the first attempt to project
future marine biodiversity over the whole Mediterranean Sea
at fine resolution, and by explicitly considering climate-induced
changes in plankton production, shifts in species distributions
and their trophic interactions. Despite various uncertainties
associated with projections, our results suggest that the high
emission scenario RCP8.5 could result in an increase in total
fish and macroinvertebrate biomass by 5 and 22%, and in
fisheries catch by 0.3 and 7% by 2021-2050 and 2071-2100,
respectively, overall mirroring changes in primary and secondary
production in the Mediterranean Sea. These global increases
masked several “losers” among modeled species while “winners”
were mainly small pelagic species, thermophilic and/or exotic
species, of smaller size and of low trophic levels. Projected
increase in biomass and catch were expected in the southeastern
part of the basin whereas significant decreases are most likely in
the western Mediterranean Sea. We also showed that changes
in the biogeography of species, associated with changes in
productivity, could result in changes of Mediterranean ecosystem
structure and trophic functioning by the end of the century.
Combined with fishing pressure, climate change has the potential
to render marine ecosystems more vulnerable to invasions
by non-indigenous species. Finally, our results emphasized
the importance of considering trophic interactions to improve
predictions of biodiversity changes. The strong spatial contrasts
in the projections also call for improved spatial management of
marine resources across GSAs and collaboratively among states at
the whole Mediterranean scale in order to mitigate global change
effects in the region and create new opportunities for fisheries.
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