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Abstract

The Mediterranean Sea is one of the biggest reservoirs of biodiversity in the
world. Millions of people directly or indirectly depend on the ecosystem
services it provides, in particular the provisioning of fisheries resources.
Rather than a hot-spot of biodiversity, the Mediterranean Sea has now become
a hot-spot of global change where climate change and other anthropogenic
pressures (e.g., overfishing, pollution, habitat destruction) operate
independently or synergistically to shape an altered Mediterranean Sea that
may shift from the today picture. The set of physical-chemical changes
triggered by climate change may disrupt the functioning of the biological
components of ecosystems, from the individual up to the ecosystem scale,
from the basis of the food webs (macrophytes, phytoplankton) up to the
higher trophic levels (e.g., predator fish). Current research shows that the
physiology and fish life history traits have changed, that fish distribution
areas are moving northward and eastward, thus modifying the structure and
the species composition of the communities. The dynamics of populations
and food webs are modified as well, and species invasions increase at an
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unprecedented rate. Combined with fishing, climate change renders marine
ecosystems more vulnerable to anthropogenic pressures, to natural hazards
and to invasions by non-indigenous species. Although uncertainties remain
with regard to the magnitude of expected ecological changes, the projections
based on IPCC scenarios all confirm that climate change is a serious threat
for the biodiversity and the sustainable exploitation of fishing resources in
the Mediterranean Sea. This calls for the reinforcement of innovative and
integrated research and assessment capacities to support an ecosystem-based
management at the scale of the Mediterranean basin.

Résumé

La Méditerranée constitue I’un des plus grands réservoirs de biodiversité a
I’échelle mondiale. Des millions de personnes dépendent directement ou
indirectement des services écosystémiques rendus par celle-ci, notamment
I’approvisionnement en ressources marines. Plus qu’un point chaud de
biodiversité marine, la Méditerranée est désormais un point chaud du
changement global ou changement climatique et autres pressions d’origine
anthropique (e.g. surexploitation, pollution, destruction d’habitat) peuvent
agir indépendamment ou en synergie pour former une Méditerranée différente
de celle que nous connaissons aujourd’hui. L’ensemble des modifications
physico-chimiques induites par le changement climatique conduit a un
bouleversement des composantes biologiques des écosystemes, de 1’échelle
individuelle a I’échelle écosystémique, des producteurs primaires (algues,
phytoplancton) aux plus hauts niveaux trophiques (e.g. poissons prédateurs).
Les recherches actuelles démontrent que la physiologie et les traits de vie
des poissons changent et que leurs distributions spatiales se sont décalées
vers le nord et I’est, modifiant la structure et la composition des communautés.
La dynamique des populations et des réseaux trophiques s’en trouve
également modifiée et les invasions biologiques se multiplient a un rythme
encore jamais observé. Avec la péche, le changement climatique induit une
fragilisation des écosysteémes marins, rendant ces derniers moins résilients
et plus instables face aux activités anthropiques, aux aléas naturels et aux
invasions d’especes exotiques. Bien que des incertitudes demeurent quant a
I’ampleur des changements biologiques en Méditerranée, les projections
faites a partir des scénarios émis par le GIEC s’accordent pour affirmer que
le changement climatique est une sérieuse menace pour la biodiversité marine
et la production de ressources vivantes. Il s’agit alors d’appuyer des systemes
de recherche et d’évaluation innovants et intégrés afin d’adopter une gestion
écosystémique a 1’échelle du bassin méditerranéen.
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Introduction

The Mediterranean Sea is a hotspot of biodiversity. It hosts 4% to 18% of
all identified marine species, which is considerable given that the
Mediterranean Sea only accounts for 0.82% of the global ocean surface (Coll
et al. 2010). Considered as a “factory” designed to produce endemics, the
unique geological history of the Mediterranean Sea and the variety of climatic
and hydrological situations have led to the co-occurrence of cold, temperate
and subtropical biota (Lejeusne et al. 2010). This biodiversity hot-spot is at
risk today as a result of multiple pressures. Based on global climate change
projection scenarios, the Mediterranean Sea has been classified as one of
the most responsive regions to climate (Giorgi, 2006). The Mediterranean
Sea is also known to be the biggest recipient of exotic species with the rate
of species introduction peaking at two species per ten-day period in the
2000s (Ben Rais Lasram and Mouillot 2009, Zenetos et al. 2010). Combined
with critical overfishing (more than 90% of assessed-stocks were overfished
in 2015 (STECF 2016)), pollution and habitat destruction, climate change
may result in the Mediterranean Sea becoming a hot-spot of global change
(Micheli et al. 2013).

In this chapter, we describe how marine ecosystems and resources have shaped
and, through interlinked mechanisms, may continue to shape future responses
to climate change: (i) changes in primary production and in the structure of
foodwebs, (ii) changes in population dynamics and life history traits, (iii) changes
in species distribution range and habitats, and (iv) changes in the invasion rate
of non-indigenous species. Examples are provided from different regions of the
Mediterranean Sea and different biota (with a focus on fish communities),
whereas marine top predators such as birds and marine mammals are not included
in this review. Interactions between climate change, overfishing and habitat
destruction are discussed throughout the chapter, but interactions with other
direct anthropogenic pressures such as pollution, shipping, and oil spills are not
addressed here.
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Sub-chapter 2.1.1

Climate change impact
on planktonic production
in the Mediterranean Sea

Fabio BENEDETTI
UPMC, CNRS, UMR LQOV, France

Primary production and plankton
communities in the Mediterranean Sea

The Mediterranean Sea is characterized by a gradient of growing oligotrophy
from the northwestern regions to the Levantine basin (Bosc et al. 2004). Nutrient
availability is generally low, resulting in low phytoplankton biomass (less than
0.25 mg/mL). However, blooms and peaks in zooplankton biomass are recorded
in areas of complex physical dynamics (winter convection, fronts, and gyres,
Siokou-Frangou et al. 2010).

Seasonal hydrological regimes structure the phytoplankton community (Marty
et al. 2002; Marty and Chiavérini 2010). Seasonal patterns are linked to
variations in hydrological features and changes in nutrient concentrations:
peaks in biomass occur in spring (March-April), after the replenishment of
nutrients in surface waters owing to winter water mixing. After spring, the
phytoplankton biomass decreases and goes deeper in the water column. Relying
on satellite observations, D’Ortenzio and Ribera d’Alcala (2009) defined a
bioregionalization of the whole basin. Their classification provided a clear
picture of the different phytoplankton trophic regimes in the Mediterranean.
Nearly 60% of the basin’s surface was described as « non-blooming » (mainly
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the eastern regions and the southwestern basin). Conversely, the northernmost
regions, the Alboran, and the region of Rhodes were shown to be zones of
« intermittent blooming » (gradual growth of biomass between September and
February, linked to the deepening of the mixed layer). The locations of the
different trophic regimes are clearly linked to convection and deep water
formation processes (Millot and Taupier-Letage 2005). Primarily wind driven
physical forcings favor the development of the phytoplankton by re-injecting
nutrients (nitrates and phosphates) into the surface waters through mixing of
the water column (Sverdrup 1953). This has a strong impact on the structure
of the phytoplankton community.

Depending on the trophic regime, different phytoplankton taxa are likely to
constitute the communities. Marty et al. (2002) analyzed algal pigment
content to explore the relative contribution of different taxa to total
phytoplankton biomass. These authors found that spring blooms were
dominated by diatoms (large micro-algae characterized by silica shells),
while stratifying conditions favor the development of nanoflagellates
(nanophytoplankton), which are then replaced by cyanobacteria
(picophytoplankton). The two latter phytoplankton size classes can be
considered as markers of oligotrophic conditions, while microphytoplankton
(diatoms) are opportunistic and burst after nutrient replenishment. Over the
year, nanophytoplankton account for 43% to 50% of the total primary
production of the Mediterranean Sea, which is largely dominated by
Prymnesiophyta (Uitz et al. 2012). Even the blooming areas investigated by
D’Ortenzio and Ribera d’ Alcala (2009) were dominated by nanophytoplankton,
except in spring when they were replaced by microphytoplankton (up to
38% of total primary production). In non-blooming zones, picophytoplankton
come after nanophytoplankton in order of abundance.

To date, offshore surveys of plankton distribution and communities have been
dispersed not only in space and time, but have also used different methods
(Siokou-Frangou et al. 2010). Consequently, regional and seasonal patterns
of diversity and community composition are still poorly understood.

Concerning phytoplankton diversity, low biomass is linked to the dominance
of the smallest plankton, which consist of picophytoplankton (mainly
prochlorophytes), cyanobacteria (Synechococcus) and flagellates (Marty et
al. 2002; Uitz et al. 2012). Non-colonial picodiatoms have occasionally been
reported to be abundant, but cell size usually prevents their accurate
identification. Nanophytoplankton, which are mainly composed of small
flagellates, dinoflagellates, coccolithophores, and to a lesser extent of some
small solitary diatoms, are also very abundant. Major increases in biomass
are correlated with the growth of microphytoplankton, which are mainly
composed of large colonies of diatoms (Marty et al. 2002; Marty and
Chiavérini 2010). The main genera are Asterionellopsis, Chaetoceros,
Pseudo-nitzschia, Thalassionema and Thalassiosira (Siokou-Frangou et al.
2010). These genera are unevenly distributed in the Mediterranean basin:
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healthy colonies of Chaetoceros and Pseudo-nitzschia have been observed
in areas of deep convection while colonies of Chaetoceros, in association
with Thalassiosira, Proboscia, Rhizosolenia and Leptocylindrus have been
found across fronts and gyres (circular oceanic surface currents). Although
among the less abundant microplankton, dinoflagellates show significant
diversity in the Mediterranean; like nanoplankton, they are associated with
stratified and nutrient-depleted conditions. These taxa exhibit wide trophic
modes: some are heterotrophic, while others are mixotrophic (Neoceratium
spp.) or host endosymbiotic cyanobacteria. To summarize, Mediterranean
phytoplankton comprise very diverse taxa with diverse ecological preferences.

Regarding zooplankton, the world dominance of copepods in the water column
also applies to the Mediterranean. Like micro-algae, smaller species (< 2 mm)
prevail in the communities, whatever the trophic regime (Siokou-Frangou et
al. 2010). The bulk of zooplankton comprises very diverse genera of calanoids
and cyclopoids. The relative contribution of the smaller cyclopoids is thought
to increase with the increasing west-east gradient of oligotrophy, while larger
species are more abundant in colder and more productive areas (Siokou-
Frangou et al. 1997).

Other zooplankton taxa should not be overlooked. Cladocerans are found in
large numbers in summer in coastal environments (Riandey et al., 2005).
Gelatinous filter-feeders, like salps, frequently produce spectacular blooms in
warm waters. Outbursts of jellyfish in summer have become a public concern.
Gelatinous-wise, chaetognaths and siphonophores are carnivorous species
frequently encountered in the Mediterranean Sea that prey on copepods and
other smaller planktonic organisms.

Climate variability influences plankton
distribution and community composition

Plankton abundance and distribution are strongly controlled by hydrological
features and water mass advection. The tight coupling between their population
dynamics and climate makes them optimal indicators to monitor the impact of
climate variability on ecosystems (Hays et al. 2005). Tunin-Ley et al. (2009)
assembled time series to investigate the effects of increasing temperatures on
the distribution of 46 Ceratium species (Dinoflagellates) over the 20" century
(1908-2005). Irrespective of the location, species composition showed a clear
seasonal cycle, but phenologies differed according to the species and the sites
surveyed. Although Ceratium assemblages did vary with changing temperatures,
contrary to expectations, thermophilic species did not show increasing trends.
As no new species were detected during the 20" century, the disappearance of
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species that prefer colder conditions could not be balanced, and warming has
resulted in a loss of biodiversity.

Marty and Chiavérini (2010) monitored hydrological changes in the Ligurian
basin and their biogeochemical consequences during the period 1995-2007.
These authors revealed an increase in phytoplankton biomass (+1.5 mgChla/
mZ.yr) paralleling increases in temperature and salinity in the northwestern
Mediterranean Sea. Furthermore, the fraction of biomass attributed to diatoms
also increased. Thus, the increases in biomass were due to generalized growth
of phytoplankton, not only to the growth of the smaller size classes that usually
dominate in warmer conditions. Marty and Chiavérini (2010) reported an
increase in the frequency of mixing events, rather than longer stratification
periods.

Long time series provide ideal material to study plankton dynamics under
climate change. Several multidecadal surveys have been conducted in the
Mediterranean Sea (Berline et al. 2012), all of which evidenced strong seasonal
patterns in phytoplankton and zooplankton communities (Ribera d’Alcala et
al. 2004). In the Gulf of Naples for instance, a time series from 1984 to 2000
revealed an over decadal decrease in phytoplankton (Ribera d’Alcala et al.
2004), together with an increase in a rare copepod species and a weak decrease
in zooplankton biomass. These authors suggested that biological rhythms
regulate the temporal dynamics while the climate modulates the amplitude of
the growth periods. This hypothesis was later invalidated by Mazzocchi et al.
(2011) using the same time series, by providing evidence for phenological
changes in Mediterranean mesozooplankton: the copepod assemblage
characterizing spring and summer conditions declined over the study period
as its typical high production season became shorter and started earlier in the
year. By contrast, the communities that depend on summer and fall conditions
remained stable phenology-wise, and were quite resilient to decreases in
phytoplankton biomass. From these results, Mazzocchi et al. (2011) concluded
that the zooplankton composition does not vary according to phytoplankton
variability, and that zooplankton communities are resilient to climate change.
This conclusion was challenged by Conversi et al. (2009), who demonstrated
a dramatic shift across the copepod community between the late 1980s and
the early 1990s. Warming combined with changes in circulation in the Ionian
Sea (Civitarese et al. 2010) have been identified as the principal causes. The
link between climatic variability and phytoplankton dynamics is consequently
not well understood yet.

To summarize, plankton assemblages in the Mediterranean have proved to be
good indicators of environmental changes. The variety of trophic regimes and
the diversity of biological communities offer great opportunities to test
hypotheses concerning climate change and its impacts on plankton. The
Mediterranean Sea contains a wide range of plankton whose environmental
preferences and functional roles remain to be fully determined. The patterns
described above suggest differences between the ecological traits and
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environmental preferences of species. By altering the pelagic environment,
anthropogenic climate change could alter plankton distribution, as well as
their importance in the food web.

How will anthropogenic climate
change impact Mediterranean plankton!?

Despite the importance of plankton for both food webs and biogeochemical
cycles, very few studies have attempted to forecast the impact of climate change
on primary production and community composition in the Mediterranean Sea
(Lazzari et al. 2013; Herrmann et al. 2014). There are projections at the global
scale, but the corresponding models do not adequately resolve the peculiar
regional processes of the Mediterranean, and regional coupled models thus need
to be implemented.

Focusing on the northwestern areas of the basin (Gulf of Lion and Ligurian
Sea), Herrmann et al. (2014) investigated the response of the pelagic plankton
ecosystem and associated carbon cycle, to long term changes in oceanic and
atmospheric circulation. Their predictions suggest that climate change will not
modify the seasonal dynamics and variability of the planktonic ecosystem at a
first order, compared to what is modeled for the contemporary period.
Microphytoplankton and nanophytoplankton biomasses are not expected to
increase by the end of the 21% century. Meanwhile, their model forecasts an
increase in zooplankton biomass, due to a gain in the smaller size fractions
(nanozooplankton), and in picophytoplankton biomass. Their study suggests
that climate change in the northwestern Mediterranean will favour the smallest
components of the plankton, and strengthen the microbial loop activity.

Lazzari et al. (2013) used a different model that covered the entire Mediterranean
Sea to assess the impact of climate change on the carbon cycle in a plankton
ecosystem model. Like Herrmann et al. (2014), their model predicts a
strengthening of the microbial pathway in the plankton ecosystem with reduced
nutrient availability and phytoplankton biomass.

In contrast to higher trophic levels (Ben Rais Lasram 2010; Albouy et al. 2012),
the potential impact of rising temperatures and salinity on plankton species
composition has never been assessed. This will be crucial to better understand
how climate change could reshape plankton in the Mediterranean Sea, as not
all species share similar traits and functions in the ecosystems (Benedetti et al.
2016). In the future, more modeling studies are needed to better constrain the
predicted impacts of climate change on primary production and plankton size
structure. Models should also focus on resolving taxonomic and ecological
complexity by accounting for differences in plankton species traits. Finally,
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multi-trophic models should be developed to estimate how climate change may
impact the structure of the food web and ecosystem services provision.
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At the global scale, one of the main effects of climate change on marine
ecosystems is changing the rate and patterns of primary production (Brown et
al. 2010). In the Mediterranean Sea, although there is no consensus and no clear
trends have emerged, several studies expect that, by increasing the vertical
stability of the water column and by decreasing nutrient replenishment, seawater
warming will cause changes in phytoplankton bloom phenology, biomass and
community structure (Goffart et al. 2002, Bosc et al. 2004, Tunin-Ley et al.
2009). What has been clearly demonstrated is that seawater warming will lead
to a shift in dominant species towards smaller species (picophytoplankton and
nanoflagellates) and a decrease in diatoms (The MerMex Group 2011). Moreover,
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acidification in the Mediterranean Sea will strengthen the expected impacts,
with an expected decrease in the biomass of calcifying organisms such as
coccolithophorids, which are important plankton primary producers (Dias et al.
2010, The MerMex Group 2011). Primary and secondary production (i.e. the
production of phytoplankton and zooplankton, respectively) play a key role in
biogeochemical cycles, as well as in the structure and functioning of food webs
and in global productivity of marine ecosystems. Through bottom-up or wasp-
waist trophic controls (Cury et al. 2003), changes at the base of the food webs
may transfer from low to high trophic levels, with potential impacts on the
production of living resources and fisheries. Moreover, since the Mediterranean
is a semi-enclosed sea, expected impacts of climate change on phytoplankton
communities and their dynamics could affect ecosystems much more rapidly
than in other oceanic regions (Lejeusne et al. 2010, Siokou-Frangou et al. 2010).
In this chapter, we describe how climate change could affect the functioning of
marine systems, and more specifically, the production of living resources by
bottom-up control. We use a few typical recent examples to show how the
strength of the bottom-up control and the base of the food web in the
Mediterranean Sea could be affected by several hydrological changes and how
these changes could affect food web dynamics, catch potential, and conservation
of the marine biodiversity in the future.

Changes in primary
and secondary production affect
food web dynamics and recruitment

At the global scale, under the IPCC SRES (Intergovernmental Panel on
Climate Change Special Report on Emission Scenarios) A2 scenario, and
based on the output of four global coupled carbon cycle-climate models,
Steinacher et al. (2010) suggest that global mean primary production may
decrease by 2% to 20% by 2100 relative to preindustrial conditions. In the
Mediterranean Sea, by increasing the strength of the vertical stratification,
warming could affect the turbulent nutrient supply to the photic layer and
hence could reduce primary production (Marba et al. 2015), as well as reduce
the relative contribution of larger cells (The MerMex Group 2011). There are
still many uncertainties on the level of impact of sea warming and of
acidification on primary production in the basin, but it is clear that physical-
chemical changes will affect the magnitude, timing and composition of
phytoplankton blooms, with associated changes in the seasonal distribution
of zooplankton (see sub-chapter 2.1.1 for more details).



Climate change induces bottom-up changes in the food webs of the Mediterranean Sea

It is now recognized that primary production is critical to maintain biodiversity
and support fishery catches in the world’s oceans (Brown et al. 2010). Indeed,
more than 90% of ocean productivity is ensured by phytoplankton, which is
then transferred throughout the food webs by grazing and predation and lost
through metabolism (Lindeman 1942, Gascuel et al. 2008). Few studies have
tried to forecast potential changes in primary and secondary production and the
ensuing impacts on food webs and on the functioning of Mediterranean
ecosystems. Many uncertainties remain concerning the magnitude of the expected
climate-induced changes. Nevertheless, based on studies of other ecosystems in
the world, it is possible to extrapolate the consequences of changes in primary
production in this region. For instance, Chassot et al. (2010) showed that
phytoplankton primary production influences global fisheries production at the
scale of Large Marine Ecosystems (LME). This assumption was confirmed by
Blanchard et al. (2012), who showed that, in 11 large regional shelf seas, potential
marine fisheries production is primarily determined by available primary
production. Similarly, using an ecosystem model, Brown et al. (2010)
demonstrated that changes in primary production affect fisheries catch and value
and have major implications for the conservation of marine biodiversity. Finally,
at local, regional and global scales, several authors have established that
fluctuations in fishery yields are linked to fluctuations in phytoplankton,
zooplankton and benthic communities (e.g. Darnaude et al. 2004, Edwards &
Richardson 2004, Cheung et al. 2010, Barange et al. 2014).

In the Mediterranean Sea, previous observations already suggested that a reduction
in primary production linked to an increase of sea surface temperature could have
negative impacts on fisheries catch and could exacerbate current trends of
overfishing. This hypothesis was confirmed by Cheung et al. (2011) whose models
predict that if phytoplankton communities shift towards smaller size cells, energy
transfer from primary production to higher trophic levels may decline in the future,
with an associated reduction in catch potential (see sub-chapter 2.1.4). Moreover,
a decrease in primary production could be detrimental for the conservation of taxa
of interest and for overall biodiversity in a context of global change, with potential
synergies with overfishing, habitat degradation and biological invasions.

In marine ecosystems, environmental conditions play an important role in fish
recruitment (i.e. the number of fish that survive from the early larval stage to
reach the recruitment stage that can be targeted by fisheries). As fish larvae are
very vulnerable to starvation, their survival strongly depends on prey availability,
meaning the mean size of prey, their seasonal timing and abundance (Beaugrand
et al. 2003) are crucial. The match-mismatch hypothesis (Cushing 1990)
emphasizes that the production of first feeding larvae must match the production
of planktonic food. Thus, by affecting primary and secondary production and
timing, climate change may disrupt the distribution and phenology of fish larvae,
affect recruitment and production of fish stocks, with indirect effects on food
web structures and ecosystem-level changes (Edwards & Richardson 2004,
Brander 2010). In the Mediterranean Sea, projected changes in primary and
secondary productions suggest that trophic mismatches between fish pre-recruits
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and their prey could increase in the future, with negative consequences for
recruitment success, sustainable fisheries and conservation of biodiversity
(Lejeusne et al. 2010, Stergiou et al. 2015).

Before After climate change
Predator Prey (a) (b) (c)
t, t, t, t,
t, Time t, Time t, Time t, Time
Figure |

Match-mismatch hypothesis and three possible effects of climate change:
(a) Change in the timing of prey peak production; (b) Change in the level of prey abundance;

(c) Change in the amplitude of year-to-year variations in prey timing in regions where inter-annual

variability in temperature is expected to increase. ty is the degree of time mismatch,
t; is the inter-annual variability in the timing of prey population.
From Cury et al. (2008).

In addition to impacts on plankton production and timing, climate change can also
lead to changes in the composition of species that form the base of marine food
webs. In the Mediterranean Sea, the increase in water temperature has already
modified jellyfish population dynamics (Coll et al. 2010). For several decades, the
extent and intensity of jellyfish outbreaks have increased, in particular outbreaks of
Pelagia noctiluca, a planktonic predator of fish larvae and of their zooplankton prey
(Licandro et al. 2010). In the western Mediterranean, the increasing frequency of
these outbreaks can be explained by the alteration of the trophic structure of
ecosystems due to overfishing and/or eutrophication on the one hand, and by sea
warming and changes in surface hydrography on the other (Licandro et al. 2010,
Canepa et al. 2014). As already shown in the Black Sea, outbreaks can affect fisheries
by bottom-up and top-down controls on fish larvae survival (Daskalov et al. 2007).
In fact, jellyfish can affect fish recruitment negatively and as they can be venomous,
outbreaks can also be detrimental to aquaculture and have strong ecological and
socio-economic impacts. Considering the current IPCC projections, Licandro et al.
(2010) suggested that outbreaks of Pnoctiluca, along with other jellyfish species,
may become more frequent in the Mediterranean basin and extend over a longer
period of the year than previously, causing alteration of the pelagic food web and
thereby reducing fishery production. For instance, in the northwestern Mediterranean
Sea, Molinero et al. (2005) found that the increase in jellyfish outbreaks during the
1980s was largely favored by high positive temperature anomalies. They highlighted
the trophic cascade that took place during the mid-late 1980s, with the high abundance
of jellyfish and a marked drop in the abundance of copepods. However, the variability
of copepods has direct implications for pelagic fish populations and for the biological
pump of carbon into the deep ocean (Ohman & Hirche 2001, Calbet 2008). Thus,
the Mediterranean pelagic ecosystem could shift towards an alternative state with
less organic matter exported and prone to the risk of high trophic level predators
(exploited by fisheries) being replaced by jellyfish (Gros 2011).
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Another consequence of climate change in the Mediterranean Sea, which, at first
sight, has less impact on fisheries, is the increase in the mucilage phenomenon.
Indeed, surface water warming and the associated increase in water column stability
can favor the coalescence of marine snow (i.e. small amorphous aggregates with
colloidal properties) into marine mucilage (Danovaro et al. 2009). Danovaro et
al. (2009) have shown that the majority of mucilage spreading is linked to climate-
driven sea surface warming. The occurrence of mucilage events is increasing and
spreading to several regions beyond the Adriatic Sea. Mucilage can act as a
controlling factor for microbial diversity and could act as a carrier of specific
microorganisms, thereby increasing the spread of pathogenic bacteria (Danovaro
et al. 2009). According to these authors, if the mucilage phenomenon continues
to increase in frequency and duration and to extend its range in the region, the
increased frequency and extension of some marine diseases may have consequences
for human health; “a warmer world would be a sicker world” (Harvell et al. 2009).
Mucilage, in turn, can induce hypoxic phenomena, extensive anoxia and may
reduce the provision of ecosystem services and ecosystem resilience. Indeed,
hypoxia or anoxia events can cause the suffocation of benthic and epibenthic
organisms on the sea bottom, which, in turn, could result in severe fishery and
sanitary problems (Danovaro et al. 2005). Moreover, because of mucilage’s
properties, the phenomena may clog fishing nets causing serious socio-economic
damage for fisheries (Rinaldi et al. 1995).
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Figure 2
Relationships between mucilage occurrence in the Mediterranean Sea and climate change
(as magnitude of the thermal anomalies) on a decadal basis. Photo of mucilage
in surface off-shore waters. Adapted from Danovaro et al. (2009).
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Climate change drives
commercial fish production

Because of their short life span, their nutrition relying on short plankton-based
food chains and their recruitment controlled by the environment, pelagic fish
stocks are excellent sentinel species for analysis of the effects of climate change
on ecosystems (Checkley et al. 2009). This is not surprising, given that these
species have a very high growth and population turnover rate, making them
more susceptible to changes in the environment. For example, in the western
Mediterranean, a significant relationship was found between round sardinella
(Sardinella aurita) landings and temperature anomalies (Sabates et al. 2006).
Indeed, a gradual northward increase in the abundance of this warm water species
was observed along the Mediterranean Iberian coast. Consequently, an overall
increase in landings of round sardinella has been observed over the last 30 years
(around 35 000 t), while landings remained below 5000 t year'! until the early
1980s. This increase is linked to the successful reproduction of the species,
marked by an increase in larval abundance, in the northwestern Mediterranean.
At the same time and in the same area, landings of two other pelagic species,
sardine (Sardina pilchardus) and anchovy (Engraulis encrasicolus), have
declined in recent decades. Sprat (Sprattus sprattus), a cold water small pelagic
species, has virtually disappeared from commercial catches of the northwestern
Mediterranean (Sabates et al. 2006). Using a 3-D full life cycle population model
at the Mediterranean Sea LME (large marine ecosystem) scale, under the SRES
IPCC A1B scenario, Stergiou et al. (2015) determined that the anchovy biomass
would decrease significantly (by around -28 %) in 2080-2100 compared to
1980-2000. This prediction is linked to a decrease in zooplankton biomass and
rising temperatures that affect fish metabolic rates (i.e. an increase in maintenance
cost). In their study, sea warming was shown to affect net fish somatic growth
and to indirectly affect egg production, which is weight dependent. Moreover,
with warmer temperatures, fish early life stages could be subject to higher
starvation mortalities due to the increased energy required to meet maintenance
costs (Stergiou et al. 2015). As a result, anchovy stock biomass is predicted to
decrease by 33% in the Adriatic sub-area, by 18% in the north Aegean sub-area
and by 15% in the Catalan Sea/Gulf of Lions sub-area.

In the northwestern Mediterranean, numerous changes in environmental
conditions such as riverine input or wind mixing can explain fluctuations in the
productivity of small pelagic fish (Lloret et al. 2004). For instance, a significant
relationship between monthly landings of anchovy and freshwater inputs of the
Ebre River during the spawning season of anchovy has been found (Lloret et
al. 2004). For sardine, monthly landings were positively correlated with wind
mixing during its spawning season (Lloret et al. 2004). Thus, in a context in
which climate change is expected to increase variance in rainfall regimes, with
increased frequency of droughts paralleled by unusual amounts of rainfall and
floods, increasing temperature and changing wind mixing, pelagic fish stocks
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in the Mediterranean are likely to be strongly impacted (Lloret et al. 2001). In
the northwestern Mediterranean, in contrast to anchovy, sardine abundance was
found to be negatively correlated with sea surface temperature, and the warming
trend may have contributed both to the decrease in sardine abundance and to
the extension of the distribution area of the round sardinella (Palomera et al.
2007, Rijnsdorp et al. 2010). In addition to climate change impacts, fluctuations
in small pelagic populations have also been shown to be associated with
interdecadal variability of climate indices, such as the well-known Atlantic
Multidecadal Oscillation (AMO) and the more local Western Mediterranean
Oscillation (WeMO) indices (Martin et al. 2012, Alheit et al. 2014).

Pelagic fish are essential trophic compartments of marine ecosystems due to
their high biomass at intermediate levels of the food web, and therefore their
key role in the transfer of organic matter from lower to higher trophic levels
(Cury et al. 2000, Palomera et al. 2007). Hence, variability in small pelagic fish
due to climate change or other anthropogenic disturbances will modify both the
structure and functioning of ecosystems (Cury et al. 2000). Pelagic stocks are
not the only stocks to be impacted by changes in river discharge. Salen-Picard
et al. (2002) showed that the Rhone river flow in the Gulf of Lion also influenced
abundances of Solea solea by causing pulses of organic matter that are followed
by peaks of polychaetes density. Indeed, a positive correlation was found between
the mean annual commercial landings of S. solea, with a time lag of five years,
in two fishing harbors close to the Rhone delta (Salen-Picard et al. 2002). The
authors of the study concluded that fluctuations in sole fishery yield in the Gulf
of Lion can be influenced by climate, as the Rhone river flow is related to the
North Atlantic Oscillation, which drives precipitation over Western Europe. In
fact, a decrease in run-off into the Mediterranean Sea could reduce the
productivity of sole and other demersal fish in this region (Salen-Picard et al.
2002, Darnaude et al. 2004). By coupling a hydrodynamic model to the food
web model Ecopath with Ecosim, Libralato & Solidoro (2009) showed that
changes in river run-off are the major environmental driver of ecosystem
dynamics in coastal areas in the Adriatic, especially the Lagoon of Venice.

To summarize, many uncertainties remain on future change in primary production
and more data are needed to carefully assess possible impacts on marine
biodiversity and on fisheries production. With this synthesis, we highlight a possible
change in the strength of the bottom-up control in the Mediterranean ecosystems.
Small pelagics are influenced by a plethora of factors, each of which can be altered
by climate change, so that they can have additive, synergistic or antagonistic effects
on small pelagics. Climate change is expected to reduce primary production rates
at basin scale, to alter the phenology of phytoplankton and zooplankton blooms
and to cause shifts in community structures. All these changes will have dramatic
impacts on the structure and functioning of ecosystems, and especially on food
web dynamics. For fisheries, the change in primary production will likely result
in a reduction of catches and/or an exacerbation of the effects of overfishing.
Finally, by affecting rainfall regimes, and therefore river outflows, climate change
could affect the overall food web and fishery production on the continental shelf.
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Temperature has a major direct effect on the physiology, growth, reproduction,
recruitment and behavior of poikilothermic organisms such as fish. It affects
many physiological processes ranging from damaging proteins to disrupting
organ function. Environmental changes, especially climate warming, may
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thus strongly influence the abundance and biogeography of fish through
species-specific physiological thresholds of temperature tolerance, or through
responses to changes in other trophic levels (Perry et al. 2005, Sabates et
al. 2006, Rijnsdorp et al. 2009). Organisms tend to adapt to local
environmental temperatures, with optimal physiological responses matching
temperatures that are close to the environmental average (Hoegh-Guldberg
& Bruno 2010). In this context, shifts in the spatial distribution range of
marine organisms are among the most perceptible consequences of climate
change at the world scale, with potentially significant impacts on commercial
fisheries (Perry et al. 2005), on food webs and ecosystem functioning (Doney
et al. 2012, Albouy et al. 2014), and on biodiversity as a whole (Harley
2011, Bellard et al. 2012).

The warming of the Mediterranean Sea affects the fitness of marine biota
as already shown by records of changes in abundance, survival and fertility,
phenology and species migration (Marba et al. 2015). Population abundance
and survival are the biological variables are the most frequently reported
impacts of Mediterranean warming, followed by migration of native and
introduced species (Marba et al. 2015). However, the sensitivity of
Mediterranean biota to warming varies across taxonomic groups (Marba et
al. 2015), from primary producers to high trophic levels, with possible
synergistic effects with other anthropogenic impacts such as high exploitation
(Harley et al. 2006). In this chapter, we use examples to analyze the expected
impacts of climate change on marine organisms in the Mediterranean Sea,
with a focus on fish, and to investigate possible responses from individual
to ecosystem level. It is important to bear in mind that in the Mediterranean
Sea, the effects of climate change occur in parallel with other human-driven
effects such as overfishing, pollution, and habitat degradation (Coll et al.
2010), and can have cumulative effects, frequently of synergistic nature
(Calvo et al. 2011).

Climate change
affects functional traits of fishes

Several studies have shown that changes in temperature and in ocean chemistry
affect the growth, reproduction and physiology of marine organisms (Portner
& Knust 2007, Sumaila et al. 2011). It was recently shown that fish body size
may be reduced due to climate change, especially in response to warming,
reduction in oxygen, and resource availability (Daufresne et al. 2009, Sheridan
& Bickford 2011, Cheung et al. 2013) (Figure 1). In a meta-analysis of the
effect of climate on fish body size, Daufresne et al. (2009) showed a significant
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increase in the proportion of small-sized species and young age classes and a
decrease in size-at-age, in accordance with Bergmann’s rule concerning
temperature vs. size. According to the IPCC (Intergovernmental Panel on
Climate Change), oceans are projected to become warmer and less oxygenated
(IPCC 2014). As a consequence, in the Mediterranean Sea, the average
maximum body weight of fish is expected to shrink by 4% to 49% from 2000
to 2050 (Cheung et al. 2013).

Original state Future state

Latitude

Depth Depth

Figure |
Expected changes in body size at individual and assemblage levels.
According to Cheung et al. (2013), due to the invasion/increased abundance
of smaller-bodied species and local extinction/decreased abundance
of larger-bodied species, the mean maximum body weight is expected
to decrease at the assemblage level, with a vertical distribution shift of species.

Despite relative local heterogeneity, the projected decrease in fish size is largest
in the western Mediterranean (20%-49%). In contrast, the mean assemblage
body weight is expected to increase in the Gulf of Lion likely due to the
northward migration of large exploited species. However, interpreting global
scale simulation results at a regional scale can be hazardous and more dedicated
fine scale regional studies are needed. Nonetheless, changes in assemblage-
level body size structure suggest that climate and ocean changes will cause
dramatic modifications of food web dynamics (predator-prey interactions are
strongly dependent on size as well as on food consumption rates), the natural
mortality rate of fish populations (negatively correlated with maximum body
weight) and size at maturity (positively correlated with maximum body weight)
(Pauly 1980, Palomares & Pauly 1998, Cheung et al. 2013). Fishes in warmer
waters are expected to have a smaller maximum body size and smaller size
at first maturity with possible higher natural mortality rates (Sumaila et al.
2011). All these key population parameters determine population dynamics
and productivity.
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Sea warming changes fish distribution
and associated assemblages

In the Mediterranean Sea, the increasing abundance of thermophilic biota can
be described by two major processes of change involving both indigenous and
non-indigenous species (Boero et al. 2008): the northward extension and
enhancement of native thermophilic species (i.e. meridionalization) and the
increasing introductions and range extension of thermophilic non-indigenous
species (i.e. tropicalization).

Due to seawater warming, numerous native thermophilic species have greatly
extended their distribution range and are becoming more abundant especially
in the northwestern part of the basin (box 1). One of the best studied case is the
ornate wrasse Thalassoma pavo, a species once confined to the southern parts
of the Mediterranean Sea, which penetrated into the Ligurian Sea in the 1980s,
where it is now able to reproduce, thereby becoming “naturalized” (Sara et al.
2005, Bianchi 2007). Sparisoma cretense, a parrotfish species, is considered to
be a clear indicator of meridionalization because of its increasing abundance
over the last two decades (Azzurro et al. 2011). Originally, this parrotfish was
thought to be common in the strait of Sicily (i.e. chiefly distributed along the
southern and eastern coasts) but absent from northern Sicily. Several recent
studies confirmed the increase in the populations of Sparisoma cretense over
the last 10 years. Currently, the species is well established along the coast of
France and in the central and northern Adriatic (Azzurro et al. 2011).

Box |
The effects of climate change on the Catalan Sea ecosystem

The Catalan Sea represents a portion of the Western Mediterranean region and is located
between the Balearic Islands to the east and the eastern Iberian Peninsula to the west
(Figure Bla).

The region has shown clear signs of climate change, including an increase in sea surface
temperature (SST) of approximately |.| °C in the last 40 years (Figure BIb), an increase in
salinization of the intermediate and deep waters, a rise in sea level over the last century, and
strengthening of seasonal stratification in summer (Calvo et al. 201 I). A decrease in rainfall
and wind, warmer surface waters and hence a longer stratification period is foreseen (Calvo
etal. 201 1).

The effects of climate change can be clearly seen in all the compartments of the marine
ecosystem in the region. There has been an increase in thermophilic species, which are favored
by increasing temperatures, in contrast to temperate species. These increases include algal,
invertebrate and vertebrate species. For example, an increase in the SST has been linked with
the expansion of round sardinella (Sardinella aurita) (Sabates et al. 2006), and with the decline
of sardine (Sardina pilchardus) (Palomera et al. 2007). Declines in freshwater inputs and winds
may have had an impact on pelagic fish species (Lloret et al. 2004).
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a)The Catalan Sea region in the western Mediterranean Sea. Star: Estartit oceanographic station.

b) Evolution of the mean annual sea temperature at Estartit station from 1974 to 2015.
The curves present data at the surface, 20, 50 and 80 m depth, respectively.
Data source: Josep Pasqual in collaboration with the Institut de Ciéncies del Mar (ICM-CSIC),
Barcelona, and Parc Natural del Montgri, Les llles Medes i el Baix Ter.

Mass mortality events of sessile invertebrate species have been linked with anomalous warm
waters in specific hot years with longer stratification periods (Coma et al. 2009). Significant
mortality episodes have been documented for gorgonian and sponge species, which are long-
lived and slow growing vulnerable organisms (Garrabou et al. 2009). In addition, the capacity
of the ocean to absorb atmospheric CO2 has been linked with increased acidification of the
seawater, which can have negative impacts on many pelagic and benthic organisms with
calcareous body parts such as corals, mussels, pteropods and coccolithophores (CIESM 2008).

The strengthening of the stratification period of the water column has been linked with
changes in primary productivity and with the increase in the smallest phytoplankton species
(Calvo et al. 201 1. The longer stratification period and the high SST has also been linked
with more frequent and abundant proliferations of gelatinous species, including jellyfish
(Molinero et al. 2008).

These effects have had marked impacts on food webs in the Catalan Sea, which occur
simultaneously with other coastal anthropogenic effects such as overfishing, habitat degradation
and pollution (Coll et al. 2010) and can have synergistic impacts (Calvo et al. 201 1).
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The barracuda Sphyraena viridensis and the dolphinfish Coryphaena hippurus
are two other good examples of the meridionalization process. These two top
predator species have greatly extended their natural distribution range over the
last 30 years (Lejeusne et al. 2010, Azzurro et al. 2011). Due to the range
expansion of these species, besides changes in fish species richness, a recent
study predicts that under climate change the mean body size of fish assemblages
will increase on the continental shelf with potential effects on trophic functioning
(Albouy et al. 2013). However, this study only took distribution range shifts
into account, but not the climate-induced physiological changes.

Most of the non-indigenous species in the Mediterranean Sea are thermophilic
species originating from the tropical Indo-Pacific region (i.e. Lessespsian
migrations). In total, more than 900 alien species have been recorded (Zenetos
et al. 2012) and the introduction of warm and tropical alien species has been
exacerbated by the warming of the eastern Mediterranean (Raitsos et al.
2010), which creates maritime corridors (box 2). Since 2011, the number of
alien macrophyte, mollusk and polychaetes species has increased by two to
three species per year, by three to four species per year of crustaceans, and
by six species per year of fish (Zenetos et al. 2012). At the same time, the
diversity of alien species is largely underestimated due to a “shifting baseline
syndrome” (i.e. cultural traditions tend to embrace newly introduced
organisms progressively, by attributing to them the values originally
associated with native species. The new species are therefore included in
the assumed normal or desirable state of a natural system) (Clavero 2014).
Thus, the tropicalization of the Mediterranean Sea (i.e. the increased
occurrence of warm-water biota), particularly in the eastern Mediterranean,
seems inevitable (Bianchi & Morri 2003, Ben Rais Lasram & Mouillot 2009).
This phenomenon may locally and temporally increase species richness but
several studies demonstrated that warming and aquatic invasions can lead
to the decline and even collapse of several marine populations (Bianchi &
Morri 2003, Occhipinti-Ambrogi 2007). In the short to medium term, invasive
aliens may cause major shifts in community composition and lead to a
significant loss in Mediterranean biodiversity and, possibly, to cascade effects
on food webs (Galil 2000, Streftaris & Zenetos 2006, Molnar et al. 2008,
Lejeusne et al. 2010, Zenetos et al. 2012). Evidence for geographical
extension is particularly abundant for species coming from the Red Sea
(Azzurro et al. 2008). For instance, the bluespotted cornetfish, Fistularia
commersonii, which was observed for the first time in 2000 in Israel, was
soon afterwards recorded all over the eastern and central Mediterranean
coasts, up to the proximity of the Strait of Gibraltar (Golani 2000, Bilecenoglu
et al. 2002, Pais et al. 2007, Azzurro et al. 2008, Dul¢i¢ et al. 2008). Today,
it is one of the most successful invaders of the Mediterranean Sea and can
have strong potential impacts on food web dynamics by preying upon
commercially important fish such as the bogue (Boops boops) and the red
mullet (Mullus barbatus) and by competing for food with native piscivorous
fish (Kalogirou et al. 2007).
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Box 2
Climate change and exotic fish invasions

Does climate play a key role in the dispersal success of exotic fish species?

The invasion success of some exotic species has been shown to be positively related to the
match between native and colonized environments (Duncan et al. 2001). In particular, a
species that is introduced in similar thermal conditions is more likely to establish successfully.
This is called the ““climate match” hypothesis, and it appears to play a key role in the invasion
rate in the Mediterranean Sea. The greater dispersal success of Lessepsian species was
associated with thermal conditions prior to 1980 (Ben Rais Lasram et al. 2008); crossing the
Suez Canal does not necessarily guarantee successful invasion and widespread dispersal of
fish populations.

Is the Mediterranean Sea experiencing increasing southern invasions?

Many species have shifted their distribution area by extending northward as a response to
climate warming (Cheung et al. 2009). Southern invasions are an indicator of the impact of
climate change on biodiversity. Lessepsian species migrating through the Suez Canal
inevitably originate from more southern latitudes than the Mediterranean Sea, so their
dynamics can be easily correlated to climate warming.

In contrast to the Lessepsian species, Atlantic species do not come necessarily from lower
latitudes. Their introduction rate assessed by the number of species that migrated to the
Mediterranean Sea, does not therefore indicate whether southern migrations are
accelerating during a period of global warming. The original latitude of introduced Atlantic
species rather than their abundance can be used as an indicator of the rate of southern
invasions. Ben Rais Lasram and Mouillot (2009) showed that the Lessepsian invasion rate
and the latitude of Atlantic species entering the Mediterranean Sea both significantly
correlated to the Mediterranean SST, positively and negatively respectively. These analyses
suggest that southern invasions from the Red Sea and from the Atlantic accelerate with
global warming (Figure B2).

© Psenes pellucidus © Epinephelus coioides
@ Seriola fasciata @ Siganus rivulatus

Figure B2
The Mediterranean Sea under southern invasions.
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Is there an increasing spatial overlap between exotic and endemic Mediterranean fish fauna?
Spatial overlap is an indicator of the intensity of interaction between species and the
potential hazards coming from exotic species. By comparing the distributions of endemic
and exotic species, it appeared that between 1980 and 2006, major exotic species have
moved northwards in the Mediterranean Sea by approximately 300 km (Ben Rais Lasram
and Mouillot 2009). After the |980s, some exotic fish species reached the coldest areas of
the Mediterranean Sea (western basin), for example the Adriatic Sea, which is a major
hotspot of endemism. The number of exotic species in the Mediterranean is now 98.4%
higher than it was 20 years ago (Ben Rais Lasram and Mouillot 2009).

What can we learn from the spread of Lessepsian species?

Species move to keep pace with changing climates, but can they move at the required
speed! The spread rates of native species may underestimate how fast species can move.
The exceptional spread rates of Lessepsian species can give upper estimates to the rate at
which native species could spread to colonize suitable habitats under climate change.
Hiddink et al. (2012) estimated that about 20% of Lessepsian species could not spread fast
enough to keep pace with climate change in about 20% of the global seas, thus suggesting
that climate change may lead to biodiversity loss.

Can we predict invasion risk in the Mediterranean Sea?

Species Distribution Models (SDM) have been used intensively to predict range shifts of
marine species in the context of climate change (Cheung et al. 2009; Albouy et al. 201 3).
Parravicini et al. (2015) showed that Lessepsian fish species may spread far beyond their
native niches and that SDMs do not predict their new distributions better than null models.
This suggests that SDMs may underestimate the potential spread of Lessepsian species.
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In the Mediterranean Sea, the history of the invasive of the rabbitfish species
Siganus luridus and Siganus rivulatus, two herbivorous fishes, is probably the
best example of impacts caused by invasive alien species on the whole ecosystem,
from primary producers to top predators (Galil 2007). For instance, a survey
conducted along around 1,000 km of coastline (temperate reefs) in the eastern
Mediterranean demonstrated that, in regions with abundant rabbitfish, canopy
algae were 65% less abundant, there was a 60% reduction in overall benthic
biomass (algae and invertebrates) and a 40% reduction in total species richness
(Vergés et al. 2014) (Figure 2).

Therefore, climate warming produces “winners” and “losers” among fish
assemblages. Winner species may enjoy higher survival, growth and reproduction
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Figure 2
Benthic biomass and species richness patterns in Mediterranean regions with or without rabbitfish.
(a) Total biomass of dominant benthic organisms; (b) Total species richness of algae,
invertebrates and fish; (c) Fish biomass of major trophic groups; (d) Photo of a Cystoseira spp.
forest where tropical rabbitfishes are absent; (e) Barren area typical of the eastern Mediterranean
sites where range-shifting tropical rabbitfish are abundant.
From Vergés et al. (2014). 237
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rates in a changing Mediterranean while for losers, more stressful conditions
may lead to higher mortality rates, reduced growth, smaller size and reduced
reproduction (Doney et al. 2012). For winners, climate warming is synonymous
with geographic range extensions (e.g. ornate wrasse has increased its range by
about 1,000 km in recent decades) while for others it is synonymous with range
contraction. This is particularly true for cold-water species. Projecting the
potential future distributions of 75 Mediterranean endemic fish species based
on a global warming scenario implemented with the OPAMEDS model and
Ecological Niche Models (ENMs), Ben Rais Lasram et al. (2010) showed that,
by 2041-2060, 25 species would qualify for the [IUCN (International Union for
the Conservation of Nature and Natural Resources) Red List and six species
would become extinct (for example, starry sturgeon Acipenser stellatus and
European sturgeon Huso huso). For “narrow” endemic species (i.e. endemic
species found strictly in the Mediterranean Sea that do not reach the neighboring
Atlantic Ocean and Black Sea) their extinction would be irreversible.
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Figure 3
Observed distribution areas of the endemic Mediterranean fish Gobius geniporus (1980s, top)
and projected potential future thermal habitats (by 2040-2060 middle; 2070-2099, bottom).
The “cul-de-sac” effect is clearly visible for this species.
From Ben Rais Lasram et al. (2010).

238



Box 3
Climate change impacts on the Gulf of Gabes ecosystem

The Gulf of Gabes is located in southern Tunisia, at the junction of the eastern and the western
basins. It is the second largest continental shelf in the Mediterranean Sea (36 000 km?) after the
Adriatic Sea. The seabed is covered by an extensive Posidonia oceanica meadow, the largest in the
Mediterranean Sea and one of the largest in the world (Batisse & Jeudy de Grissac 1998). The
meadow is a spawning ground for marine organisms and an important nursery for juvenile fish of
the region (Hattour et al. 1995), it hosts 247 of the 327 marine fish species of Tunisia of which 44
species have only been recorded in the Gulf of Gabes (Bradai et al. 2004).

The high diversity and production of the Gulf of Gabes and its accessibility (very shallow slope of
the continental shelf, soft bottom suitable for bottom trawling) have contributed to a considerable
increase in the number of fishing fleets. The Gulf of Gabes has become the main fishing area in Tunisia.

Like the rest of the Mediterranean Sea, the Gulf of Gabes has been undergoing warming: sea surface
temperature and salinity have increased by respectively 2 °C and 0.5 over the last 100 years. The
warming of the surface layer has resulted in intensification of the thermohaline circulation, and
variations in water density have led to a rise in sea level of | cm over the last century (Ben Mahmoud
& Harzallah 2009).

Climate change has likely caused the observed shifts of the distribution areas of some fish species usually
encountered in northern Tunisia: Brama brama, Trachinotus ovatus, Ariosoma balearicum and Oblada
melanura currently inhabit the Gulf of Gabes (Bradai & Capapé 2001). In parallel, the colonization of the
waters by some exotic thermophilic species has also been attributed to climate change (e.g. Missaoui &
Zaouali 1995, Bradai et al. 2004). The fish species exploited in this coastal region of Tunisia are also
strongly impacted by climate change. Species distribution models that include habitat selection processes
and the physiological temperature tolerance of exploited marine species, project a decline in species
prevalence by an average of 56% by the end of the 2I** century (figure B3). The models suggest that
the magnitude of the changes caused by climate will be greater than that caused by the loss of the
Posidonia meadow. This suggests that climate, and particularly temperature, is a key driver of marine
species distribution even at a small spatial scale like the Gulf of Gabes (Hattab et al. 2014).
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Figure B3 Differences between species richness predicted under current climate conditions
(1982-2009, baseline scenario) and values predicted under a mid-century climate scenario
(2040-2059, right panel) and an end-century climate scenario (2080-2099, left panel)
(Hattab et al. 2014).
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In addition, the ENMs showed that by the middle of the 21% century, the
coldest areas of the Mediterranean Sea (i.e. Adriatic Sea and Gulf of Lion)
would act as a refuge for cold water species. However, by the end of the
century, those areas are projected to become a “cul-de-sac” that would drive
these species towards extinction. By 2041-2060, 31 species were projected to
extend their geographic range, whereas the geographic range of 44 species
was projected to contract (e.g. the slender goby Gobius geniporus) (Figure 3).
The Gulf of Gabes, one of the largest continental shelves in the Mediterranean
Sea and a major area of fishing activities is also undergoing a warming phase
with marked consequences for the distribution of exploited species (box 3).

Overall, 25% of the Mediterranean continental shelf is predicted to be subject
to a total modification of endemic assemblages by the end of the 21% century
(Ben Rais Lasram et al. 2010). This projection are likely to be conservative.
A more recent study based on the SRES IPCC A2 (“business as usual”) scenario
suggested that at the end of the century, 54 species (mainly gobiidae) will have
lost their climatically suitable habitat (Albouy et al. 2013); species richness is
predicted to decrease across 70.4% of the continental shelf area (Figure 4) and
mean fish body size to increase over 74.8% of the area. Thus, by reducing the
geographic range size of small-bodied species, climate change may contribute
to the loss of small and low trophic level fishes, which may have ecosystem-
wide impacts (Albouy et al. 2013). This last projection disagrees with projections
of Cheung et al. (2013) who rather suggested that maximum body weight will
decrease at the scale of the Mediterranean basin. However, contrary to Cheung
et al. (2013), Albouy et al. (2013) only considered distribution shifts caused by
climate warming and not the resulting physiological changes, thus introducing
a source of structural uncertainty.

For two exploited species, the allis shad Alosa alosa and Microchirus azevian,
projections highlight possible extinction strengthened by exploitation by fisheries.
Other commercially important species such as the European flounder (Platichtys
flesus), the Danube sturgeon (Acipenser gueldenstaedtii) and the starry sturgeon
(Acipenser stellatus) are likely to be affected by climatic change both in fresh-
water and marine habitats. Because marine species track their climate niches
from the different parts of the Mediterranean, Albouy et al. (2012) showed that
most of the Aegean and Adriatic Sea will be subject to a high rate of species
replacement and an increase in species richness by the mid-21* century, as a
result of a northward and eastward shift in species ranges. However, by the end
of 21% century, with increasing temperature, these same areas, along with the
Gulf of Lion, are expected to undergo a net decrease in species richness. The
“cul-de-sac effect” described by Ben Rais Lasram (2010) suggests that for many
fish species, the loss of their thermal niche may not be compensated for by the
arrival of other species from the south (Albouy et al. 2012).

Beyond consequences at the level of individual species, changes in fish
distributional range may result in dramatic changes in the structure of the
community and of the food web, with potential consequences for ecosystem
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Figure 4
Differences in species richness between a baseline scenario (1961-1980) and two time periods
(a: 2040-2059 ; b: 2080-2099) predicted for the continental shelf of the Mediterranean Sea (all
fish species of the continental shelf are represented) according to the SRES IPCC A2 scenario.
Adapted from Albouy et al. (2013).

functioning. To capture this phenonemon, Albouy et al. (2014) built a trophic
size-based model coupled with current and projected future distributions of
Mediterranean fish species. These authors showed that by 2080-2099, 54 fish
species among 256 coastal endemic and native species included in the model,
would disappear from the Mediterranean continental shelf, resulting in a
widespread decrease in local species richness. These disappearances will likely
be accompanied by a decrease in the number of trophic links between the fish
species (in the order of 70%) of the continental shelf. Moreover, fish prey
abundance is expected to be lower at the end of the 21% century compared to
the baseline period (1961-1980), which may further increase the probability of
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extinction of fish species (Albouy et al. 2014). Projecting species distribution
in the future is a simple way to address the effects of climate change on fish
communities, but ignores changes in substrates and in physical habitats, for
example. The potential impact of climate change on some essential habitats
could severely affect the life cycle and the spatial distribution or redistribution
of numerous marine species whether indigenous or not (box 4).

Climate Change affects
migration patterns and phenologies

Climate influences a variety of ecological processes such as migration patterns
and phenologies (Stenseth et al. 2002). Several studies have shown that climate
driven changes in temperature modify or will modify the phenology of annual
migrations to feeding and/or spawning grounds (e.g. Sims et al. 2004, Huse
& Ellingsen 2008, Rijnsdorp et al. 2009). For instance, based on a review of
published data in the northeast Atlantic, Rijnsdorp et al. (2009) reported that
pelagic species exhibit clear changes in seasonal migration related to climate-
induced changes in secondary production. In the Mediterranean Sea, climate
change and variability are critical to the seasonal spawning and migration
behaviors of the Atlantic Bluefin tuna Thunnus thynnus, a large migratory fish
species of high economic and ecological importance (Ravier & Fromentin
2004, Muhling et al. 2011). Indeed, it has been suggested that water temperature
triggers the spawning activity of the species (Muhling et al. 2011). If the
Mediterranean Sea warms up earlier in the year, spawning may also start
earlier, with a potential mismatch between favorable feeding conditions and
tuna reproduction. In addition, the migration patterns and spatial distribution
of highly mobile large pelagic fish, such as bluefin tuna, may be indirectly
altered by climate-induced changes in prey abundance (Walther et al. 2002).
Historical data from the Mediterranean Sea suggest that bluefin tuna may
change their migration routes and spawning behaviors in association with
long-term fluctuations in temperature (Ravier & Fromentin 2004). As a result,
the migration routes of bluefin tuna may vary and adapt to climate change
and potentially explore new spawning grounds in the Atlantic. However, some
authors have also warned that overfishing has likely reduced the genetic
diversity of the bluefin tuna, so its ability to adapt to climate change may also
be affected (Perry et al. 2010, Planque et al. 2010, Muhling et al. 2011).
Moreover, the energy cost and potential reduced fitness resulting from
adaptation to a changing climate may reduce the surplus production of exploited
stocks and make them more vulnerable to previously sustainable fishing levels
(Brander 2010). This assumption applies to all exploited fish populations that
experience high and prolonged fishing mortality and consequently a selective
pressure of several alleles and genotypes. In fact, the loss of sub-populations
may reduce the ability of marine species to adapt to climate change (Brander



Box 4
Climate change will impact essential fish habitats

Climate change reduces habitat complexity and has likely the most pronounced influence on habitat-
forming species such as seagrass (Hoegh-Guldberg & Bruno 2010). A recent study projected the
trajectory of Posidonia oceanica meadows under expected sea warming in the western Mediterranean
over the 2|t century and concluded that warming could lead to the functional extinction of P oceanica
meadows by the middle of this century even under a low greenhouse-gas emissions scenario (Jorda
et al. 2012) (Figure B4).
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Figure B4
Left: percentage of P. oceanica shoot density in the twenty-first century.

The pink line represents the projected percentage of shoot density under warming
and local impacts, and the blue line represents the projected trend in the absence
of warming. From Jorda et al. (2012). Right: photo of P. oceanica.

Source www.arnaudgrizard.com.

Given the importance of the functional role of seagrass meadows in the ecosystem (as an essential
habitat for commercially and recreationally important fishery species, coastal protection from erosion, as
a food source for megaherbivores such as sea turtles, nutrient recycling, etc.), the degradation of this key
habitat may have dramatic consequences for regional biodiversity, food web dynamics and de facto for
human welfare (Beck et al. 2001, Orth et al. 2006, Waycott et al. 2009, Jorda et al. 2012). In addition,
Hattab et al. (2014) showed that the habitat loss of P oceanica in the Gulf of Gabes, replaced by muddy
sand, combined with climate change, triggered a high level of species replacement and a significant
reduction in the geographical range of several species including the bluespotted seabream Pagrus
caeruleosticus, the speckled shrimp Metapenaeus Monoceros and the brown comber Serranus hepatus, and
that these species might be replaced by other commercial species such as the black goby (Gobius niger),
the European hake (Merluccius merluccius), and the musky octopus (Eledone moschata) (Hattab, et al.
2014). Organisms typically respond to climate change by shifting their biogeographic ranges to maintain
their thermal regime (Parmesan & Yohe 2003). However, a recent analysis of the velocity of climate
change, as the rate of poleward migration of isotherms with climate change, identified the Mediterranean
Sea as a region of concern because the northward displacement of the biogeographic ranges of endemic
species, such as P, oceanica, is bounded by the presence of the European continent (Burrows et al. 201 I).

In addition to sea warming, ocean acidification (OA) is considered as a major threat to the marine
environment in the coming years. Calcifying organisms can be affected by increased seawater acidification,
which both reduces the growth of calcareous skeletons and tends to dissolve them (Bramanti et al. 201 3).
Habitat-forming species such as Lithophyllum cabiochae (a crustose coralline alga which constitutes mari
beds) could be severely affected by OA. As marl beds are spatially complex habitats that provide shelter
for numerous species and trophic groups (Barbera et al. 2003), OA could have major consequences for
the biodiversity and biogeochemistry of coralligenous communities (Martin & Gattuso 2009).
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2010, Planque et al. 2010). By influencing food abundance and age structure,
climate and fishing may also have significant effects on migration route fidelity,
population resilience, and colonization of new habitats (Perry et al. 2010).

With this synthesis, we highlight the observed and potential consequences of
climate change at different levels, from the individual to the ecosystem level.
Climate change is expected to affect the physiology of individuals with
consequences for community assemblages and population dynamics.
Meridionalization and tropicalization processes have already taken place but
appear to have accelerated in recent years with dramatic consequences for the
Mediterranean biodiversity in the medium and long term. For several species,
in particular those of commercial interest, climate change is expected to modify
migration patterns and periodicities with consequences for population dynamics
and fisheries management. All these changes are shaping a different Mediterranean
Sea in which living resources and human activities will need to adapt in a

sustainable way.
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There is considerable evidence that Mediterranean marine species have been
shifting their ranges, migration patterns, seasonal activities and periodicities,
abundances, growth and mortality rates, and consequently their trophic
interactions in response to climate change and variability. These responses may
ultimately have significant consequences for ecosystem productivity, biodiversity
and functioning and hence for the overall goods and ecosystem services they
provide, especially the production of living resources (Kirby & Beaugrand 2009,
Doney et al. 2012).

Climate change is an additional pressure on marine ecosystems that are already
subject to many anthropogenic disturbances such as fishing activities. This is
especially true in the Mediterranean Sea, where a series of human impacts
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co-occur and interact (Coll et al. 2010, Micheli, Halpern, et al. 2013). The
consequences of climate change for marine resources need to be evaluated in
this context and research and management need to take interactions between
fishing, other human impacts, and climate into account (Brander 2010, Perry et
al. 2010). This chapter thus has three aims: (i) to investigate the synergy between
climate and fishing (a major human impact on Mediterranean marine ecosystems)
and, using some examples from the Mediterranean Sea, to highlight how these
two factors interact, from the individual to the ecosystem scale, (ii) to assess
and quantify the consequences of climate change for the composition of fishery
catches in the Mediterranean Sea, and (iii) to address the consequences of climate
change for the management tools and strategies implemented in the region.

Fishing and climate act in synergy

Studies that specifically assess the synergistic effects of both climate change and
fishing on fish resources and ecosystem functioning in the Mediterranean Sea are
rare. However, studies conducted in other regions or at global scale describe a
range of changes that can be expected in the Mediterranean. Under climate change,
fishing is likely the most significant anthropogenic impact on marine fishes. Fishing
has been going on in the Mediterranean Sea for a thousand years and has resulted
in overexploitation of the main commercial species, with no less than 90% of
stocks assessed in 2015 categorized as overfished (STECF 2016). Fishing does
not only reduce the abundance and production of fish populations but also results
in changes in their population structure (e.g. by truncating the demographic
structure with fewer older fish and by altering life history traits such as mean body
size and age at maturity) and in species composition (e.g. by removing populations
of large sized fish) (Colloca et al. 2013). In an ecosystem context, where inter- and
intra-specific interactions are the main drivers of community structure, fishing
exerts direct pressure on the main target species but also indirectly affects their
competitors, prey and predators, thereby potentially affecting the whole food web
(Scheffer et al. 2005, Daskalov et al. 2007, Coll et al. 2008). In addition to reducing
the size of target populations, one direct impact of fishing is simplifying the
demographic structure of marine populations, making them more sensitive to
climate variability at interannual to interdecadal scales (Perry et al. 2010). Fishing
of finfishes and invertebrates can reduce the number of age groups in populations,
lead to spatial contraction, sometimes to a loss of population sub-units, and alter
life-history traits such as age at maturity and longevity (Perry et al. 2010, Planque
et al. 2010). All these effects may make populations more susceptible to climate
variability at different temporal scales. For instance in the Mediterranean Sea,
Hidalgo et al. (2011) showed that the long-term exploitation pattern has likely
eroded the age structure of hake (Merluccius merluccius), one of the main
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commercially exploited species. Hake subsequently became more recruitment-
dependent, and thereby more sensitive to climate variability (Figure 1). This
phenomenon is called the “age truncation effect” (Hsieh et al. 2006).

In the same way, Ottersen et al. (2006) demonstrated that heavily fished stocks
were subject to more pronounced variability in recruitment linked to environmental
fluctuations, due to changes in the spawning stock age and size composition.
Hsieh et al. (2006) showed that exploited species exhibit higher temporal
variability in abundance than unexploited species. Indeed, truncation of the age
structure caused by fishing may reduce the capacity of exploited populations to
buffer environmental events, especially anomaly events. Fishing can thus cause
higher fluctuations in the abundance of commercially targeted species thereby
increasing the risk of collapse of a heavily fished population from stochastic
environmental events (Scheffer et al. 2001, Hsieh et al. 2006). Fluctuations in
fish stocks may have consequences for both ecosystem functioning and fishing
sustainability. In addition, fishing communities that depend on just a few local
species have become more vulnerable to fluctuations in stocks, whether due to
overfishing or climate variability (Brander 2010).

Under fishing pressure, the mean turnover rate of fish communities is expected
to increase due to a relative increase in the proportion of smaller individuals
with higher metabolic rates and to the depletion of the major predatory demersal
fish resources that have a lower turnover rate (Myers & Worm 2003). In this

Abundance Population size

Environment

Fishing pressure

Time

Size Time

Figure |
According to Hidalgo et al. (201 1), fishing “by altering the demographic structure,
populations switch from an internally-generated to an externally-forced fluctuation mode,
tracking the environmental variability more closely”.
Adapted from Hidalgo et al. (201 1).
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context, Perry et al. (2010) pointed out that “these changes are expected to alter
how the community responds to climate forcing since exploited fish communities
with faster mean turnover times are expected to track more closely the short-
term variability in production that results from variability in climate”. In addition,
by removing top predators and favoring the dominance of short-lived prey
populations with rapid turnover rates, fishing modifies the trophic controls that
drive ecosystem dynamics, i.e. generally weakening top-down control and
strengthening bottom-up control, which can lead to much greater vulnerability
of the marine system to climate forcing (Perry et al. 2010).

In view of the current state of fish stocks in the Mediterranean basin, climate
change in the region will strongly affect marine resources with several
ramifications in food webs dynamics and ecosystem functioning. The
Mediterranean Sea, which for decades has been - and continues to be - subject
to intense exploitation of marine resources, is likely to experience stronger
bottom-up control. This will lead to greater vulnerability and variability of the
system to climate forcing, with implications for fisheries sustainability and
biodiversity conservation.

Climate-induced
changes in commercial catches

Worldwide, fisheries will be impacted by changes in the distribution and in the
catches of exploited marine species (Cheung et al. 2008, 2016, Barange et al.
2014), which will affect the economics of fisheries worldwide (Sumaila et al.
2011). In the Mediterranean Sea, the change in fisheries catch potential is partly
due to northward and eastward shifts in fish distribution (see sub-chapter 2.1.3)
that result in the invasion of warmer-water species into higher latitudes (e.g.
Adriatic Sea) and local extinction in the southern Mediterranean region. Thus,
in the near future, species that are commercially important in some areas may
no longer be available. This may be already the case of the once abundant sardine
(Sardina pilchardus), which has decreased drastically in the northern
Mediterranean Sea in the last decade (Palomera et al. 2007).

By 2050, under a high emission scenario (Representative Concentration pathway
8.5), Cheung et al. (2016) predicted an up to 5% reduction in the potential catches
at the Mediterranean scale (Figure 2). Furthermore, when considering changes in
biogeochemistry such as ocean acidification and reduction in oxygen concentration,
these authors also predicted a decrease in fish growth performance, which, along
with a higher rate of distributional shift, may reduce estimated catch potential
(Cheung et al. 2011). Changes in phytoplankton community structure may even
reduce the projected catch potential by a further 10% (Cheung et al. 2011).
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Figure 2
Mean percentage changes in potential catch by 2050
relative to present day, under the RCP 8.5 scenario.
From Cheung et al. (2016).

This decrease in catch potential will be accompanied by tropicalization of the
catch (i.e. an increase in warm-water species in catch composition). Indeed,
Cheung et al. (2013) showed that in the Mediterranean Sea, the Mean Temperature
of the Catch (MTC, i.e. the average inferred temperature preference of the
exploited species weighted by their annual catch) has significantly increased
since 1970, evidence for an increase in the catch of warmer water species and
adecrease in the catch of colder water species. This index, which reflects changes
in the composition of marine fisheries catch is closely linked to warming of the
Mediterranean Sea. For the period 1970-2010, the MTC for the western, central
and eastern Mediterranean has increased by 0.56 °C, 1.05 °C and 0.29 °C per
decade, respectively (Tsikliras & Stergiou 2014) (figure 3). Moreover, if
Lessespsian species are included, the MTC rate would be higher in all areas
(Tsikliras & Stergiou 2014).

With the proliferation of non-indigenous invasive species (see sub-
chapters 2.1.3), there is a need to explore market options for non-target
species currently of low or no economic value. In general, changes in the
composition of commercial fisheries catches have detrimental socioeconomic
implications for fisheries, markets and consumers (Weatherdon et al. 2016).
This is the case of the decline in small pelagic fish species (Van Beveren et
al. 2016). However, climate change and the associated increase in sea surface
temperature may offer opportunities to some Mediterranean fishermen to
increase landings of tropical and subtropical species, some of which are of
great commercial interest (e.g. the dolphinfish Coryphaena hippurus)
(Weatherdon et al. 2016).

From qualitative and quantitative analyses of catch composition of a small
tuna trap along the Ligurian coast, Cattaneo-Vietti et al. (2015) showed that
in the last few decades there have been notable changes in species
composition, with a decrease in the abundance of certain scombroids such
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as mackerel (e.g. Scomber scombrus) and bullet tuna (i.e. boreal species)
and an increase in the abundance of carangids such as horse mackerel
(Trachurus spp.) and amberjacks (e.g. Seriola dumerili) and other typical
southern-water fish species (e.g. the dolphinfish Coryphaena hippurus and
the east Atlantic barracuda Sphyraena viridensis). Using ‘local ecological
knowledge’ (LEK), a recent study showed an increase in Carangidae and
Sphyraenidae (thermophilic species) over time, but a simultaneous decrease
in Scombridae and Clupeidae (Azzurro et al. 2011). In the western
Mediterranean Sea, LEK information made it possible to record the
proliferation of some species, including cephalopods, jellyfish and small-
sized fish (Coll et al. 2014). These proliferations may be partly due to the
impacts of fishing on the ecosystem and to climate change. Tzanatos et al.
(2014) also demonstrated that fisheries landings showed significant year-to-
year correlations with temperature for approximately 60% of 59 species.
Based on these species, these authors showed that approximately 70% of
landings were negatively correlated with temperature (e.g. hake, common
sole, sardine and Norway lobster) and had decreased by an average of 44%.
However, increasing trends were also found in the landings mainly for species
with short life spans (e.g. anchovy, greater amberjack). Finally, Tzanatos et
al. (2014) detected a shift in the landings of the 59 most important species/
taxa indicating that most of them had undergone a significant abrupt change
in the mid-late 1990s paralleling an increasing SST regime shift during the
same period. For instance, a negative shift for hake and sardine has been
reported along with a positive shift for anchovy (Engraulis encrasicolus) or
white seabream (Diplodus sargus). In addition to northward migration,
invasive and endemic populations respond to climate warming by bathymetric
displacement. This is particularly true in the case of red mullet (Mullus
barbatus), hake and spottail mantis shrimp (Squilla mantis), three species
(local, native and indigenous, respectively) that have been reported to move
into cooler and deeper waters to avoid warm-water competitors (Galil &
Zenetos 2002). This shift in the distribution of stocks of exploited species
is expected to affect their availability to fisheries and possibly to reduce
commercial catches. Here, we mainly addressed the effects of warmer
temperatures on fish resources and their fisheries, but a rise in CO2 levels
also triggers ocean acidification and can affect Mediterranean fisheries. For
example, sponge fisheries are seriously threatened by acidification of the
sea because of the low capacity of most sponges for acid-base regulation
(Linares et al. 2005, Goodwin et al. 2014). Ocean acidification is looked on
as a major threat to the marine environment in the coming years and may
have dramatic effects on calcifying organisms such as the precious
Mediterranean red coral (Corallium rubrum), which is a long lived, slow
growing gorgonian endemic species in the Mediterranean Sea. Sold at US$
230-300 per kg, it is one of the most valuable corals thanks to its bright red
durable skeleton used in the jewelry industry (Tsounis et al. 2010, Bramanti
et al. 2013).
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Figure 3
Evolution of the mean temperature of the catch between 1970 and 2010
in the western, central and eastern Mediterranean Sea.
From Tsikliras & Stergiou (2014).The picture at the top right is from Cheung et al. (2013).

Adapting the whole management system

Effectiveness of Marine Protected Areas

Marine protected areas (MPAs) are the flagship management tool for conserving
biodiversity and ensuring sustainable ecosystem services (Garcia et al. 2013). The
objective of creating MPAs is conserving sensitive habitats and associated species
and biodiversity, while taking economic and social considerations into account.
Beyond preventing habitat destruction resulting from anthropogenic activities by
protecting species from exploitation within a defined area, MPAs are also expected
to have beneficial effects outside the protected perimeter through the spill-over
effect (i.e. net emigration of adult and juvenile fish) and export of pelagic eggs and
larvae from restored spawning stocks within the MPA (Harmelin-Vivien et al. 2008;
Stobart et al. 2009; Garcia et al. 2013). More than 100 MPAs have been established
in the Mediterranean Sea since the 1960s (Abdulla et al. 2009). However, the most
recent investigations suggest that Mediterranean MPAs do not perform as expected
in several important respects. First, they do not meet international conservation
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goals (e.g. Aichi Target 11 of the Nagoya CBD Strategic Plan for Biodiversity,
aiming at protecting at least 10% of coastal and marine areas by 2020) with less
than 4.6% of the surface area of the Mediterranean continental shelf covered, i.e.
114 600 km? (1.1% if we exclude the Pelagos Sanctuary, which is dedicated to the
protection of marine mammals) (http://www.medpan.org). Second, MPAs were
established based on national or local initiatives and lack cross-regional consistency
(Guidetti et al. 2008, Claudet & Guidetti 2010)). Finally, there is evidence for a
mismatch between MPAs and the current state of Mediterranean marine biodiversity,
with 70% of fish species failing to benefit from improved protection in the current
MPA system than could be expected if MPAs were located at random across the
continental shelf (Guilhaumon et al. 2015) and Mediterranean MPAs do not protect
a substantial proportion of species at risk (Coll et al. 2015) and consensus areas
for conservation (Micheli et al. 2013).

Since climate change affects marine species in a number of ways scaling from
individual (e.g. vital rates, mortality, timing of migration) to populations (shifts
in abundance-size structure or in spatio-temporal distribution), the potential
beneficial effects of MPAs on marine populations facing climate change will
depend on their ability to enhance the resistance of the populations to these
different impacts and to adapt to changing spatial distributions of marine species.

Regarding individual fitness and population resilience, MPAs can act as
enhancers and disrupt the detrimental synergistic effects between climate change
and fisheries. By maintaining larger individual sizes and higher larval production
and recruitment compared to fished populations outside reserves, MPAs enhance
the resilience of exploited populations (Micheli et al. 2012).

Beyond the poor performance of the Mediterranean MPA system with regard
to current biodiversity patterns, the efficiency of Mediterranean MPAs in the
future is called into question by the impacts of climate change on marine
populations. Indeed, conservation actions, such as the protection of land or sea,
have traditionally been implemented under the assumption that species
geographical distributions change relatively slowly, unless they are directly
affected by human activities (Aratijo 2009). However, climate change is predicted
to have profound impacts on the geographical distribution of Mediterranean
organisms over the 21st century. For example, modeling studies predict that
25% of the Mediterranean continental shelf will have undergone a complete
modification of the endemic fish assemblages by the end of the 21st century
(Ben Rais Lasram et al. 2010) (see sub-2.1.3). In a context in which marine
species are shifting their geographical ranges, MPAs can lose the very same
species that justified their implementation, therefore calling their future relevance
for biodiversity conservation into question (Alagador et al. 2016). In the
Mediterranean Sea, we observed a strong bias in the geographical distribution
of MPAs, with a higher density of MPAs on the northern coast of the
Mediterranean Sea than on the southern coast with only eight MPAs located on
the North African continental shelf out of the 99 included in the study (Figure
4) (Guilhaumon et al. 2015).
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Figure 4
Map of the Mediterranean Sea showing the continental shelf

in grey and the location of the 99 MPAs mentioned in the study by Guilhaumon et al. (2015)

(blue circles whose size is proportional to the size of the MPA).

Although this geographical bias may be responsible for the current poor
performance of the Mediterranean MPA system (Guilhaumon et al. 2015), it can
also be seen as an opportunity for the future conservation of fish species. Since
endemic and native fish are expected to move northward in the Mediterranean
due to sea warming (Ben Rais Lasram et al. 2010; Albouy et al. 2012, Cheung et
al. 2015), a potential increase is possible in the congruence between native and
endemic biodiversity patterns and MPAs. However, the small size of MPAs on
the northern Mediterranean coast and the lack of MPAs in the south are not only
obstacles to rebuilding overexploited populations but may also prove problematic
for the conservation of newly exploited tropical and subtropical species.

Future climate change may also have notable impacts on connectivity patterns
between MPAs and other natural refuges of marine species (such as deep sea canyons
and rocky areas). But although connectivity between MPAs is a critical criterion in
the design of MPAs, it has not yet been taken into account when establishing MPAs
in the Mediterranean Sea. In a recent publication based on the SRES IPCC A2
scenario, Andrello et al. (2015) explored the effects of adult reproductive timing
and larval dispersal on the connectivity among MPAs and their ability to seed fished
areas with larvae in the Mediterranean. These authors show that, over the 1970-2099
period, larval dispersal distances would decrease by 10%, the continental shelf area
seeded with larvae will decrease by 3% and larval retention inside MPAs would
increase by 5% (i.e. a higher concentration of larvae in smaller areas of the continental
shelf). In fact, these results suggest that climate change will produce higher benefits
for fished areas surrounding the MPAs but lower benefits for fished areas that are
located too far from the MPAs (Andrello et al. 2015).

Climate change could influence the connectivity and the effectiveness of MPA
networks via changes in hydrodynamics, adult reproductive timing, larval growth
rates and shifts in population range. The fact that Mediterranean protected areas
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are geographically fixed, and increasingly isolated by habitat destruction, could
be cost-ineffective, as major investments are being made today in areas that will
potentially have limited positive impacts in the next several decades (McLeod
et al. 2008). Thus, for scientists, managers and planners, designing adaptive and
effective MPA networks in the face of climate change is a challenge.

Current stock assessments in the context of climate change

The global climate change context questions the relevance of current models for
managing ecological resources and fisheries stocks (Hoegh-Guldberg & Bruno
2010). Lack of understanding of the sources of temporal variability in fish
abundance affects the robustness of biological reference points, decision making,
and risk assessment in precautionary fisheries management (Hsieh et al. 2006).
For instance, Brander (2010) wrote that: “Reductions in stock productivity mean
that levels of fishing to which a stock was previously resilient, become unsustainable.
The decline will be exacerbated if underlying changes in growth are not
recognised”. As mentioned above, climate change acts on several population
processes including mortality, maturity, growth, distribution and recruitment that
influence the levels of biomass produced. However, these processes are involved
in the definition of biological reference points used as thresholds and targets in
fisheries management strategies and decision making. Since the production of
biomass is uncertain in the context of climate change and is subject to greater
variability, these targets and biological reference points should be adapted to take
these risks into account (Grafton 2010). Ignoring the effects of climate change in
stock assessment could compromise the validity of stock forecasts and rebuilding
plans (Brander 2010; Link et al. 2011). For example, ignoring the fact that fish
may shift their range, and not including spatial dynamics could significantly affect
the management advice based on stock assessment and associated projections
(Link et al. 2011). It is crucial that the effects of changes in ocean properties (i.e.
temperature, oxygen, carbonate system, etc.) are incorporated into stock
assessment, and that their combined effects with fishing are quantified, in order
to build ecosystem-based fisheries management.

According to the evaluation of the current state of the resources and the projected
impacts of climate change, the future of the Mediterranean Sea appears to be
jeopardized. The levels of exploitation of most assessed fish stocks are outside
safe biological limits and several fish populations are now endangered by the
strong impacts of this millennium activity (Tsikliras et al. 2015). In the context
of global change, combined with other anthropogenic disturbances such as
biological invasions, pollution, habitat losses and in particular, climate change,
the biological and physicochemical features of the Mediterranean Sea are
changing at an unprecedented rate. The lack of data and the poor knowledge of
the status of existing stocks, especially in the southern and eastern parts of the
Mediterranean, strong human population pressure along the coasts of the basin,
and weak governance at regional scale threaten the conciliations of biodiversity
conservation and sustainable fisheries management.
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