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Drivers of change and their impacts on the WEFE nexus

in the Mediterranean region

Executive summary

2.1 The complexity of assessing the impacts of drivers of change
on the WEFE nexus: the rationale of the approach

2.1.1 Drivers of change related to WEFE in the Mediterranean
2.1.1.1 Climate change
2.1.1.2 Land Use and Land Cover Changes (LULCC]
2.1.1.3 Pollution

2.1.1.4 Population growth, industrialisation, urbanisation, migration, lifestyle

changes, war

2.1.2 The cascading effects of nexus interactions on WEFE components

2.2 The WEFE cascade from the water change perspective

2.2.1 Impacts of drivers of change on water security
2.2.1.1 Climate change

2.2.1.2 Land Use and Land Cover Changes (LULCC]
2.2.1.3 Population growth, urbanisation, industrialisation, lifestyle changes,
war

2.2.2 Cascading impacts of climate-induced water changes on food, energy,
and ecosystems

2.3 The WEFE cascade from the food change perspective

2.3.1 Impacts of drivers of change on food security
2.3.1.1 Climate change

2.3.1.2 Pollution
2.3.1.3 Population growth, urbanisation, industrialisation, lifestyle changes,
war

2.3.2 Cascading impacts of climate-induced food changes on water,
energy and ecosystems

2.3.3 Cascading impacts of human-induced food changes on water,
energy and ecosystems

Box 2.1 Intensive livestock production systems and nitrogen cycle

60

61

61
61
63
65

65
67

68

68
69
70

73

74

76

77
77
81

82

86

87
88



Drivers of change and their impacts on the WEFE nexus
in the Mediterranean region

2.4 The WEFE cascade from the energy change perspective

2.4.1 Impact of drivers of change on energy security
2.4.1.1 Climate change and climate policies
2.4.1.2 Population growth and lifestyle changes
2.4.1.3 Urbanisation
2.4.1.4 Industrialisation and pollution
2.4.1.5War

2.4.2 Cascading impacts of climate-induced energy changes on water,
food and ecosystems

2.5 The WEFE cascade from the ecosystems change perspective

2.5.1 Impact of drivers of change on ecosystem health and services
2.5.1.1 Climate change
2.5.1.2 Land Use and Land Cover Changes (LULCC]
2.5.1.3 Pollution

2.5.2 Cascading impacts of climate-induced ecosystem changes on water,
food, and energy

2.5.3 Cascading impacts of LULCC-induced ecosystem changes on water,
food and energy

References

90

bA
b A
93
9
9
9

95

97

97
97
102
103

104

108
110




Executive Summary

The Mediterranean region faces a variety of drivers
of change that operate at different spatial scales.
These include climate change, land use changes,
habitat alterations, air, soil and water pollution,
population growth, industrialisation, urbanisation,
lifestyle changes and conflicts (war). These drivers
collectively impact the region’s ecological and
societal dynamics, including all the components of
the WEFE nexus. Since the WEFE components follow
complex hierarchical links and feedback, changes in
one component can have cascading effects on other
interconnected components, creating a complex web
of interactions. To reduce the negative impacts of
the drivers of change, the interlinkages among the
WEFE components must be thoroughly evaluated at
local scale, under a holistic view, to enable better-
informed decisions and effective and more robust
management policies. This chapter underscores the
importance of recognising the interconnectedness
of water, energy, food, and ecosystems in the
Mediterraneanregionandtheneedforcomprehensive
assessment and management strategies to address
the challenges posed by external environmental and
social stressors.

Water security in the Mediterranean faces a
multifaceted challenge stemming from a blend of
factors, such as climate change, rapid population
expansion in urban areas, unsustainable resource
management and land use, and agricultural
practices. The impacts of the drivers of change have
negative effects on the availability and quality of
water resources, but this effect will cascade, through
a series of interactions, on the other components of
the WEFE nexus, including crop vyield reductions,
alterations of agricultural commodity prices,
reduction of electricity production and generation
efficiency, desertification, habitat loss, and affecting
vulnerable species.

Climate change, pollution, changes in diets,
population growth, and urbanisation are inter-
connected and contribute to the emergence of
vulnerabilities through impacts on food availability,
access and quality. There are substantial differences
in terms of food security between Southern Europe
and North Africa. Business as usual responses to
address food security related challenges through

industrialisation can lead to adverse effects on
other WEFE components, such as increased soil and
water pollution and GHG emissions, degradation of
underground water resources, salinisation, loss of
agrobiodiversity, and increase of energy demand and
further greenhouse gas emissions.

The energy security of the Mediterranean region is
significantly affected by a multitude of challenges
from both the offer and demand sides. The escalating
energy demands in the Mediterranean region are
attributed to population growth, urbanisation and
industrialisation. Moreover, addressing energy
inequality is essential, as certain population
segments have abundant energy access while
others face deprivation. The dependence of the
area on power generation methods that require
significant amounts of water exposes them to the
risk of decreased water availability and difficulties
in managing water resources, due to the effects
of climate change and the competition with other
sectors. Similarly, competition for other resources
to produce solar or wind energy, such as land for
agricultural purposes and ecosystem services,
further exacerbates the complex interplay within
the nexus framework, showing the need to promote
holistic analyses to address such challenge.

The  pressures exerted on Mediterranean
ecosystems impact their health resulting in
ecosystem degradation, loss of biodiversity among
others. These modifications disrupt the provision of
multiple ecosystem services (namely, provisioning,
regulating, and cultural) which subsequently have
direct impacts on WEFE components as well as
further cascading effects on other components of
the WEFE.
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2.1 The complexity of assessing the impacts
of drivers of change on the WEFE nexus:
the rationale of the approach

The ecosystems of the Mediterranean region provide
many important resources and advantages, such as
the ability to grow food for human consumption and
industrial use, to enjoy the outdoors, and to foster
artistic, cultural, and recreational pursuits. However,
the physical parameters of the region, combined
with the region’s complex geographical (e.g. coastal
vulnerability, water scarcity)] and political issues
(e.g. migration and refugee crises, territorial
disputes), make it difficult to achieve environmental
goals. Like other global ecosystems, the state of
WEFE components and interdependencies between
them serve as the defining characteristics of the
Mediterranean ecosystem. Despite this, the spatial
and temporal configuration of the WEFE nexus is
undergoing substantial shifts linked to the drivers of
change.

Drivers of change refer to all those factors that affect
nature, anthropogenic assets, nature’s contributions
to people, and a good quality of life (Pdrtner et
al., 2021). A direct driver exerts immediate and
noticeable impacts on the WEFE system, and can
involve both natural change, such as earthquakes
and volcanic eruptions, and anthropogenic factors
like climate change, alterations in land and sea
use, and air, water, and soil pollution (Sharif et al.,
2020). On the other hand, indirect drivers of change
are those that alter and influence direct drivers
as well as other indirect drivers (also referred
to as “underlying causes”) and include, among
others, demographic trends (population growth,
urbanisation), technological innovations, lifestyle
changes, and war (Odada et al., 2009). The impacts on
the WEFE componentsare notisolated butarealsothe
result of various interactions between two, three, or
even all four WEFE components, such as water-food,
energy-water, food-energy, ecosystems-water-food
or water-food-energy interactions, among others.
Within the WEFE system, cascading effects and
interactions transpire across various temporal and
spatial scales, ranging from local and short-term to
regional, global, and long-term. Those interactions
and cascading effects operate at a hierarchy of
spatio-temporal scales. The complexity of this web
of interactions is a big reason why the WEFE system
in the Mediterranean changes in ways that are hard
to predict. It should be noted here that, in the context
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of the WEFE system, the establishment of precise
boundariesis of paramountimportance to conducting
a comprehensive assessment of the impacts of the
drivers of change as well as of potential solutions.
These ‘boundary conditions’ define the system’s
scope and spatial-temporal limits. The delineation
of the system encompasses key parameters,
including water resources, energy production,
food systems, environmental ecosystems, and the
geographic area or region under consideration.
These boundary conditions may extend to include
policy and governance structures that impact the
WEFE system. In defining these boundaries, it is
imperative to create a structured framework for
understanding the interplay of drivers, components,
and influences within the WEFE system, ensuring a
comprehensive and contextually relevant evaluation.
Also, understanding the complex interactions
between the nexus components and how they can
change and impact each other under different
scenarios is crucial for identifying both positive
synergies (e.qg. sustainable land use and biodiversity)
and negative trade-offs (e.g. hydropower dams
and ecosystems) between these components. This
approach makes it possible to design cross-sectoral
adaptations, as shown by Kebede et al. (2021).
Furthermore, it enhances our understanding of how
these interactions impact the long-term health and
productivity of ecosystems.

The Mediterranean is situated in a transitional zone
between the mid-latitude and sub-tropics. The
Mediterranean region has been labelled a “hotspot”
for climate change due to its predicted warming and
drying (Diffenbaugh et al., 2007; Giorgi & Lionello,
2008; Lionello & Scarascia, 2018). There is strong
evidence that the twentieth century was marked by a
generalwarming and by a more pronounced summer
warming (El Kenawy et al., 2012; El Kenawy et al.,
2019; Pfahl, 2014; Ulbrich et al., 2012). The observed
rates of climate change are higher than global
trends for most variables (Figure 2.7). Similarly,
since 1950, heatwaves have become more frequent
(Baldi et al., 2006; Ibrahim et al., 2021; Kuglitsch
et al., 2010). Also, both the frequency and severity
of droughts have increased (Cook et al., 2016;
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Hoerling et al., 2012; Sousa et al., 2011; Tramblay et
al., 2020a; Vicente-Serrano, 2007). These observed
changes have been in line with global trends and can
be attributed in part to decadal variability associated
with circulation patterns like the North Atlantic
Oscillation (NAQ) (Meyssignac et al., 2011; Ozgenc
Aksoy, 2017; Raymond et al., 2018; Tsimplis et al.,
2013).

The Mediterranean region’s climate will likely
become warmer and drier in the twenty-first century
(high agreement; robust evidence, especially for air
temperature) (Drobinski et al., 2020b; Lionello &
Giorgi, 2007; Nashwan et al., 2020; Planton et al.,
2012; Taibi et al., 2019; Zittis et al., 2019). The results
show that future warming is expected to occur across
the year, with the effects being more pronounced
during summertime and on land, as opposed to the
ocean (El Kenawy et al., 2013; Giorgi & Lionello,
2008). More frequent high-temperature events and
heatwaves are thought to be linked to these increased

temperatures (Jacob et al., 2014). Summer rainfall is
expected to decrease by 10-15% in southern France,
northwestern Spain, and the Balkans as a result of a
global atmospheric temperature increase of 2°C and
by as much as 30% in Tirkiye and Portugal (Vautard et
al., 2014). In recent decades, summer temperatures
in the Mediterranean region have risen at a faster rate
than those observed in the Northern Hemisphere and
even more rapidly than the global mean, along with an
increase in the frequency of intense heat waves. It is
projected that future warming in the Mediterranean
region will be 25% faster than the global mean, with
summertime temperatures increasing 40% faster
than the global mean (Lionello & Scarascia, 2018).
The aforementioned consensus is established by
taking into account multiple lines of evidence—
observations, regional and global model projections,
and an extensive comprehension of the underlying
mechanisms—all of which contribute to a high level
of confidence regarding observed and projected
warming patterns in the Mediterranean region
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(Doblas-Reyes et al., 2021). With respect to the pre-
industrial period, average global warming of 1.5°C is
predicted to reduce mean rainfall by 4% in much of
the region, especially in the south, and increase the
length of dry spells by 7% (Lionello & Scarascia, 2018).
Reduction of precipitation will affect all seasons in
central and southern Mediterranean areas, with
maximum reduction for winter precipitation (-7% for
the southern Mediterranean region). The length of
meteorological dry spells (Schleussner et al., 2016)
and meteorological, hydrological, and agricultural
droughts is expected to increase significantly (IPCC,
2021; Kelley et al., 2015; Tsanis et al., 2011). In the
same context, by 2100, the coast of southern ltaly
is predicted to be severely flooded (Scardino et al.,
2022). Streamflow patterns are projected to shift, with
spring’s high flows diminishing earlier, summer’s
low flows becoming more intense, and winter’s
greater and more erratic discharge occurring earlier.
Flooding is more likely to happen in most of the
Mediterranean Basin because extreme rainfall is
expected to get worse and happen more often (e.g.
Drobinski et al., 2018; Tramblay & Somot, 2018). As
stormwater management systems are generally not
well planned in the Mediterranean, people who live in
flood-prone areas are more exposed and vulnerable
(Llasat et al., 2013).

Rising temperatures, coupled with drought and
land-use change, are predicted to increase fire risk,
lengthen fire seasons, and increase the frequency
of large, severe fires (Gouveia et al., 2017; Santonja
et al., 2017). It is also anticipated that future climate
change will exert significant and diverse effects
on marine ecosystems. Sea surface temperatures
in the Mediterranean demonstrate a complex
panorama of both regional and temporal variability
with a prevailing warming tendency in sea surface
temperature (SST), which is likely to continue
under future warming scenarios [(Axaopoulos &
Sofianos, 2010; Pastor et al.,, 2018; Shaltout &
Omstedt, 2014). In accordance with SST rise, a
consistent decrease in pH in the Mediterranean Sea
has been observed, signalling ocean acidification
(Flecha et al., 2015; Kapsenberg et al., 2017). This
phenomenon is attributed to the absorption of CO2
from the atmosphere (Kapsenberg et al., 2017;
Solidoro et al., 2022), with acidification particularly
pronounced in the Western basin (Hassoun et al.,
2015). Nevertheless, despite this acidification, the
Mediterranean Sea remains highly supersaturated in
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calcium carbonate minerals (Hassoun et al., 2015).
Projections indicate that acidification will persist,
with the Eastern Mediterranean facing particularly
acute effects (Reale et al.,, 2022a, 2022b). In the
high IPCC emission scenario SRES-A2, nitrates
are expected to build up in the seawater around the
Mediterranean, but phosphorus does not seem to be
changing. This means that low-phosphorus areas
will increase (Richon et al., 2019).

Due to recent and future climate change, changes in
the provision of ecosystem services may exacerbate
social conflict and cause people to be forced to
relocate (van der Geest et al., 2019). A representative
example is found in the Egyptian Delta, where
salinisation and erosion of agricultural lands forced
farmers to relocate (Ahmed et al., 2014). Climate
change and drought, in particular, have emerged
as substantial contributors to the Syrian conflict,
as they induced forced migration from the eastern
to mainland regions of the country (Butler, 2018;
Gilmore et al., 2018; Ide, 2018; Selby et al., 2017).
When resources are scarce, attempts to mitigate
one risk may weaken human communities or make
other risks worse. The Mediterranean Basin has a
long history of political and social unrest because
of its complex cultural, geopolitical, and economic
landscape. Extra climate-related stresses in the
Mediterranean Basin increase human insecurity by
making local communities there more susceptible
to harm. As such, there has been an increase
in vulnerability due to mismanagement and
overexploitation of natural resources over the past
century (Bremberg et al., 2022; Ide, 2018; Mycoo et
al., 2022).

The high importance of Land Use and Land Cover
Changes (LULCC] is recognised by the UN for fields
ranging from biodiversity conservation to food
security, disaster risk reduction, climate change,
and sustainable development. The Mediterranean
region has inherited a mosaic-structured landscape
determined by heterogeneous topography, soils,
water resources and vegetation (Lana-Renault et
al., 2020). In this sense, there is a clear contrast in
LULCC trends between the northern Mediterranean
countries (225 million inhabitants) and the southern
and eastern countries (335 million inhabitants). The




land cover (LC) of an area is what is observed at
the surface, with either vegetation and naked areas
(e.g. from natural to agricultural ecosystems) or
anthropogenic constructions (e.g. urban surfaces).
Land Use (LU] is the management of those areas, to
maintain or change their cover. One of the main drivers
of LULCC is population dynamics, which show highly
contrasting patterns in the Mediterranean: northern
regions have seen population growth stabilised (FAO
& Plan Bleu, 2018; PRB, 2019), causing diverging
patterns of land use (i.e. land abandonment in low-
productive mountainous areas and concentration
of economic activity in valleys and coasts], and
population growth in the southern and eastern
regions has resulted in increasing demand for land
for agricultural production and livestock pastures
(FAO & Plan Bleu, 2018; Winkler et al., 2021).

A declining rural population in  northern
Mediterranean countries has led to the abandonment
of crops and farmland, and to the reduction of
livestock grazing, with the subsequent regeneration
of forests and scrublands (Debussche et al., 1999;
Garcia-Ruiz & Lana-Renault, 2011; Moreno-de-
las-Heras et al., 2019; Vicente-Serrano et al., 2019).
Additionally, extensive afforestation programmes
have been implemented in recent decades by
northern countries’ governments to enhance the
environmental value of abandoned farmlands in
the highlands and control hydrological and soil
erosion processes (Ortigosa et al., 1990; Vallauri et
al., 2002). Altogether, this has resulted in relevant
environmental consequences, including changes
in the water cycle (see Section 2.3.1.1), soil erosion
and hydrological connectivity alterations, and
biodiversity changes (see Section 2.5.1.2), among
others. Moreover, revegetation processes have
relevant implications regarding wildfire risks due
to increased fuel load and biomass volume (Lana-
Renault et al., 2020; Pausas & Fernandez-Munoz,
2012; Pausas & Millan, 2019). Intensive agriculture
experienced significant growth in the more populated
lowlands and coastal areas, with the goal of meeting
the demand of national and international markets
(Bellot etal., 2007; Serra et al., 2008). These changes
have led to a significant expansion of irrigated areas
in order to increase agricultural productivity and
favouring the cultivation of new crops with higher
requirements than the traditional Mediterranean
triad (grapes, grains, and olives) (Tanrivermis,
2003). The most remarkable example of this process

has been seen in Spain, where the extent of irrigated
areas has doubled over the last six decades, from
1.8 million hectares in 1961 to 3.7 million hectares
in 2019 (FAO, 2023). In the Southern Mediterranean,
countries with higher demographic pressure have
followed strategies based on land clearing, livestock
breeding and wood gathering for heating (Barrow
& Hicham, 2000; Johnson, 1996). These processes
resulted in smaller forest areas than the ecological
potential of southern and eastern countries (FAQ,
1994; Lana-Renault et al., 2020], where high human
pressure on forest ecosystems prevails in rural
and mountainous areas, resulting in woodland
degradation (Chebli et al., 2018; del Barrio et al.,
2016; Nsibi et al., 2006). Still, intense urbanisation
and associated expansion of agricultural areas are
the main causes of deforestation in southern and
eastern regions (Belaid, 2003; del Barrio et al.,
2016).

Tourism development is another key factor in
explaining LULCC trends. The Mediterranean region
ranks amongst the world’s top tourist destinations,
accounting for 30% of global tourist arrivals (UNWTO,
2017). International tourists grew from 58 million
in 1970 to 349 million in 2015, and these figures
are expected to grow to reach 500 million by 2030
(UNWTO, 2017). The spatial pattern of tourism
occupation is mainly concentrated in coastal areas,
where strong urbanisation has occurred across the
Mediterranean Basin (Shalaby & Tateishi, 2007;
Sonmez & Sari, 2007), leading to significant forest
regression and habitat fragmentation caused by
urban sprawl (Hepcan et al., 2012; Jomaa et al.,
2008) and a significant increase in water demand
(see Section 2.3.1.2).

Past assessments and future predictions of LULCC
involve a high degree of uncertainty (Anav et al.,
2015). The future of forest cover in the Mediterranean
is uncertain, with climate change and human
activities posing significant challenges. Touhami
et al. (2023) highlights the impact of the projected
warming climate on forest ecosystems in Tunisia.
Donmez et al. (2011) provides specific climate and
productivity projections, providing estimations of net
primary productivity in Turkish pine forests. However,
numerous studies stress the need for mitigation and
adaptation strategies to sustain forest ecosystem
services in the face of changing land use and climate
(e.g. Appiagyei et al., 2023).
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Industrial pollution is a major environmental concern
in the region, as pressures from land-based sources
remain high (EEA, 2014). Attention is given to key
sectors: the production of energy, manufacture of
refined petroleum products, treatment of urban
wastewater, food packing, and manufacture of cement
and metals. In particular, the manufacture of refined
petroleum products is responsible for about 60 to
70% of nutrients and oxygen-depleting substances
present in pollution. Southern and eastern countries
are responsible for the largest share of biochemical
oxygen demand measured in a water sample during
5 days of incubation at 20°C (BOD5) emitted by this
sector for the whole Mediterranean. This means
that while energy commodities are traded around
the region, the adverse effects in terms of local
pollution are concentrated in few areas. Chromium
and cadmium emissions are also associated with
energy refining processes (EEA & UNEP/MAP,
2014). Instances of industrial emissions, particularly
in the Southern Mediterranean, have registered
levels exceeding 100 pg m= of fine particulate
matter (PM2.5), in stark contrast to the global
average of 39.6 yg m= and the European Union’s
average of 14.2 yg m= (UNEP/MAP & Plan Bleu,
2020). Alarmingly, two-thirds of Mediterranean
countries surpass the World Health Organization’s
recommended threshold for air pollution concerning
both particulate matter and ozone (UNEP/MAP &
Plan Bleu, 2020).

Disturbingly, nearly half (49%) of Mediterranean
water bodies fail to achieve a good environmental
status (EEA et al., 2020). The region generates a
staggering 184 million tonnes of solid waste annually,
characterised by low recycling rates. Additionally,
the presence of emerging contaminants, such as
pharmaceuticals, cosmetics, flame retardants, and
plastic additives, poses a significant threat. These
contaminants have poorly understood life cycles
and impacts, and are potentially toxic and resistant
to conventional wastewater treatment methods
(EEA et al., 2020). Pollution in the Mediterranean
is predominantly attributed to heavy metals,
exacerbated by the continuous discharge of both
treated and untreated wastewater. This pollution
stems from various sources, including the production
and processing of metals, energy production,
pulp and paper manufacturing, chemical industry
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activities, and intensive farming and aquaculture
practices (Ochoa-Hueso et al., 2017; Sicard et
al., 2023). Heavy metals and mineral oils are
responsible for approximately 60% of soil
contamination in the region (Ballabio et al,
2018; Ferreira et al., 2022; Panagos et al., 2013).
Nevertheless, the levels of heavy metals (cadmium,
mercury, and lead) in coastal waters, assessed
against Background Assessment Concentrations
(BAC) and Environmental Assessment Criteria
(EAC) through bivalves and fish, generally
demonstrate an environmentally acceptable status
(UNEP/MAP & Plan Bleu, 2020). On the other
hand, the Mediterranean region stands as one of
the most severely impacted areas globally in terms
of plastics, with an alarming 50% of marine litter
found on the seabed being composed of plastic.
Microplastic concentrations on the surface of the
Mediterranean Sea surpass acceptable Llimits,
exceeding 64 million floating particles per square
kilometre. Additionally, underwater noise pollution
is a growing environmental concern with significant
implications for marine life in the Mediterranean.

About 6% of the global population make home in the
Mediterranean region (UNEP/MAP, 2016). According
to World Bank data (Figure 2.2), total population
growth in the Mediterranean region has remained
at about 1% yr~', but with clear differences between
regions and countries, a change over the decades,
and a clear impact of the major conflicts that have
affected the region (World Bank, 2021). In absolute
terms, the Mediterranean population grew by
259 million inhabitants in fifty years (+84%), from
1970 to 2020, to reach 542 million people. Eighty-
five percent of this increase (216 million inhabitants)
occurred in the South and East Mediterranean,
as a result of improved economic conditions and
improved health services (World Bank, 2021). With
current demographic trends, the Mediterranean
population is expected to further grow by more than
100 million inhabitants until 2050 (UN DESA, 2022).
Again, most of this increase will be concentrated
in the South and East Mediterranean, in particular
in the two densely populated countries of Egypt
and Tirkiye, which together represent more than
one-third of the Mediterranean population. By
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Figure 2.2 | (A) Population growth rates in the countries of the Mediterranean region in recent decades
(based on World Bank, 2021) and (B) current and projected demographic trends in the Mediterranean up
to 2050 (OME based on UN DESA (2022).

2050, the southern Mediterranean’s share in total reaching 75% of urban population share by 2050 (48%
Mediterranean population is projected to increase in 1960 and 68% in 2015).

to 70%, while the northern Mediterranean will see

its population ageing and its share decrease to 30%. Industrialisation and urbanisation are often analysed
In 2050 nearly half of the Mediterranean population as sub-processes of modernisation, which is also
is projected to be concentrated in three countries accompanied by lifestyle changes resulting primarily
(Algeria, Egypt, Tlrkiye] (Figure 2.2). Since 1960, the from technological development. The Mediterranean
rural population has increased at a lower rate in region has witnessed rapid urbanisation over the past
southern and eastern countries, with stabilisation few decades, especially in the northern African and
expected by 2030, and considerably decreased in the eastern Mediterranean regions, where data shows
northern countries (Lana-Renault et al., 2020; PRB, that the percentage of urban population in 2020 was
2019). Population growth in southern and eastern almost 60% (still lower than the 75% for the Northern
Mediterranean countries is expected to develop Mediterranean], up from slightly above 30% in 1960
through urban growth, mainly in coastal areas, (World Bank, 2021). By 2050, the urban population
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is projected to exceed 70% in both regions, and 80%
in Southern Europe (World Bank, 2021). Taking into
account increasing population and urbanisation
trends, especially in coastal areas, southern
and eastern Mediterranean countries will face a
particular challenge in enabling sustainable urban
development policies. Lifestyle changes have been
accompanied by higher consumption of energy and
materials. This increase, especially among affluent
populations in the Global North, is accompanied by
anincrease in greenhouse gas emissions elsewhere,
and evidence shows that luxury consumption can be
more difficult to decarbonise than that of people
living at sufficiency level (Millward-Hopkins, 2022).
Rapid urbanisation in the Mediterranean region
has led to several challenges, including inadequate
housing, poor infrastructure, traffic congestion, and
air pollution (Battarra & Mazzeo, 2022; Tourret, 2006).
In addition, some urban residents in North Africa are
living in informal settlements, and in the Eastern
Mediterranean some urban areas have limited
access to basic services such as water and sanitation
(Mancuso et al., 2020). There is a growing awareness
of the need for sustainable urban development and
the adoption of smart technologies to improve urban
infrastructure, transportation, and energy systems
(Battarra & Mazzeo, 2022).

Migration plays a significant role in urbanisation
in the Mediterranean region. Many people migrate
from rural areas to cities in search of better job
opportunities, education, and healthcare (Miftah,
2018). In addition to internal migration, many North
Africans and sub-Saharans migrate to Europe,
including cities in Southern Europe, in search of
better economic opportunities (Schwan & Yu, 2018).
Urban areas in eastern Mediterranean countries
have been a major destination and transit point for
refugees and migrants from conflict-torn countries
like Afghanistan, lIrag, and Syria (Taghizadeh
Moghaddam et al., 2017). Migration is also linked to
geopolitical instability, which favours an increasing
flux of immigrants from sub-Saharan Africa to
Mediterranean countries, further stimulating the
demand for energy, food, and water, and thus, further
increasing the nexus challenges.

The period following the end of the Cold War has
been marked by several wars and conflicts in the
Mediterranean region, or in its direct vicinity, which
have had very significant repercussions in terms
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of human lives, and serious effects on health, the
economy, and the environment, all of them with
close connections to the WEFE nexus. The Arab
Spring had a major impact in the region, with effects
ranging from constitutional reforms in Morocco and
the overthrow of the regime in Tunisia and Egypt, to
much more devastating effects in Libya and Syria
(Muhammadsidigov, 2015). The civil wars in Libya,
in 2011, and then between 2014 and 2021, have
cost thousands of lives and displaced hundreds of
thousands of civilians (Miller-Funk, 2023). In Syria,
the death toll from the ongoing conflict is in the
hundreds of thousands, many of whom are civilians
(Ungor, 2023). The war in Syria has also caused the
destruction of the country’s infrastructure and the
displacement of millions of refugees to neighbouring
countries, Europe and elsewhere. Finally, the
Russo-Ukrainian conflict which started in 2022
represents another major challenge to regional and
global peace, and a significant economic impact.
Implications for the Mediterranean region include
heightened uncertainty and the redirection of public
spending towards security and rearmament (Fiott,
2022). WEFE is also impacted, for instance through
ecosystems degradation, gas supply problems (see
Section 2.4.1.5), especially for European countries,
and food security challenges (see Section 2.3.1.3) for
countries that depend on food imports from Ukraine
and Russia (Liadze et al., 2023), particularly in the
MENA region (Quagliarotti, 2023).

The WEFE nexus components and their spatio-
temporal interdependencies behave as complex
systems. These systems typically include multiple
loops and feedback paths between many interacting
entities - in this case, the nexus components -
together with inhibitory connections and preferential
reactions. The complex web of interactions
between WEFE components can therefore result
in feedback loops through which changes in one
WEFE component, mediated by the impacts of
drivers of change and associated responses, may
result in changes in other WEFE components, as
well as in the drivers of change themselves (Figure
2.3). For instance, changes in water availability due
to climate change (or other drivers of change) can
impact food production and energy generation.
Reduced food availability may require increasing
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yields, which then requires more water, further
reducing the amount of water available for food,
energy, ecosystems, and other uses. Furthermore,
depending on the techniques used to increase yields,
it may result in more greenhouse gas emissions and
therefore reinforce climate change. It is important
to bear in mind that drivers of change also generate
those cascading effects between them. For instance,
industrialisation or lifestyle changes contribute to
climate change, while climate change may generate
conditions that facilitate conflicts for resources, rural
to urban migration and thus, increased urbanisation.

In line with this cascade rationale, in this chapter
we describe, for each nexus component (water, food,
energy, ecosystems), how the drivers of change
described in Section 2.1.1, impact each WEFE
component in particular (Sections 2.2.1, 2.3.1, 2.4.1
and 2.5.1). In a second step, we then analyse how
those impacts can trigger different interactions and
feedback loops between the WEFE components as

well as the drivers of change themselves (Sections
222, 232, 2.3.3, 2.4.2, 2.5.2, 2.5.3). We call these
interactions cascading impacts, that can occur
downstream and upstream. Given the endless
number of potential interactions between the drivers
of change and WEFE components, for illustrative
purposes and space constraints, we have assessed
the mechanisms at play related to one or two drivers
of change, for each component, with climate change
common to all of them. Figure 2.3 presents some
examples of interactions between WEFE components
which reflect the rationale of this chapter.

2.2 The WEFE cascade from the water
change perspective

Water security in the Mediterranean is threatened
by a combination of factors, including climate
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change, densely concentrated population growth,
and unsustainable resource management and
land use practices, among others (Daccache et
al., 2014; Fader et al., 2020; Scheffran & Brauch,
2014). Climate change has caused an increase in
temperature and more frequent and severe drought
conditions in many areas of the Mediterranean region
(Garcia-Ruiz et al., 2011; IPCC, 2022; Samaniego et
al., 2018). Population growth, economic development
and lifestyle changes have led to increased water
demand, resulting in water shortages and depletion
of water resources (Labrousse et al., 2022; Rico-
Amoros et al.,, 2009; Scheffran & Brauch, 2014;
Schilling et al,, 2012). Moreover, unsustainable
resource  management and inefficient irrigation
practices (Bousbih et al., 2018; Martinez-Granados
et al., 2011) have resulted in pollution of water
resources (Lutz et al., 2016), groundwater depletion
(Dalin et al., 2017; Garcia-Ruiz et al., 2011; Wada et
al., 2010). A combination of these factors has created
many uncertainties regarding water security in the
Mediterranean region that are set to increase during
the coming decades in the context of climate change
(IPCC, 2022; Malek et al., 2018).

Some inherent characteristics of the Mediterranean
climate (e.g. irregular spatio-temporal distribution
of precipitation, very high evaporative demand in
summer and high frequency of climate-related
extreme events (droughts and floods) (Caloiero et al.,
2018a; Deitch et al., 2017; Garcia-Ruiz et al., 2011;
Mateos et al., 2023) are being exacerbated by climate
change, considerably reducing water security in
the Mediterranean region on an increasing basis,
with climate change impacts projected to continue
occurring in the region with even more frequency
and intensity (IPCC, 2022; Noto et al., 2022). Under
a 2°C warming scenario, water resources in the
Mediterranean region are expected to decrease by 2
to 15% (Cramer et al., 2018) with a likely increase
in dry spell lengths (Noto et al., 2023; Raymond et
al., 2019; Schleussner et al., 2016). For instance,
the Water Scarcity Index is expected to be medium
or high for a large portion of the Mediterranean
region by 2050 (Caretta et al., 2022). Under future
climate change scenarios, per capita water
availability in Greece and Tirkiye may drop below
the generally accepted threshold for severe water
stress of 1000 m3 yr~' in 2030 (Ludwig et al., 2010).
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Decreasing water resources in the Mediterranean
region has been attributed to changes in precipitation
(Garcia-Ruiz et al., 2011), especially in the southern
region (Caloiero et al, 2018a), subsequently
transmitted to other components of the hydrological
cycle [(i.e. runoff and river discharges, groundwater
levels) (Dai et al., 2009; Finger et al., 2012; Kurylyk
et al., 2014; Touhami et al., 2015), and to an observed
and projected increase in atmospheric evaporative
demand through rising temperature (IPCC, 2022;
Noguera et al., 2021; Vicente-Serrano et al., 2018],
leading to increasing evaporative losses (Cherif et
al., 2020).

Decreasing precipitation trends are predominant in
the Mediterranean region (Garcia-Ruiz et al., 2011),
with reductions in annual precipitation ranging from
10 to 20 mm per decade due to spatial variability
(Achite etal., 2021; Noto et al., 2022; Vicente-Serrano
et al., 2019). Decreasing summer trends are even
worse, especially in the southern countries (Caloiero
et al., 2018a), whereas dry spells have also become
more intense, frequent, and protracted (Caloiero et
al., 2018b). Future precipitation projections for the
Mediterranean region forecast reductions ranging
from 5 to 40%, depending on the emission scenario,
with critical consequences for other components
of the hydrological cycle and freshwater sources
(IPCC, 2022). Under a 2°C warming scenario, the
frequency and duration of meteorological droughts
are projected to double in southern countries, and
agricultural droughts are projected to be 150 to 200%
more likely (IPCC, 2022). Furthermore, precipitation
extremes have increased in specific northern
regions, and future projections indicate a further rise
in the north (for global warming levels surpassing
2°C), while there is no notable change indicated
for the south (IPCC, 2022]). This may potentially be
linked to an increased occurrence of flash floods,
exacerbating water insecurity through their impacts
on water infrastructure.

General decreasing trends in precipitation have
reduced runoff and river discharges in many river
basins around the region. Moreover, revegetation
processes and increasing evapotranspiration are
exacerbating streamflow drought, rather than
meteorological drought, characteristics (Pefa-
Angulo et al., 2021) (see Section 2.2.1.2). Future
projections of declining precipitation, together
with increased evaporation in the Mediterranean




region, will likely cause a decrease in runoff, which,
depending on the warming scenario, is expected to
range between 5% (at 1.5°C warming) and 25% (at
2°C warming] (Droogers et al.,, 2012; Mariotti et
al., 2015), resulting in a decrease of surface water
resources especially in southern countries (Fader et
al., 2020; Tramblay et al., 2018).

Groundwater is of vital importance for water
security in many Mediterranean areas (Fader et al.,
2020). Projections of climate change impacts on
groundwater estimate reductions of around 12%
for aquifer recharge in continental Spain over the
coming decades (Pulido-Velazquez et al., 2018],
reaching 58% in some areas (Pulido-Velazquez et al.,
2015). Reductions range from 20 to 50% in western
Turkiye (Ertlrk et al., 2014), are projected to reach
almost 30% in Tunisia by 2050 (Fader et al., 2020),
and up to 25% in Morocco and Portugal by the end of
the century (Stigter et al., 2014). Moreover, in coastal
aquifers, salinisation created by seawater intrusion
has become a first order issue for freshwater and
agricultural supply (Guyennon et al., 2017; Pisinaras
et al., 2021; Pulido-Velazquez et al., 2018).

The 1.5°C warming suffered in the Mediterranean,
exceeding 2°C in summer (IPCC, 2022), has led
to increased atmospheric evaporative demand
with adverse consequences for water availability.
Outcomescanbesummarisedasfollows:(1)increased
evapotranspiration by vegetation, with revegetation
having a prominent role in explaining these trends
in mountainous and rural areas (Labrousse et al.,
2022; Lana-Renault et al., 2020; Llorens & Domingo,
2007); (2) increased evaporative loss from lakes and
reservoirs (Martinez-Granados et al., 2011; Zhao
et al., 2022); (3) increased severity of hydrological
droughts caused by increased evaporative demand
(Noguera et al., 2021; Vicente-Serrano et al., 2014);
and (4) declining aquifer recharge due to increased
evaporative rates and increasing water demand for
crops (Bellot et al., 2007; Leduc et al., 2007).

Climate change affects not only water availability but
also water quality through changing precipitation,
temperature variability, frequency, and occurrence
of extreme events [(Nijhawan & Howard, 2022).
Climate change may have an impact on nutrient and
mineral exports. It could lead to a decline in nitrogen
export due to a decrease in runoff and erosion (Lutz
et al., 2016; Molina-Navarro et al., 2014; Serpa et

al,, 2017). In contrast, phosphorus exports could
increase under some scenarios (Molina-Navarro
et al., 2014), and copper should be little affected
due to its strong immobilisation in soils (Serpa et
al.,, 2017). Nevertheless, changes in water quality
could vary markedly depending on the scenarios
considered and land uses. Reservoir water quality
may also be affected due to close coupling between
the projected trend of decreasing streamflow and
the risk of anoxia (Marcé & Armengol, 2010) and the
direct implications on nutrient cycles, constraining
future domestic water supply by water quality
problems associated with phosphorus loads (Rocha
et al., 2020). These effects could be boosted by a
rise in water temperature (Sanchez-Arcilla et al.,
2011), decreasing the amount of dissolved oxygen in
the water and reducing the mass transfer between
deep and surface waters. Other challenges to water
quality in coastal areas will probably arise from salt-
water intrusion driven by sea level rise and enhanced
extraction by higher irrigation demand (Cramer et
al., 2018).

With regard to extreme events, more frequent and
intensive droughts can also affect water quality,
because lower water flows reduce the dilution
of pollutants (e.g. organic matter, heavy metals).
Groundwater quality will also be affected by reduced
waterflows, conditioning stream-aquiferinteractions,
subsurface recharge and aquifer overuse, leading to a
general modification of nitrate in the groundwater as
dilution varies (Mas-Pla & Mencié, 2019). Conversely,
while augmented precipitation enhances dilution and
contributes to enhanced water quality, the occurrence
of floods poses a counterbalancing risk. Flood
events have the potential to elevate the discharge of
pollutants, resulting in the contamination of surface
and groundwater bodies with untreated wastewater
and leachate from solid waste (Figure 2.4).

LULCCs alter water balance and partitioning of
precipitation between evapotranspiration, runoff, and
groundwater flow (Foley et al., 2005). One of the most
significant LULCCs observed in Mediterranean regions
(especially in northern countries) is the revegetation
process that has occurred in recent decades, following
farmland abandonment in many mountainous and
rural areas (see Section 2.2.1). From this perspective,
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Figure 2.4 | Main impacts of changing mean climate trends on water availability and quality in the
Mediterranean region. Up and down arrows indicate an increase and a decrease, respectively. The symbols
+and - represent a positive and negative impact, respectively. The blue box represents a virtual water pool.

forest cover presents enhanced evapotranspiration
and interception rates, increasing water consumption
by vegetation, and water yield therefore usually
increases when forests are transformed into systems
with lower biomass, and decreases after revegetation
processes (Andréassian, 2004; Bosch & Hewlett, 1982;
El Hafyani et al., 2020; Lana-Renault et al., 2020).

Shrub and forest expansion processes, encouraged
by farmland abandonment, are associated with
decreasing river discharges in many areas within
the Mediterranean region, including the Pyrenees
(Begueria et al., 2003; Gallart et al., 2002) and the
Ebro (Lopez-Moreno et al., 2011) and Duero basins
(Moran-Tejeda et al., 2012) in the Iberian Peninsula.
Similar results have been reported in northwestern
Anatolia (Albek et al., 2004) and southeastern France

(Cosandey et al., 2005). In the Iberian Peninsula,
trends toward higher frequency, duration and
severity of hydrological droughts compared to the
same characteristics for climatic droughts have also
been registered, suggesting an increasing role for
vegetation in hydrological control (Pefia-Angulo et al.,
2021).

Land cover also has a great impact on flood control
and implications for flood risk management. Varied
responses to extreme precipitation events were
observed depending on the extent and density of
vegetation cover (Lana-Renault et al., 2014), with
longer runoff response times in more densely
vegetated catchments, and very short responses with
very steep rising limbs of the hydrographs (potentially
catastrophic) in sparsely vegetated catchments
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(Camarasa-Belmonte, 2016; Delrieu et al., 2005;
Lorenzo-Lacruz et al., 2019; Ortega & Garzon-Heydt,
2009).

In mountainous Mediterranean areas, where snow
accumulation during winter plays a vital role for water
availability during the dry season in the lowlands, it
has been observed that forests reduce beneath-
canopy snow accumulation (Lundquist et al., 2013],
resulting in the reduction of the annual peak of snow-
water equivalent and leading to earlier snowmelt
(Lopez-Moreno & Latron, 2008; Revuelto et al., 2016).

Increased irrigation is another LULCC responsible
for large-scale impacts on water availability, since
irrigation agriculture is the most water-demanding
economic sector in the Mediterranean region
(Lana-Renault et al., 2020), and usually involves
unsustainable land use practices (Fader et al., 2020).
The rainfed to irrigation conversion usually involves
a change to higher market value crops with greater
water requirements, like vegetables and orchards in
Tirkiye (Tanrivermis, 2003), or vegetables and citrus
fruits in Morocco and Spain (Bekkar et al., 2007).

Moreover, more frequent and abundant water supply
is significantly increasing crop evapotranspiration (up
to 20%) (Rodriguez-Diaz et al., 2011) and subsequent
water consumption (Molle & Tanouti, 2017). The
construction of huge reservoirs to feed irrigation
produces greater water surface areas, causing
increased evaporative losses (Martinez-Granados et
al., 2011). Increasing demand for irrigated agriculture
to stabilise market production and maintain food
security exacerbates the general increase in water
scarcity as a result of climate change (Iglesias et al.,
2012). Depending on the warming scenario (2°C or
5°CJ, the need for irrigation in the Mediterranean is
expected to rise by 4 to 18% by the end of the century.
Increases of 22-74% are possible due to population
growth and higher demand. However, it is not only
the irrigated agriculture sector that is expected to
increase its demand for an already strained resource.
By the 2050s, industrial water demand in the Balkans
and southern France is projected to increase by 50 to
100% (Forzieri et al., 2014).

The hydrological alterations caused by LULCCs are
correlated with water quality (Stefanidis et al., 2016)
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(Figure 2.5). Longer dry season flows concentrate
contaminants, allowing the accumulation of detritus,
algae, and plants, and fostering higher temperatures
and lower dissolved oxygen levels (Cooperetal., 2013).
Additionally, intensification of agricultural systems
in recent decades in many Mediterranean areas has
negative effects on water quality, particularly those
associated with intensive and heavily irrigated and
fertilised systems (Matono et al., 2019). In this regard,
irrigated agricultureis one of the major diffuse sources
of contamination of surface and groundwater bodies
(mainly from pesticides and fertilisers) (Darwish et
al., 2011; Martin-Queller et al., 2010; Re et al., 2014).
A major issue for future decades is the multiplication
of new contaminants from the active ingredients in
agricultural products, which can be found in surface
and groundwater bodies. The large number of these
compounds, but also the cost of analyses, may explain
the limited number of systematic surveys conducted
(Leduc et al., 2017).

Contrasting demographic trends have occurred in
the Mediterranean region over recent decades (see
Section 2.2.1), resulting inworsening of water security
in northern Africa, where the greatest population
growth has been seen. Moreover, both projected
population growth and precipitation decrease will
continue to threaten access to safe drinking water
and availability for agricultural supply (Scheffran &
Brauch, 2014). Inequalities in access to safe drinking
water will likely occur in northern Africa, especially
in Egypt and Morocco, where high water poverty
indices caused by climate change have an impact on
access to water as well as on social and economic
life (Schilling et al., 2012). Nevertheless, Morocco
has made significant efforts to improve water access,
achieving 100% and 98% coverage in urban and rural
areas, respectively, in 2021.

Population growth has led to rapid and intense
urbanisation processes, especially in coastal
areas (Cherif et al., 2020). The low-density urban
sprawl model characteristic of northern countries
has boosted water consumption. For example, in
Barcelona, water consumption of single households
is four times (100 | capita™ day™') that of compact
urban developments (multi-household residences])
(March & Sauri, 2010). Water consumption is even
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higher for single houses with gardens or swimming
pools, both common features of residential tourism
(Hof & Schmitt, 2011; Rico-Amoros et al., 2009).
Moreover, evaporative loss from swimming pools is
not negligible (i.e. 4.8 hm3 in 2015 in the Balearic
Islands; Hof etal., 2018). Tourism alone is responsible
for consuming 24% of total water resources in
Mediterranean tourism hotspots (Garcia et al,
2022). For example, in the Balearic Islands, water
consumption in hotels ranged from 500 litres per
guest and night in 3-star hotels to 700 litres in 5-star
hotels (Deya Tortella & Tirado, 2011). In Morocco,
differences between hotel categories are similar,
although the overall consumption is considerably
lower (300 litres per guest and night in 3-star hotels
and 500 litres in 5-star hotels). Leisure infrastructure
associated with this type of tourism model has led to
proliferation of golf courses in many coastal areas
of the Mediterranean region, especially in northern
countries. In southern and eastern countries, both
urbanisation and tourism growth are also expected
to increase water demand (Lana-Renault et al.,
2020). For instance, golf courses and tourist areas
near Agadir (Morocco) are expected to double by
2030 (Choukr-Allah et al., 2016).

Changes in dietary patterns generate crop strategy
shifts to satisfy the market’s demand for non-native
cereals (Vanham et al., 2016), vegetables and fruit
varieties that result in higher irrigation water
demand, also impacting water security (Bekkar et
al., 2007; Tanrivermis, 2003). The current diet in
most European Mediterranean countries is far from
the recommended Mediterranean diet, and a shift
towards it (smaller amounts of proteins and fats and
richer in fibre and micronutrients) would reduce the
consumptive water footprint. For example, in Spain,
this shift could lead to a reduction of approximately
750 litres per capita per day, based on data from the
2014-2015 reference period (Blas et al., 2019).

War in the Mediterranean has severe implications for
water availability and security. Armed conflicts often
result in the destruction of vital water infrastructure,
such as treatment plants and pipelines, leading to
water scarcity and contamination, which in turn
poses risks to clean drinking water access and
worsens food and economic insecurities (World
Bank, 2017). In a region with multiple riparian states
sharing critical water bodies like the Nile and Jordan
River, conflicts escalate tensions over water-sharing
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agreements, potentially resulting in instability and
disputes. Agriculture, being a major water consumer,
suffers from war-induced disruptions, leading to crop
failures and food shortages (Al-Mugdadi, 2022).

Population increases, particularly in coastal areas, and
increasing urbanisation and dietary changes, also affect
the quality of surface water and groundwater (high
concentrations of nutrients, suspended solids, inorganic
and organic chemicals, hydrocarbons, pesticides, heavy
metals, potential endocrine disruptors, micro and nano
plastics, microbial, etc.) (Chen et al., 2020; Garcia-Nieto
et al., 2018; Keshta et al., 2020; Papastergiadou et al.,
2010; Salhi et al., 2021). In the Po River, the largest
hydrological basin in Italy and the third tributary of
the Mediterranean semi-enclosed basin, nutrient
load projections for 2100 are strictly dependent on the
resident population, which is responsible for a 61 and
41% increase for nitrogen and phosphorus, respectively
(Copetti et al., 2013). Although sewage treatment plants
play a crucial role in maintaining water quality, untreated

wastewater discharges remain a challenge in the region
(Llamas-Dios et al., 2021; Perrin et al., 2014). The
Llobregat and Besds river basins (northeastern Spain)
which supply water to the city of Barcelona, receive
extensive urban, agricultural, and industrial wastewater
discharges. Different studies have investigated the
presence and effects of micropollutants, endocrine
disruptors, metals and persistent organic pollutants in
fish and invertebrates from these rivers (Barata et al.,,
2005; Fernandes et al., 2002; Solé et al., 2000; Teixidd
et al., 2001).

Climate change exacerbates the difference between
waterdemand andthe limited availability of renewable
water resources, especially for countries located in
the south and east of the Mediterranean Basin with a
growing economy and population (Cramer et al., 2018;
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Tramblay et al., 2020b). The effects of climate change
in terms of reduced precipitation and frequent droughts
have very negative effects on the availability of water
resources, but this effect will cascade, through a series
of interactions, onto the other WEFE nexus components
(Figure 2.6).

Climate change impacts rainfall variability and
infiltration rates directly affect groundwater recharge
and water quality (Al Atawneh et al., 2021; Barbieri
et al., 2023; Green et al., 2011). In countries with arid
and semi-arid climates, groundwater resources
are used more intensively to supplement water
use in water supply and irrigation as an adaptation
measure to climate-induced water scarcity (Iglesias
et al, 2007; Kuper et al., 2017], leading, over an
extended period of time, to a drop in groundwater
levels in the Mediterranean [Hssaisoune et al.,
2020; Schilling et al., 2020; Xanke & Liesch, 2022)
(Figure 2.7). This, in turn, results, in the long term, in
higher pumping water costs which can in turn reduce
crop yields (Aw-Hassan et al., 2014). The reduction of
the supply of local crops can lead to a higher demand
for crops, hence affecting agricultural commodity prices
and jeopardising food security (Dalin et al., 2019).

Inaddition, the consumptionof non-renewable energy
for irrigation leads to increased GHG emissions and

in the Mediterranean region

carbon footprint in agricultural production (Daccache
et al.,, 2014). In the case of some vulnerable
environments, declining groundwater resources may
also lead to a loss of ecosystem services (Bangash
et al., 2013; Terrado et al., 2014). This vicious circle
can be observed, for example, in the case of oasis
ecosystems in southern Mediterranean countries,
which have been strongly affected by climate change
(Haj-Amor et al., 2020).

The decrease in aquifer recharge could also affect
water quality, as a low recharge rate leads to an
increase in water salinity (Hssaisoune et al., 2020;
Mastrocicco et al., 2021; Velis et al., 2017), which
can limit water uses, including in ecosystem
services (Kath et al., 2015). In the case of coastal
aquifers, overexploitation of groundwater can
cause saltwater intrusion, which has even more
negative consequences on water quality and
can make resources unusable for irrigation and
domestic use. Farmers are then compelled to
abandon their wells, thus significantly reducing
agricultural production (Agoubi, 2021; de Filippis et
al., 2016; Mastrocicco & Colombani, 2021; Mazi et
al., 2014). Saltwater intrusion can also be caused
or exacerbated by sea level rise, another impact of
climate change (Pisinaras et al., 2021; Sefelnasr &
Sherif, 2014).
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In many Mediterranean countries a significant portion
of the national energy mix is provided by hydropower
plants that depend on water flows in rivers. Climate
impacts on decreasing water availability - and altered
periods of water availability — will cause hydropower
plants to reduce their electricity production and affect
their efficiency (Turner et al., 2017), which will also
affect electricity prices (van Vlietetal., 2013) and thus,
energy security. Water availability for hydropower
generation is further threatened by the expected
increase in extreme events such as droughts and
heatwaves, and by competition from the agricultural
sector (Fortes et al., 2022). Climate impacts on water
availability can have other significant effects on the
energy sector, especiallyin cooling and the production
of steam in thermal power plants, and in cooling
for nuclear power plants. According to IAEA (2022),
87% of global electricity generated from thermal,
nuclear, and hydroelectric systems directly depended
on water availability in the year 2020. Moreover, the
IEA (2021) indicates that one-third of thermal power
plants that rely on freshwater availability for cooling
are located in areas of high water stress. This is also
the case for 15% of existing nuclear power plants,
a share that is expected to increase to 25% in the
next 20 years. Furthermore, 11% of hydroelectric
capacity is also located in areas of high water stress.
Approximately 26% of existing hydropower dams
and 23% of projected dams are in river basins that
currently have a medium to very high risk of water
scarcity. Looking at the Mediterranean region, the
IEA analysis suggests that most oil refineries and
thermal power plants are located in areas of high
water stress.

The Mediterranean Basin is recognised as a
freshwater biodiversity hotspot (Filipe et al., 2013),
and inland waters, such as wetlands and riparian
ecosystems, are among the most biodiverse areas in
the Mediterranean, and play a key role in the global
carbon budget. They also provide a wide range of
ecosystem goods [(e.g. food, drinking water] and
services (e.g. water purification, climate regulation,
flood regulation, coastal protection, etc.), which
greatly benefit human well-being. The functionality
of these systems relies heavily on water levels, and
any alterations in the hydrological cycle, as a result
of climate change, can significantly impact their
structure and operation (Zaimes, 2020). Under future
climate change projections, the Mediterranean Basin
is one of the most vulnerable sites in this regard

(Lefebvre etal., 2019; Xi et al., 2021). Climate change-
related impacts on water reserves in wetlands
and riparian ecosystems can lead to significant
biodiversity loss, among other effects (Figure 2.6).
The effects induced by water changes will lead to the
worsening of ecological conditions, particularly for
aquatic biota. They are sensitive to changes in water
level, water quality, and disturbances. An increase in
drought frequency is expected to affect inland water
characteristics, and therefore reduce their suitability
for aquatic biota. Additionally, inland waters
represent isolated environments, limiting their
ability to explore new habitats during unfavourable
environmental conditions (Carosi, 2022). Changes
in the hydrological cycle from climate change can
also cause habitat loss for rich and dynamic riparian
plant communities, which differ and are more diverse
than those of temperate riparian areas (Zaimes,
2020). Mediterranean wetlands are also important
migratory corridors and foraging hotspots. However,
if water reserves decrease, it could severely damage
the flyways between Africa and Eurasia, putting
vulnerable waterbird populations at risk of decline
during long-distance migration (Xi et al., 2021). The
adverse effects on the goods and services provided
by inland waters from reducing water reserves may
also lead to potential loss of income. For instance,
the tourism sector may suffer from such impacts
(Molina-Navarro et al., 2014), and fishing and other
related food provision sectors may also be adversely
affected by the alteration of these fragile ecosystems.

2.3 The WEFE cascade from the food change
perspective

Growing food demand linked to population growth
and lifestyle changes (e.g. dietary change), under
the combined pressure of climate change and
urbanisation, increases dependency on food
imports, making people more vulnerable to food
prices. International trade largely contributes to
food security in the Middle East and North African
countries (Baer-Nawrocka & Sadowski, 2019).
There are substantial differences in terms of food
security between Southern Europe and North Africa.
In both cases there are significant examples of very
intensive agricultural systems but, in the latter case,
agroecosystems are highly limited by the Sahara,
leading to heavy exploitation of agricultural lands.
Yet, contextual factors, such as population size, land
area, employment in agriculture and precipitation,
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L % Agriculture | Employment | Mean Population Human
and area : % Forest : S : S
c S Agricultural (% of gross | in precipitation | size (million | development
ountry (million sq land land lue added icult ( o lei ind K
km) an (2018) value added | agriculture mm yr people in index ran
(2018) in 2020) (in 2020) 1986-2016) | 2020) (2020)
Algeria 2.381 17.4 0.8 124 9.7 82 b 9
Egypt 1.002 3.9 0.1 11.5 23.3 3 102 116
France 0.551 523 3.2 1.8 24 839 65 26
Italy 0.302 4.7 31.8 2.2 3.0 94 60 29
Lebanon 0.01 64.3 13.9 3.3 13.4 536 6.8 92
Libya 1.676 8.7 0.1 0.9 18.8 42 6.9 105
Morocco 0.447 67.4 12.8 13.9 34.1 302 37 7
Spain 0.506 b2.4 37.2 31 40 597 47 25
Syria 0.185 75.8 28 20.6 105 275 18 151
Tunisia 0.164 62.7 kb 10.4 127 266 12 95

Table 2.1 | Examples of socio-economic and agronomic characteristics for some Mediterranean countries

that can determine actions for food security.
Source: Bioversity International (2022).

need to be considered when assessing the capacity
of countries to develop actions for food security
(Table 2.1).

Overall, climate change poses threats to food security
in the Mediterranean region through impacts on
food availability, access, and quality (Figure 2.8). It
is expected that these pressures will be different
across the region and its production sectors,
creating further regional imbalances (Mrabet et al.,
2020). In most Mediterranean countries, agricultural
lands are arid and semi-arid, and crop productivity
is highly susceptible to climate change. Climate
change, and other stress factors, will likely decrease
agricultural production (crops, fish, and livestock] in
many areas due to reduced water availability and heat
stress, making the region sensitive to food imports
(Scheffran, 2020). A 17% reduction in agricultural
productivity is expected in the Mediterranean
(Mrabet et al., 2020), down to 9% in Southern Europe,
taking into account autonomous adaptation actions
(Kebede et al., 2021). Climate change also causes
irregularities in the raw materials supply chain for

crop production, leading to economic uncertainty
and social insecurity (Petrovi¢ et al., 2023). In the
Delta region in Egypt, extreme hydrological events
like sea level rise caused by climate change may
negatively affect crops and animals and cause
deterioration of arable land productivity. These
impacts will also be triggered by extreme weather
events in the form of unexpected changes in the
seasonality of temperature and precipitation, that
affect the seasonality of crops.

With regard to crops, drought, heatwaves, frost or
heavy rainfall during critical phenological stages may
bring unexpected losses due to crop diseases, yield
reductions and increased yield variability (Cramer
et al., 2018) for many crops. Warming, associated
changes in the phenological cycle, heat stress
around flowering, and a lack of chilling accumulation,
together with a change to pest infestation risks
and increased risk of diseases will affect olives,
grapevines, and fruit trees (Ponti et al., 2014). Yield
losses in the Mediterranean region are projected
at 5.4% for grapes, 14.9% for olives and 27.2% for
almonds under a relatively hot and dry scenario (by
2041-2070) (Bezner Kerr et al., 2022). Fruit quality
for high-quality wines will also be impacted (Cardell
etal., 2019; Fraga et al., 2016, 2020a; Lazoglou et al.,
2018; Resco et al., 2016). Furthermore, decreased




yield in cereals is caused by inadequate precipitation
that affects plant development and shortens the
grain-filling period (0zdogan, 2011) (Table 2.2).
For vegetables such as tomatoes, projected yield
reductions by 2050 vary between 18 and 81%
depending on the availability of water for irrigation
(Saadi et al., 2015). However, climate change can also
have positive yield impacts for particular crops in
some areas (e.g. wheatin Sardinia, Bassu etal., 2009).
Sea level rise, combined with land subsidence, may
significantly reduce the area available for agriculture
in some areas, especially in productive delta regions
such as the Nile delta (Link et al., 2013). The critical
role played by agrobiodiversity in ensuring food is
also threatened by climate change, especially in arid
and semi-arid areas. Agrobiodiversity destabilisation
by climate change affects plants, animals, and
microorganisms used for food and other ecosystem
services. Mycotoxins can also impact food availability
and quality (Medina et al., 2017). The emerging issue
of potential aflatoxin contamination of corn, almond,
and pistachio crops is occurring in areas of Southern
Europe due to the subtropical climate (EFSA, 2008).
A shift in traditional occurrence areas for aflatoxins
is to be expected, with more prevalent contamination
during heatwaves and drought, which may stress
the host plant, facilitating infection and leading to
potential food safety issues in the Mediterranean
(Battilani et al., 2016; Moretti et al., 2019).

For livestock production, impacts depend on whether
the production system is intensive or extensive
(Rivera-Ferre et al, 2016). Intensive farming
systems will be mostly impacted by a decrease in
feed crop availability or impacts on infrastructure
and animal buildings. Extensive systems will suffer
from a reduction of pasture, heat stress, fertility
rates, etc. (Bezner Kerr et al., 2022]). The magnitude
of impacts depends on animal species, breeds,
geographical location, and adaptive capacity. Goats,
and particularly dairy farming based on indigenous
breeds, are less affected by heat stress associated
with climate change (Silanikove & Koluman (Darcan),
2015). Generally, direct impacts on animals arise
from changes in behaviour, physiology, and health.
Indirect impacts are due to lower feed quality and
availability, and inappropriate feed composition. By
2050, the abundance and distribution of palatable
plant species for grazing animals will be reduced
due to climate change and increased grazing
pressure (Louhaichi et al., 2019). Generally, besides

decreased appetite, extreme heat stress reduces
digestion efficiency and assimilation of feed and
therefore leads to reduced growth rates, beef, milk,
and egg production (Goma & Phillips, 2022). Overall,
heat stress alters production and reproduction
performance for all animal species, irrespective of
the breed and production system. Local breeds are
more adapted to heat stress than pure breeds, but
they are nevertheless sensitive to it. In dairy animals,
an increase in the temperature-humidity index of one
unit over 69 decreases milk production by 0.41 kg per
cow per day (Goma & Phillips, 2021). Heat stress also
negatively impacts milk quality (Yerou et al., 2019).
Key milk quality attributes significantly reduced by
heat stress include protein content, butyrate, and
total dry matter (Bernabucci et al., 2014). Moreover,
extreme temperatures alternate the estrus cycle and
may cause premature parturition (Goma & Phillips,
2022) and death in situations where animals fail
to tolerate heat. In Syria, climate change caused a
reduction of goat and sheep herds from -3.3 to -9.0%
annually between 1999 and 2001 (Breisinger et al.,
2011). By contrast, in other countries like Algeria,
climate change could facilitate the expansion
of farming alternative species, such as camels
(Boudalia et al., 2023).

Oceans and Mediterranean Sea warming and
acidification are among the most important
factors impacting fisheries, with more than 20% of
exploited fish and marine invertebrates expected to
become locally extinct around 2050 in the Eastern
Mediterranean due to climate change (Cramer et al.,
2018). Projections for 2041-2060 are that 25 species
would qualify for the International Union for the
Conservation of Nature and Natural Resources (IUCN]
Red List, and six species would be extinct. By 2070-
2099, 45 species are expected to qualify for the IUCN
Red List whereas 14 are expected to be extinct (Ben
Rais Lasram et al., 2010). Changes in temperature
have reduced fishery landings (on average by 44%)
for around 70% of the 59 most abundant commercial
fish between 1985 and 2008, although increases were
also found - mostly for species with short lifespans.
For six out of eight of the fish species examined,
catch per unit of effort is correlated with temperature
(Tzanatos et al., 2014). In Tirkiye, the fishing sector’s
high sensitivity to climatic stressors (temperature
and storms) negatively affected its economic
performance between 2018 and 2019. The rise in
sea level and sea temperature affected survival
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Table 2.2 | Expected yield variation of certain crops in the Mediterranean under future climate scenarios.
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Figure 2.8 | Main impacts of climate change on food security.

of marine species (Gomez Murciano et al., 2021).
In Italy, however, the temporal dynamics of total
landings seem mostly driven by changes in fishing
effort rather than by climatic factors (Fortibuoni et
al., 2015), which illustrates the complex interactions
in place between climate change and fishing effort.

Climate change is expected to impact aquaculture
through an increase in temperature, eutrophication
and harmful algae blooms, extreme events and
water stress, sea level rise, acidification, and
bacterial, viral, and parasitic fish diseases. Impacts
of warming on aquaculture will depend on the
production system, farmed species and country/
region (Rosa et al., 2012]. Disease outbreaks for the
three main fish species farmed in the Mediterranean
are expected to increase due to higher water
temperatures (Cascarano et al., 2021) (Figure 2.8).

Climate change is projected to also have severe
impacts on rural livelihoods and farmers across
the entire Mediterranean Basin. In the MENA
region, it is estimated that rural livelihoods
dependent on (declining) agricultural productivity
will likely continue to contribute to migration
flows, often to urban areas, and will also increase
import dependency and therefore vulnerability to
agricultural impacts well beyond country borders
(Kjellstrom et al., 2009; Waha et al., 2017). Also,
migration resulting in loss of agricultural labour

could heavily impact exploitation of female labour
in some countries of the Mediterranean Basin,
both in the South (Medland, 2021) and in the North
(Corrado et al., 2017). In Tunisia, the incapacity
of farmers to adapt their cropping systems to
soil salinity and water stress saw income drop
by 45% (Souissi et al., 2018). In Morocco, climate
change leads to recurrent and extreme droughts
causing social inequality due to loss of animals
and fodder, since pastoralism provides 38% of
the jobs to the community (Schilling et al., 2012).
Changes in temperature, together with other
variables such as humidity, wind speed and solar
exposure, also influence heat stress and reduce
labour productivity. This is particularly relevant
for outdoor activities such as agriculture. In
Mediterranean Europe, it is expected that in the
2080s there could be 50 to 60 additional days
of heat leading to heat stress, with an average
associated labour productivity loss of 3%
(Szewczyk et al., 2021). Climate variability poses
a “contingent liability” to the economy since it
affects livestock survival and production of critical
food security crops, and consequently affects the
agricultural trade balance (Verner et al., 2018).
The combination of crop yield and agricultural
labour productivity losses due to heat stress is
particularly severe in the MENA region, which is
also particularly vulnerable to associated higher
import prices (de Lima et al., 2021).



Drivers of change and their impacts on the WEFE nexus

Mediterranean food systems are seriously affected by
air, soil, and water pollution. The Mediterranean Basin
can be considered an air pollution hotspot in terms of
decreased air quality. The most widespread pollutant
in the Mediterranean region, and the most studied and
damaging for crops is ozone (0s) (Cotrozzi et al., 2018;
Kalabokas et al., 2023). Nevertheless, the long-term
monitoring of ozone impacts on crops has been limited
because of their usual annual growth cycle. Exposure
to high levels of tropospheric ozone can result in
phytotoxic effects, affecting yields and product quality.
As such, visible injury has been reported with several
sensitive crop species, causing 17-39% yield loss in
crops such as wheat, bean, watermelon, and tomato
(Fumagalli et al., 2001; Gonzalez-Fernandez et al,,
2014), and 0-20% commercial biomass loss in spinach
and Swiss chard (Gonzalez-Fernandez et al., 2016).
With regard to grapes, traditionally cultivated in the
Mediterranean region, ozone exposure can affect
both the yield and quality (Blanco-Ward et al., 2021).
Nevertheless, it should be highlighted that the predicted
effects based on a model may be overestimating
impacts on Mediterranean environments since most
physiological mechanisms activated upon ozone
exposure, such as stomatal closure, often interact with
those triggered by drought and hyperosmotic stress,
which are typical of these environments (Fagnano et al.,
2009). On the other hand, although the Mediterranean
area is among the least studied regions in terms of
the potential impacts of nitrogen (N] as a pollutant,
there is growing concern that natural systems limited
by N availability are being affected by enhanced N
deposition from the atmosphere. Decoupling of the
peaks of N availability derived from the solubilisation
of summer-deposited N with the onset of autumnal
rains and the peaks of nutrient demand by plants in the
spring makes Mediterranean systems more vulnerable
to indirect effects of N deposition (Cotrozzi et al., 2018).
Finally, special attention should also be paid to potential
contamination from heavy metals due to atmospheric
pollution in high-traffic areas, since urban agriculture
is on the rise (Ercilla-Montserrat et al., 2018). In any
case, air pollution can not only affect plant growth but
also shift the market equilibrium of both agro-inputs
and -outputs, indirectly affecting food security (Sun et
al., 2017).

Soil pollution is also extremely important. This can
reduce crop yields due to toxic levels of contaminants

in the Mediterranean region

and make foods unsuitable for human consumption
(Rodriguez Eugenio et al., 2018). In particular, excess
heavy metals (such as arsenic, cadmium, lead, and
mercury) in soils can impair plant metabolism,
decreasing crop productivity and affecting pasture,
before entering the food chain and becoming a hazard
(Boudebbouz et al., 2023; Zergui et al., 2023). Local
soil properties mean that the Mediterranean area is
very sensitive to cadmium accumulation (de Vries et
al.,, 2022). Compared to metals, organic contaminants
(such as dioxins, furans, and per- and polyfluoroalkyl
substances (PFAS)) are less present in soils, localised
around industrial or urban centres. Other important
pollutants in soils are nutrients and pesticides,
which, when applied in excess, negatively affect yields
(Rodriguez Eugenio et al., 2018). In addition, pollution
derived from solid waste could threaten food production
and security by negatively affecting soil, groundwater
and surface water and crops, leading to increased
health concerns for livestock, aquatic life, and humans
(Chen & Chen, 2021).

Water pollution has historically impacted food
safety, and today, specific attention is paid to
seafood contamination. Mediterranean marine
ecosystems present an idiosyncratic combination
of characteristics, which make them sensitive
to pollution (e.g. high temperatures, microtidal
regime, oligotrophy, coastal morphology,
biodiversity, anthropogenic pressure, etc.). Sewage
and oil still pose the most significant and obvious
problems (Danovaro, 2003). Different types of
priority contaminants (heavy metals, toxic metals,
organophosphate esters, polychlorinated biphenyls,
polybrominated diphenyl ethers and polycyclic
aromatic hydrocarbons) have been found in several
food species (swordfish, bluefin tuna, sardine,
anchovy, sardinella, and European hake) around the
Mediterranean Sea (Anastasopoulou & Fortibuoni,
2019; Bencheikh et al., 2022; Harmelin-Vivien
et al., 2012; Sala et al., 2022; Signa et al., 2017;
Storelli et al., 2005). Of the wide range of pollutants
contaminating the aquatic environment, heavy
metals have been a major focus, mainly mercury,
lead, cadmium, and arsenic. Before the prohibition
of industrial wastewater being drained into the Nile
was strictly applied, arsenic was found at higher
levels among people consuming fishes more than
twice a week, as well as among smokers (Saad
& Hassanien, 2001). As for mercury levels, of 58
different species for human consumption from the




western Mediterranean Sea, only thirteen species do
not exceed EU thresholds for human consumption
(0.5 ug g”' ww]) (Capodiferro et al., 2022). On the other
hand, it is well known that plastics, microplastics,
and nanoplastics threaten marine life by physical
damage but also by chemical pollution from the
plastic additives (e.g. plasticisers, flame retardants
and colour pigments) or other adsorbed chemicals
(Schmidt et al., 2018). Microplastics, in particular,
can pose risks by entering the food web (Gedik &
Eryasar, 2020). 41% of all fish collected along the
Mediterranean coast of Tirkiye have microplastic
in their intestines and 58% in either stomach and/
or intestines [(Given et al.,, 2017). Additionally,
increasing evidence exists that emerging pollutants
such as pharmaceuticals and endocrine-disrupting
compounds can be bioaccumulated by aquatic
organisms (Ruhi et al., 2016). Novel substances with
biological activity may have synergistic effects with
classical pollutants. Biomagnification patterns along
the hake food web differ by contaminants due to their
physicochemical properties (Harmelin-Vivien et al.,
2012). Chronic exposure to multiple pollutants affects
aquatic organisms, even at low concentrations,
explaining the deterioration of fish health and
fishery production decline along the Mediterranean
coastline (Bencheikh et al., 2022). Nevertheless, the
human health risk associated with consuming these
fish species should be analysed for each compound
and species, since some pollutants do not pose a
significant threat to public health (Sala et al., 2022).

The adoption of modern lifestyles in agriculture
and food has also led to major transformations
in traditional agriculture characterised by the
promotion of agricultural industrialisation and
international trade, and changes in diets involving
more consumption of animal protein and ultra-
processed food. In fact, food production and
consumption patterns are amongst the vital drivers
of environmental degradation (Capone et al.,
2014) and agrobiodiversity deterioration in the
Mediterranean.

Industrialisation, urbanisation, and demographic
changes together with political and environmental
drivers are the main factors for agricultural land
use change in the Mediterranean (Figure 2.9).

Social and demographic drivers are shown to
be particularly relevant for abandonment, which
is frequently associated with intensification
processes. Intensification dynamics are driven
mainly by economic factors, which particularly
affect annual crop production (Debolini et al., 2018).
The industrialisation of agriculture that occurred
worldwide during the 20th century aimed at
increasingagriculturalproductiontoensurethesupply
of food to the increasing population and to increase
agricultural trade worldwide. During this period,
countries in the Mediterranean Basin increasingly
specialised in Mediterranean agricultural products
for export (Duarte et al., 2021). It also had negative
consequences, destroying agricultural employment
and causing a loss of profitability for agricultural
activity, the overexploitation of hydric resources,
water pollution by nitrates and pesticides, high
erosion rates, losses of soil organic carbon and
an alarming loss of biodiversity. In the immediate
future, this damage is expected to end up reducing
production capacity (Aguilera et al., 2018; Gonzalez
de Molina et al., 2020; Harchaoui & Chatzimpiros,
2019; Vila-Traver et al., 2021). The intense expansion
of Mediterranean virtual water exports between
1910 and 2010 that accompanied the construction
of water infrastructure and enabled water-intensive
crops to be grown in arid regions has exacerbated
blue water stress (Duarte et al., 2021). The fertiliser
consumption indicator gives an idea of the level of
intensification of agricultural production. In the
period between 2002 and 2009, average fertiliser
consumption in 21 Mediterranean countries was
188 kg ha™', higher than the worldwide average
(116 kg ha™' of arable land). Over the same period,
average fertiliser consumption in the MENA
countries (91 kg ha') was lower than the level of
fertiliser consumption in the Mediterranean Euro
area (180 kg ha™') and Mediterranean EU countries
(156 kg ha™") (Lacirignola et al., 2014).

In the Southern Mediterranean, industrialisation
of agriculture has often been accompanied by the
developmentof exportagriculture. In Morocco, export-
oriented and industrialised agriculture contributes
to 15 to 20% of its Gross Domestic Product (GDP).
This change has transformed the nature of labour in
agriculture, with the marginalised rural population
being contracted as wage labourers (Bouchelkha,
2016). In Algeria, the agricultural sector plays an
important economic role: in 2020 it contributed to
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Figure 2.9 | Land and farming system dynamics in the Mediterranean.

Source: Debolini et al. (2018).

12.4% of the country’'s GDP and employed directly
and indirectly around 13 million people. Yet, its
agricultural area is prone to urban sprawl as a result
of the growth of cities (Bellout et al., 2020).

Increasing urbanisation and industrialisation have
also led to changes on the demand side, shifting food
consumption patterns towards Western-style diets,
characterised for being rich in energy and animal
protein, and also linked to high levels of food waste.
This nutritiontransition has resultedin lowadherence
to the Mediterranean diet across the region (Grosso
et al.,, 2014; Kyriacou et al., 2015; Marventano et
al., 2018; Naja et al., 2019) with severe impacts on
both human and ecosystem health. Dietary changes
towards Western-style industrialised diets have
been identified as drivers of the region’s ecological
deficit, including increased GHG emissions, changes
in land use, energy use and water use. In Lebanon,
dietary shifts towards diets with high environmental
footprints among adolescents have been reported
(Naja et al., 2020). An analysis of the ecological
footprint (EFC) of consumed food in Mediterranean
countries, i.e. the amount of land required to sustain
their food consumption, showed the highest per
capita values for Portugal, Malta and Greece (1.50,

1.25 and 1.22 global hectares (ghal, respectively),
while Slovenia, Egypt and Israel had the lowest (0.63,
0.64 and 0.79 gha, respectively). All in all, results
show that all Mediterranean countries, except
France, rely on the biocapacity of foreign countries to
satisfy their residents’ demand for food (Galli et al.,
2017, Figure 2.10).

In general terms, the EFC in the Mediterranean is
always higher than the EF of production, except
for the case of Serbia (data for 2007; Figure 2.11a).
Between 1961 and 2007, the ecological footprint
per capita in the Mediterranean increased except
in Albania, Jordan and Morocco, while biocapacity
decreased, generating an ecological deficit. On
average, the ecological footprint has increased
by 47.4% while the biocapacity has decreased by
36.4%. The average ecological footprint in northern
Mediterranean countries is at least 1.5 times the
ecological footprint of MENA countries (Lacirignola
et al., 2014, Figure 2.11b).

The Mediterranean food system is a traditional food
system favoured by Mediterranean agroclimatic
conditions, that involves commonly extensive, low-
input farming, based on traditional knowledge
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Source: Galli et al. (2017).

and using predominantly indigenous breeds, local
crop varieties and wild foods. This has allowed the
Mediterranean to be considered one of the world’s
eight “centres of origin”, i.e. geographical areas
where today’s crops originated, and where, as a
result, crop genetic diversity for wheats, barleys,
forage plants, vegetables, fruits, spices, and
ethereal oil plants, among others, is exceptionally
high (Bioversity International, 2022). These plants
have developed resilience traits that enable them
to cope with the Mediterranean region’s hot and
dry summers. Agrobiodiversity Index status scores
across ten Mediterranean countries as compared
to global agrobiodiversity trends show that
agrobiodiversity is well represented in some parts
of Mediterranean food systems at the consumption
level, indicating a high diversity of food contributing
to healthy diets in markets and consumption.
However, in production, the Mediterranean average
is well below the global average, suggesting that
production systems lack diversity (Bioversity

International, 2022). Food systems in Mediterranean
countries have undergone deep transformation away
from the sustainable and healthy patterns that were
predominant in the region until the mid-1960s. This
transformation is evident across the whole food
chain, from production to consumption, and has led
to the erosion of a cultural heritage that maintained
a sustainable balance between land and resource
use, ecosystem conservation and healthy nutritional
status. The industrialisation of agriculture and diets
has significantly contributed to agrobiodiversity loss
in the Mediterranean. Agricultural intensification
has been shown to erode taxonomic and functional
diversity in Mediterranean olive groves (Tarifa et
al., 2021). Moreover, the erosion of Mediterranean
food culture is accompanied by erosion of the plant
and animal genetic diversity that characterises it,
since the Mediterranean diet has also been linked
with agrobiodiversity conservation (Renna et al,,
2021). Agrobiodiversity loss from climate change,
globalisation trends and urbanisation negatively
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Figure 2.11 | a) Global hectares per capita (i.e. biocapacity), carbon footprint (CF) and ecological footprint
(EF) of the production and consumption of food in the Mediterranean; b) Evolution of the EF and biocapacity
in the Mediterranean countries from 1961 to 2007 (data shows change between 1992 and 2007).

Source: Lacirignola et al. (2014).

affects the livelihoods of populations inhabiting
the region. Shrinking agrobiodiversity levels make
farmers more vulnerable to climate risks in the
Mediterranean, since less diversity in farming
systems translates into reduced options for coping
with change. Also, losing this diversity undermines
the very survival of the Mediterranean diet and an
opportunity to build a sustainable food system in the
region. Transitioning back to the Mediterranean diet,
including wild foods with high nutrition content, could
contribute to counteracting the effects of climate
change, malnutrition and biodiversity loss that are
jeopardising food security in the region (Bioversity
International, 2022; Borelli et al., 2022) (Figure 2.12).

Industrialisation of agriculture is also linked to
increased food loss and waste. With regard to
resources wasted associated to food loss and waste
in the Mediterranean, Laricignola et al. (2014)

estimated that from 294 (Palestinian territories)
to 706 m® capita™ yr' (Portugal) of water is lost or
wasted by Mediterranean people.

The war in Ukraine has had a clear impact on food
availability and access across the Mediterranean,
especially for those that rely on food imports, such
as in the MENA region (Al-Saidi, 2023; Ben Hassen
& El Bilali, 2022). In 2021, the Russian Federation
and Ukraine together accounted for about 75% of
the total wheat and wheat flour imports of Egypt and
Lebanon, close to 40% in Tunisia, more than 30% in
Jordan and around 20% in Morocco. In the southern
and eastern Mediterranean group of countries,
the proportion of imports to domestic availability
of calories ranges from 37% (Morocco) to 84%
(Jordan) (Rauschendorfer & Krivonos, 2022). The
Russo-Ukrainian war impacts food security not only
through disruption to food markets, but also to the
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Figure 2.12 | Risks associated with low agro-
biodiversity levels.
Source: modified from Bioversity International (2022).

fertiliser market, which may affect both food price
and availability (Ben Hassen & EL Bilali, 2022). The
combined effects of war and climate change (e.g.
droughts in Morocco) are also extremely relevant
(Rauschendorfer & Krivonos, 2022). The climate-
conflict link in Syria has also been examined for the
2006-2009 drought conceived of as a four-stage
process, with various levels of scientific evidence
and consensus existing for each stage: (1) climate
change leading to the heavy 2006-2009 drought; (2)
massive loss of agricultural livelihoods, significantly
attributable to the drought; (3) massive rural-to-
urban migration triggered by livelihood loss in
combination with other factors; and (4) migration
intensifying existing grievances and facilitating
the onset of protests and the subsequent civil war
(possible, but little knowledge exists) (Ide, 2018).
Prolonged violence may also reduce the resilience
capacity of households necessary to resist
food insecurity, as observed in Gaza during the
escalation of violence in 2014 (Brick et al., 2019).
In that territory, the experience of food insecurity

is associated with an approximate one-point
reduction in dietary diversity as measured by food
consumption score (Lin et al., 2022). The impact of
the 2023 war on food security in the area cannot be
assessed in this report due to lack of data at the
time of the assessment. In sum, the high impact of
war and conflicts on food security, combined with
the significant dependence of many countries on
food imports, unstable money exchange values,
increasing trade uncertainty and future pandemics,
is increasing the number of studies using a nexus
approach to analyse the capability of countries to
increase their food self-sufficiency, combining
changes in food production and consumption, like
Egypt (Fahim et al.,, 2013), France (Billen et al,,
2018), Lebanon (Daher et al., 2022), Spain (Aguilera
& Rivera Ferre, 2022), and South-East Europe
(Brankov et al., 2021).

In the Mediterranean region, the effects of climate
change are severely affecting the sustainable
utilisation of resourcesto sustain human livelihoods.
Climate change impacts on agricultural yield and
therefore on food security, which can result in a
series of cascading effects on other WEFE
components, are mediated by the diversity of
responses available to address the impacts of
climate change (Figure 2.13). Cascading effects
from food can be mediated by production (supply)
and consumption ([demand) trends. To produce food,
agriculture requires indispensable resources like
energy, soil, water, and then, of course, farmers.
Food production also alters ecosystems, and it
is expected to be the primary factor influencing
Europe’s future landscape changes (Kebede et al.,,
2021). The allocation of agricultural land and land
use is frequently influenced by intricate cross-
sectoral interactions that have cascading effects
on other sectors, including forestry, biodiversity,
energy, and water. Sustaining current levels
of food production could be achievable under
several climate and socio-economic scenarios,
with strong impacts on biodiversity and water,
particularly in Mediterranean Europe, where water
stress is projected to increase by 26% in Southern
Europe and 32% in Eastern Europe (Kebede et
al., 2021). This raises questions about the long-
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term sustainability of current production and
consumption policies (Funes et al., 2021). Actions
aimed at increasing agricultural yield through
business—-as-usual responses, such as increased
irrigation or use of synthetic chemical fertilisers,
can negatively impact water security, energy
security and ecosystem health through a diversity
of pathways. From a food perspective, reduced
agricultural productivity due to climate change
leads to an increase in water demand for irrigation,
with impacts on water availability and ecosystem
health through salinisation or changes in land
use to expand the agricultural area and increase
energy demand, also affecting ecosystems. In parts
of Southern Europe, salinisation, which may result
from drought and an increase in irrigation (see
Section 2.2.1), is indeed a major problem. Soils in
large areas of Spain and some regions of Greece
and ltaly are already salinised (Scheffran & Brauch,
2014). The degradation of ecosystems further
affects soil quality and moisture, carbon cycle and
local climate. Self-reinforcing consequences are
lower air humidity and less precipitation. If this
trend continues, it can lead to desertification, with
land then being lost for future agricultural use
(Scheffran & Brauch, 2014). In addition, agriculture
depends on expensive external non-renewable
energy inputs, which are imported. Currently, over

0.5 units of non-renewable energy produces a
unit of crop energy. Moreover, in northern
Mediterranean countries, the intensity of non-
renewable energy is slowly declining (Aguilera et
al., 2020). Increased food transportation to satisfy
food security through imports raises energy
demand and dependency, as wellas GHG emissions.
Globally, post-farm emissions contribute 5-10% of
global GHG emissions (Mbow et al., 2019).

Cascading effects also arise from indirect drivers
of change in food systems, such as population
growth or lifestyle changes, and in particular,
increased consumption of animal-based products
associated with the promotion of industrialised
systems (Figure 2.14). Production of large-scale
industrial animal protein to satisfy current demand
requires the cultivation of cereals and leguminous
crops in third countries (Garrett & Rueda, 2019).
Cultivation of feed crops for animal production
in the Mediterranean is leading to deforestation
in some countries in Latin America (Martinez-
Valderrama et al., 2021). Deforestation increases
CO2 emissions, destroys ecosystems, and reduces
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biodiversity. Deforestation also means less land
for food crops for humans or alternative uses. For
example, Spain’s current food demand requires
cultivation of 6 Mha in other countries, of which 5
Mha is for animal production (feed crops or pasture)
(Aguilera & Rivera Ferre, 2022). In addition, the
production of feed crops in deforested land has the
same impacts on WEFE as those described above.
Breeding more animals, particularly ruminants,
also increases direct GHG emissions in the form
of methane. With monogastric species, GHG
emissions mainly occur indirectly, both upstream
(e.g. production of feed) and downstream [e.g.

Intensive livestock production systems and

On the basis of some intensive industrial farms in the

Mediterranean, these farming systems, particularly for

monogastric species, are characterised as:

¢ Being energy dependent

* Having external feedstock demand with a high energy cost
i.e. transport or synthetic fertiliser)

¢ Having enhanced reactive N losses into the environment -
air (ammonia) and water pollution (nitrates) - with impacts
on ecosystems

* Having increased GHG emissions, mostly indirect (upstream)
due to land use change (impact on ecosystem health)

These livestock production systems are mostly focused on
the export market (Figure 2.15). Nevertheless, they rely on

throughammoniavolatilised and furtherdeposited).
Furthermore, regions with over-abundant N have
been identified in the region, mainly in EU countries
where intensive livestock and cropping systems
exist (e.g. Sanz-Cobena et al., 2023). Increasing
amounts of reactive N entering these systems as N
fertilisers and animal manures are triggering the
emission of reactive N into the atmosphere, as well
as into soil and water bodies, in the form of the air
pollutant ammonia and oxides of N (NOx and Nz0).
Inefficient conversion of N in agroecosystems is
making a significant contribution to this situation
(Aguilera et al., 2021).

nitrogen cycle

(and support) an extended transition to unsustainable and
unhealthy diets that has been occurring over the last four
decades in Mediterranean countries, far removed from more
“territorially appropriate” eating habits (e.g. Mediterranean
diet).

Livestock systems sustained on imported feedstock/livestock
are responsible for disrupting local and regional nitrogen
cycles, thus triggering environmental losses in the form of
ammonia (to the atmosphere] and nitrates (to surface and
groundwater] (Figures 2.15 and 2.16). These reactive N losses
are the result of high inefficiency in the use of nitrogen and are
behind relevant impacts linked to both human and ecosystem
health.
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2.4 The WEFE cascade from the energy
change perspective

Energy is linked to all the nexus components
through a variety of interactions (Sargentis et al,,
2021). Regarding water, hydroelectric energy can
only be generated if water is readily available in
rivers or reservoirs, while the cultivation of plants
for biofuel consumes significant amounts of water.
Also, groundwater (the world's most extracted
natural source] needs energy to be pumped;
natural water, clean water, and wastewater need
energy for treatment and transportation; and water
distribution, and especially desalination, are energy-
intensive processes. The extraction of fossil energy
(conventional and unconventional] also requires
water, as well as hydrogen. This is particularly
crucial as the industry often operates in regions
characterised by high temperatures and water

scarcity. Regarding food, food production consumes
30% of total energy globally (harvesting, tillage,
processing, storage) and the production of fertilisers
is an energy-intensive process. On the other hand,
there is competition between producing food grains
for food, feed, or biofuel (e.g. corn, soya). And of
course, through the consumption of food, energy is
provided for our organs to function. Land is a central
element that plays a key role in this context. The
competitive relationship of land uses with the water-
food-energy nexus is linked to ecosystems. Land is
used for mining and extracting materials for energy
production, cultivation of biofuel plants, creation of
reservoirs in hydroelectric dams, ground-mounted
photovoltaic (PV) panels and onshore wind turbines,
creating competition with the cultivation of food.
Biofuel plants use land and water to produce energy
instead of food. Ground-based PV panels use land
to produce energy without water. Using the land for
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reservoirs, hydroelectric projects produce energy
using water (Sargentis et al., 2021). The related
cascading effects mediated through the different
drivers of change identified in Section 2.4.1 need to
consider all these interactions and identify potential
synergies and trade-offs.

Energy production is the sector most responsible
for climate change in the Mediterranean, accounting
for 74% of total GHG emissions (Menichetti, 2021).
This energy is later used by different sectors, like
agriculture, building, industry, or transport. However,
the energy sector is also impacted by climate change,
with challenges to the stability and reliability of
energy systems, both conventional and renewable
(e.g. Solaun & Cerda, 2019; WMO, 2022; Zapata et
al., 2022). The main impact of climate change on
energy is mediated through water scarcity (see
Section 2.2.3). In Morocco, for the same installed
capacity, the electricity produced in 2021 was about
half the amount generated in 2011, and one third of
the electricity generated in 2010. Yearly variations
are significant and, despite some exceptions, depict
a decreasing trend in electricity generation. The

in the Mediterranean region

same can be observed for Tunisia (Table 2.3). The
significant variations across the years are related
to reduced rainfall, and to water management,
which is prioritised as follows: (1) drinking water; (2]
agricultural use; and (3) electricity generation.

Cumulative installed hydropower capacity in the
Mediterraneanstandsatnearly 120GWand represents
18% of total electricity capacity and 13% of electricity
generation. If rainfall patterns drop drastically,
energy availability in the region will be affected, with
increasing energy security concerns. The decline
in hydropower and thermoelectric power usable
capacity is higher than global estimates (2.5-7.0% for
hydropower in 2050 and 10-15% for thermoelectric
power) (Drobinski et al., 2020a). Although solar
photovoltaics and wind power are growing rapidly,
thermoelectric power, together with hydropower, will
most likely remain the dominant power-generating
technologies throughout the twenty-first century
(Drobinski et al., 2020a). In addition to hydropower
electricity production, water stress is also an issue of
concern for oil refineries and thermal power plants
in the Mediterranean, most of which are located in
highly water stressed areas (IEA, 2022). Moreover,
nuclear power plants not only depend on water for
cooling but are also often located in low-lying coastal
areas and are therefore potentially vulnerable to sea
level rise and weather-related flooding (Figure 2.17).

oo | | e | o | o | o5 | e | | s | aw | am | o

Morocco

Capacity (MW) 1770 1770 1770 1770 1770
Generation (6Wh] 3631 2139 1816 2990 2033
Load factor (%) 23 14 12 19 13
Tunisia

Capacity (MW) 62 62 62 62 62
Generation (GWh] 50 bé 110 60 b6
Load factor (%) 9 10 20 n Ta

1770 1770 1770 1770 1770 1770 1770

2182 1662 1565 1998 1654 1290 1213
15 i 10 13 1 8 8
62 62 62 62 62 62 62
70 4b 17 17 66 4t 28
13 8 3 3 12 8 5

Table 2.3 | Annual production from hydropower over the last 10 years as compared to installed capacity.

Source: elaborated from ONEE” and STEG statistics®.

7 http://www.one.org.ma/

8 https://steg.com.tn/fr/
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It is expected that climate change will lead to
decreasing mean wind, wind energy potential and
strong winds in North Africa and Mediterranean
regions as a consequence of the poleward shift of
the Hadley cell in the RCP4.5 and RCP8.5 scenarios
by the middle of the century or beyond, and for a
global warming level of 2°C or higher (Ranasinghe et
al., 2021). However, this is not the case for the whole
Mediterranean and for all seasons. For example,
EURO-CORDEX regional climate simulations at the
12 km grid resolution over the twenty-first century
indicate a significant increase of Etesian wind
frequency and intensity in the summer over the
Aegean Sea, under the two emission scenarios,
RCP4.5 and RCP8.5, implying that future wind power
potential in the Aegean Sea will be significantly
increased by the end of the century (Dafka et al.,

Awareness of sensitivity and
adaptation to sea-level rise
and climate change

No Data [ Medium to low
B Very high | Low to medium
B High Low
B Medium Very low

0 250 500 km

2018, 2019). Furthermore, extreme events can cause
damage to production and distribution infrastructures
with disruptions in supply, transportation and
storage, and potential contamination of the natural
environment (Brown et al., 2014; Patt et al., 2013).

Despite these risks, the number of strategy
documents [National Adaptation Plans, Long-Term
Strategy or Nationally Determined Contributions)
submitted by Mediterranean governments to the
United Nations Framework Convention on Climate
Change (UNFCCC) and which mention energy as a
climate adaptation sector, is fairly low. In southern
Mediterranean countries, Morocco and Tunisia
have developed Carbon Neutrality Strategies for
2050. Achieving the Paris Agreement commitment
(UN, 2015) to hold the increase in global average

Figure 2.17 | Oil, gas, liquefied natural gas (LNG), tanker and nuclear terminals in Europe (where at least
two facilities exist) with status of awareness of climate change and sea level rise.

Source: Brown et al. (2014).
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temperature to well below 2°C above pre-industrial
levels means reducing CO2 emissions by approxi-
mately 50% between 2050 and 2100, alongside a
reduction of emissions from other greenhouse
gases linked to energy. Policies to reduce emissions
associated with electricity production can be divided
into three categories: carbon-intensity reduction,
increase in energy efficiency, and reduction of
consumption. For carbon-intensity reduction, cutting
CO2 emissions in half is equivalent to reducing the
carbon content of energy by approximately 75%
(Drobinski & Tantet, 2022). The Mediterranean is still
a long way from decarbonising its energy system,
and significant efforts are needed to accelerate
the transition and meet climate mitigation goals.
In practice, this means promoting renewables.
Traditionally, the most exploited renewable energy
sources have been biomass and hydropower. In terms
of hydropower, dams all over the world produce a large
amount of electricity, but a large part of the resource
is already exploited (Grill et al., 2019), and they have
considerable impact on ecosystems (Kurigi et al.,
2021). Biomass is heavily limited by the regeneration
rate of forests, and can therefore hardly be considered
carbon neutral (Sterman et al., 2018). Geothermal
energy contributes in a few countries. In recent
years, wind and solar solutions have entered the
energy mix, for both electricity and heat production.
Most southern Mediterranean countries lie in the
so-called sunbelt, with global horizontal irradiance
(GHI) values ranging from 1600 kWh m=2 yr' in
coastal areas to 2600 kWh m™ yr' in the desert,
and direct normal irradiance (DNI) varying from
1800 kWh m=2 yr' to more than 2800 kWh m™2 yr™.
They are therefore suitable for the development of
both solar power (solar PV, concentrating solar) and
solar heating and cooling technologies. Currently,
the deployment status is far below the potential
for both technologies (Resch et al.,, 2015). The
potential is also very high for wind. While onshore
wind has already reached a cumulative capacity of
over 90 GW, the development of offshore capacity
is rapidly accelerating and could lead to more than
20 GW and up to some 50 GW of additional capacity
by 2035, according to national energy and climate
plan objectives and market trends. In sum, despite
quasi-stable oil-based energy production between
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1995 and 2016, coal gradually decreased, primary
energy production from natural gas doubled, while
the contribution of nuclear energy and renewable
energy sources increased by around 40%. However,
promotion of renewables needs to take into
consideration environmental protection and avoid
conflicts with other land and sea uses through
accurate maritime and land spatial planning, since
this can have cascading impacts on other nexus
components, particularly ecosystems and food
(Section 2.4.2).

Finally, climate change impacts energy through
changes in demand for heating and cooling buildings
(temperature-sensitive energy demand]. Overall,
in continental areas, energy demand trends for
heating and cooling were weak (under 10%) from
1941-1960 period to 1981-2000 period and increased
(by more than 10%) from 1981-2000 period to 2021-
2040 period. Increasing trends in cooling energy
demand are more pronounced than decreasing
trends in heating (Deroubaix et al., 2021). However,
quantification of global warming impacts on future
energy demand is still highly uncertain, despite being
a key issue for accurate energy planning.

Demographic trends and industrialisation (see Section
2.1.1) have a direct impact on energy systems. In a
“Net Zero Carbon” scenario’, energy demand in the
South and East Mediterranean would increase by 2%
in 2050 compared to current levels, as opposed to
a 40% reduction in the North, as a consequence of
contrasted demographic and economic trends (OME,
2022). In absolute values, this would translate into
almost 19000 PJ in the South against some 15000
PJ in the North in 2050. Energy intensity would be
higher in the South (1496 TJ k€] than in the North
(1373 TJ k€') (OME, 2022, while per capita energy
consumption would be higher in the North (76 MJ),
than in the South (40 MJ], with a Mediterranean
average of 51 MJ. These differences are linked to
different lifestyles and currently, there are already
high disparities between countries in per capita
energy consumption. In 2022, according to OME

9 The « Net Zero carbon » or “ProMed” scenario has been developed by OME within the framework of its Mediterranean Energy Perspectives publication
and with the co-funding of the European Commission. It assumes reaching carbon neutrality for the entire Mediterranean region to the 2050 horizon.




analysis (OME, 2023) per capita energy consumption
was 108 MJ in the North Mediterranean (140 MJ
in France, 53 MJ in Malta), against an average of
52 MJ in the South Mediterranean (25 MJ in
Morocco, 18 MJ in Mauritania). Globally, 40% of
current global energy use would be sufficient to
provide universal decent living standards in 2050,
while the energy consumption of a super-rich global
1% could equal that required to provide decent living
standards (i.e. what is appropriate for sufficiency)
for 1.7 billion people (Millward-Hopkins, 2022).

Due to urbanisation trends, transportation systems
are being redesigned to accommodate for a wider shift
towards electric vehicles, biofuels, biomethane and
other low-carbon technologies. In fact, the transport
sector is currently, with power generation, one of
the main players responsible for GHG emissions in
the Mediterranean and is the sector with the highest
growth in emissions in recent decades, especially in
southern Mediterranean countries (UN DESA, 2022).
It is also the sector with the highest energy intensity
and the largest indirect contribution to primary
energy imports - mainly oil, and associated energy
dependence for non-producing countries. Under
current trends, energy demand for the transport
sector would increase by 35% and would still be heavily
reliant on oil with an 84% oil share in 2050. To achieve
carbon neutrality, the transport sector will need to be
heavily decarbonised with oil dropping to about 8% of
transport energy consumption by 2050. Sustainable
transport (pedestrian and bicycle mobility) must also
develop, and collective transport must be promoted.

Since the mid-1970s, waste management has become
a major concern for Mediterranean countries. Waste
represents an enormous loss of resources in the
form of both materials and energy, and contributes
about 5% of total GHG emissions. If not appropriately
managed, waste can create a number of direct and
indirect risks to both humans and the environment.
Although significant effort has been invested by
several Mediterranean countries, 58% of collected
waste is disposed of in open dumps and 31% in
sanitary landfills, while less than 10% of collected
waste is recycled or composted (EEA & UNEP/MAP,
2014). Integrated waste management policies based
on regional and international best practices can
help rapidly improve the situation and turn a serious

environmental issue into an opportunity for resource
reuse and generation of sustainable energy.

Therapidurbanisationthatoccurredin Mediterranean
countries also creates another impact in terms of
energy consumption from buildings, accounting for
38% of energy consumption in the region (Plan Bleu,
2012). Despite the expected increase in demand for
cooling services, due to rising average temperatures,
aswell as for other electrical uses, the building sector
represents important potential for energy savings,
integration of renewable energy technologies and
emissions reduction.

The industrial sector is the second largest energy-
consuming sector in the Mediterranean after
transportation, accounting for 28% of total final
consumption in 2020. Under current trends, energy
consumption in the industry is expected to increase
by 60% in 2050, while the share of renewable energy
technologies is set to grow by only 15% [(OME
database). Energy efficiency measures can curtail the
increase in demand.

The case of Egypt highlights some of the most critical
issues related to growing industrialisation, that hold
true in other Mediterranean countries (EEA & UNEP/
MAP, 2014). In the last decade, industry has developed
rapidly in Egypt, and is expected to keep growing at
a rate of about 7% per year. The continuous growth
of industrial production has led to both human health
and environmental stresses. About 60% of all CO:
emissions, and 10% of SO2 emissions originate from
industry. Based on the 3rd Nationally Determined
Contribution (NDC]J, estimated CO2 emissions from
industry were 23.4% for 2005/2006. The main source
categories for CO2 emissions respectively are cement,
ammonia not used in the urea, iron and steel industry,
and lime production (EEAA, 2016). To tackle this
problem, an objective of decreasing the pollution
loads generated by industries by at least 50% has
been set.

The relationship of energy with conflicts has been
described in three ways: (1) The energy system as
an objective in conflict (linked to energy security,
control system structures and competition for
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resources); (2) The energy system as a means in
a conflict (linked to deliberate reduction of flow
by supplier or user and disturbance induced by a
third party); and (3] The energy system as a cause
of conflict (linked to the resource curse/local
abundanceinacountry, environmental degradation,
reduced security of supply or interactions with food
prices) (M&nsson, 2014). When energy production
and distribution infrastructure are damaged, it
creates not only problems for energy access but
also for the environment.

The 2010 Arab spring led to more serious conflicts
in Libya and Syria, which are still heavily affecting
their social, economic, and energy systems. When
the social upheaval started in Libya in early 2011,
the country was the largest oil producer in the
Mediterranean. Annual production dropped from
90 to 26 Mtoe between 2010 and 2011, and after
slightly recovering, it dived again as a consequence
of the nationwide blockade (OME, 2022). There is a
similar story with gas production. Syria’s relatively
modest oil production was already on the slide
when war broke out in the country. Sanctions
in December 2011 halted the operations of
international companies. Most large oil fields and
infrastructure are damaged or non-operational.

Besides the clear impact of war on fossil fuel
production and trade, the current instability holds
back the spread of energy efficiency and renewable
energy projects. For example, the 60 MW Derna
onshore wind farm in Libya announced in the early
2010s is still shelved. Of course, such a situation
not only directly impacts the countries concerned,
but indirectly affects the development of regional
projects, thus slowing down the energy transition
process in the region.

An additional point involves the increasing role of
fossil energy supply in the Euro-Mediterranean
dialogue. After the approval of REPower EU, Algeria
has become the third biggest supplier of gas to the
EU. Similarly, a Memorandum of Understanding
between the EU, Israel and Egypt was signed in
June 2023 to increase exports of natural gas to
Europe from these two countries (Directorate-
General for Energy, 2022). These agreements must
not undermine the need to foster energy transition
and sustainable development under a nexus
approach.

in the Mediterranean region

The main impacts of climate change on energy
are mediated through water scarcity, impacts on
infrastructure or changes in demand, as well as
the mitigation policies to which all countries are
committed and that imply changing the energy
production mix to increase the proportion from
renewable resources (Section 2.4.1). However,
introducing a nexus perspective shows that the
development of renewable energies as low-carbon
solutions is not as easy. Two major challenges affect
the WEFE components in a low-carbon transition.
First, the fluctuating nature of the capacity factor,
which measures how often an energy production
plant is running at rated power. In the Mediterranean
region, the capacity factor of onshore wind energy
sources ranges between around 20% in ltaly and
France to 25% in Spain up to nearly 30% for Portugal
and Tirkiye (Gondl et al., 2021), reaching 45% in
Morocco (Bouramdane et al., 2020, 2021). Capacity
factors of offshore wind energy resources can reach
up to 50% in the region (Kalogeri et al., 2017; Ngland
et al., 2022). For solar PV, the capacity factor drops to
around 20% on both shores of the Mediterranean Sea
(Bouramdaneetal.,2020,2021) while for concentrated
solar power (CSP), it can reach 35% in Morocco
(Bouramdane et al.,, 2020, 2021). Capacity factors
of renewable energy sources in the Mediterranean
are 3 to 4 times smaller than operational thermal
power plants (which can reach 90%) (IEA, 2020).
Therefore, for a given energy production, the installed
capacities of wind or solar energies are 3 to 4 times
higher than for conventional thermal production.
Also, the space required per kWh is several orders of
magnitude larger compared to conventional electricity
production methods (van Zalk & Behrens, 2018),
which is a problem, because land use change is one
of the main causes of biodiversity loss (IPBES, 2019).
According to Ngland et al. (2022), power densities of
conventional thermal energy plants differ by a factor
of between 50 and 500 (nuclear around 500 W m=2,
natural gas around 350 W m2 versus around
1-10 W m2 for wind, PV and biomass). Assuming
that all areas are amenable to each source and that
they face no limitations in terms of scalability other
than their mean annual energy densities, the spatial
requirements for the different power sources to meet
100% of the 2020 primary energy use for Europe, the




Middle East and Africa are shown in Table 2.4 [Ngland
et al., 2022). This shows that for renewable energy
sources, the spatial requirements already necessary
in the Mediterranean region to fulfill 100% of the
primary energy use ranges typically between 1% for
hydro or solar PV to about 10% for onshore wind in
Europe and the Middle East and between 0.1% for
solar PV to about 2% for onshore wind in Africa. For
biomass, the spatial requirements already exceed
100% of Europe and the Middle East. By comparison,
the spatial requirements for nuclear or natural gas
never exceed 0.7%. With energy demand in MENA
countries expected to double by 2040 from 2015
(Drobinski et al., 2020b, 2020a), the proportion of land
dedicated to energy production could reach more than
10% of total land with potential consequences on land
degradation or biodiversity loss.

In addition, the impact of energy on land occupation in
transitioning to renewable energy can conflict with food
production (Sargentis et al., 2021) (Figure 2.18). The
growing availability of arable land in Mediterranean

regions, as a consequence of the decline of cereal
cropping systems and grain legumes, provides ample
opportunities for performing successful feedstock
production in unmanaged areas (Pulighe et al., 2019).
Also, integrated approaches in which energy crops
are introduced into the rotation cropping system for
local use can reduce burdens on land (ranging from
-32 to -8%) and improve environmental farming
sustainability (Solinas et al., 2015). In Greece, the
impact of diverting food crops to produce bioenergy
shows strengths including the creation of direct and
indirect jobs (biofuel production industry), diversity
of energy supply, and a positive contribution to the
greenhouse effect. Weaknessesinclude environmental
impact, and dependence on land availability (additional
need for arable land other than that required to grow
food) (Paschalidou et al., 2016). Energy communities
and multifunctional land use have proven to improve
implementation possibilities and consensus at local
level (Abouaiana & Battisti, 2022). Offshore wind
energy production also requires careful consideration,
as it canimpact the marine environment through noise

POWER SOURCE EUROPE (%) MIDDLE-EAST (%) AFRICA (%)

Nuclear 0.031
Natural gas 0.064
Hydropower 0.712
Solar (CSP) 1.181
Solar (PV) 2.422
Wave 3.023
Geothermal 4.918
Solar (rooftop) 6.486
Wind (offshore]) 6.170
Tidal 8.451
Wind (onshore) 6.154
Biomass 184.615

0.021 0.002
0.043 0.005
0.958 0.455
0.787 0.093
1.615 0.192
2.015 0.239
3.279 0.389
2.508 0.110
4.113 0.488
5.634 0.669
7.547 1.845
123.077 14.615

Table 2.4 | Spatial requirements for the different power sources to meet 100% of primary energy use,

normalised by land area.
Source: Ngland et al. (2022).
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Figure 2.18 | Example of cascading impacts of climate-induced energy changes on water, food, and

ecosystems.

emissions that affect marine wildlife. The Convention
on the Conservation of Migratory Species of Wild
Animals has published Best Available Technology
(BAT) and Best Environmental Practice (BEP) for
mitigating noise from this technology (Weilgart, 2023).

Finally, increasing energy production implies more
water. In Europe, water withdrawals for energy are
similar to those for agricultural irrigation. A small
fraction is eventually consumed (6% for EU countries,
nevertheless with large disparities between countries),
and the remainder is returned to the hydrological
system (Adamovic et al., 2019). In the MENA region,
the share dedicated to irrigation is much higher (80%)
(World Bank, 2018), as the climate is much more arid.
But the energy sector still represents a significant
proportion of withdrawals which could evolve over
time due to improved technologies associated with the
water-energy nexus.

In sum, accurate spatial planning is needed to avoid
adverse effects such as loss of biodiversity and
conflicts between different land and sea uses. If
priority is given to system integration of renewable
energies (building-integrated, industrial areas, non-
arable land, mixed-cropping systems, etc.), potential
conflicts between energy and non-energy use of soil
can be avoided. This point is really crucial as the
added value of renewable energies is their flexibility and
modularity compared to conventional technologies. It
is important for policymakers to adopt clear rules and

regulations to prevent the deployment of renewable
energy following the same pattern as conventional
energies. Calls for tenders for renewables should, for
example include the land occupation aspect, and in
general more of a nexus approach to minimise conflicts
with water, food and ecosystems. Reducing energy
demand is also crucial considering the biophysical
limitations for production.

2.5 The WEFE cascade from the ecosystems
change perspective

The Mediterranean Basin is undergoing several climatic
alterations that are transforming this previously
biodiversity-rich region (Moatti & Thiébault, 2018). Rising
temperatures, changes in rain patterns, more frequent
and stronger extreme weather events (such as wildfires,
storms, and droughts) and rising sea levels, can worsen
the condition of sensitive Mediterranean ecosystem
species, disturbing the already delicate balance (Cramer
etal., 2018; Lange, 2020; Seneviratne et al., 2021). These
changes can be seen through increased vulnerability
of endemic and keystone species, shifts in vegetation,
migration of fauna, phenological changes and ecological
asynchrony, as well as the expansion of arid and semi-
arid zones, among others.




Vulnerability of endemic and keystone species

Endemic species, uniquely adapted to the
Mediterranean climate, face increased vulnerability.
The restricted geographical ranges of these
species leave them with limited options for
migration or adaptation, rendering them susceptible
to temperature-induced stress. This poses a
considerable threat to the rich biodiversity that
characterises Mediterranean terrestrial ecosystems
(Médail, 2017). For instance, warmer temperatures
can impact the Iberian lynx (Lynx pardinus), endemic
to the lIberian Peninsula, by changing the lynx’s
preferred habitats and the abundance of its primary
prey, the European rabbit (Oryctolagus cuniculus)
(Fordham et al., 2013; van Hassel & Bovenkerk, 2023].
The Atlas cedar (Cedrus atlantical, an endemic tree
species in the Atlas Mountains of North Africa, faces
increased vulnerability due to temperature-induced
stress, especially as warmer conditions impact its
distribution and growth. Elevated temperatures and
altered precipitation patterns also have the potential
to augment the proliferation of pests and diseases
affecting this tree (Cheddadi et al., 2017). As trees are
weakened by unfavourable environmental conditions,
an increasingly large proportion is expected to
become susceptible to pathogens. This has twofold
implications: (1) many trees will die, reducing the
standing biomass; and (2] the pathogen population
will build up to the point of threatening trees that
could, perhaps, resist a light attack but not a heavy
infestation. Losses will probably be greatest for trees
on the edges of their natural distribution, where a
small change will make the environment unsuitable
for them. Some forest diseases now considered minor
may become serious (Resco de Dios et al., 2007).

Keystone species play pivotal roles in maintaining
ecosystem structure and function. Whether they
are dominant plant species shaping landscapes
or top predators regulating populations, these
keystone species are sensitive to changing climate
conditions. Their decline or altered behaviour can
trigger cascading effects throughout the ecosystem.
holm oak (Quercus ilex), a dominant tree species in
Mediterranean forests, plays a key role in shaping
the structure and composition of these ecosystems.
It provides habitat, influences nutrient cycling, and
regulates water availability. However, changes in
precipitation patterns and increased frequency of
droughts associated with climate change pose threats
to the health of Holm oak forests (Puig-Gironés et

al., 2023). Reduced water availability can affect the
distribution of this keystone species and impact
the diverse flora and fauna dependent on these
ecosystems, especially in less favoured microclimates
(Principe et al., 2019]). The pine processionary moth
(Thaumetopea pityocampa) is a keystone species in
Mediterranean pine forests, influencing vegetation
dynamics and nutrient cycling. It also serves as a
food source for numerous bird species. Warmer
temperatures and altered precipitation patterns can
affect the life cycle and population dynamics of the
pine processionary moth. This, in turn, can impact the
entire trophic cascade within the forest ecosystem,
affecting both flora and fauna (Hédar et al., 2003).

Shifts in vegetation and migration of fauna

Rising temperatures are inducing significant shifts in
the composition of plant and animal species within
terrestrial ecosystems. As thermal conditions become
less suitable for certain species, thereisan observable
migration of vegetation zones to higher altitudes,
altering the dynamics of ecosystems traditionally
characterised by distinct plant communities. Heat-
tolerant and drought-resistant species may become
more dominant, leading to changes in the composition
of plant communities. This phenomenon poses athreat
to endemic and specialised species adapted to cooler
temperature ranges, leading to potential biodiversity
loss, and impacting the overall biodiversity and
structure of Mediterranean ecosystems (Pefiuelas
et al, 2017). In addition, if temperatures change
as rapidly as predicted, then the reassembly of
ecological communities will need to take place within
the lifespan of individual trees. As communities are
the result of interactions between organisms as well
as between organisms and their abiotic environment,
rapid climate change may be expected to alter
species assemblage composition (Resco de Dios et
al., 2007). Changing precipitation patterns, including
altered rainfall amounts and distribution, influence
the structure of terrestrial ecosystems. Wetland and
forest ecosystems may experience changes in plant
composition and distribution as species adapt to
new moisture regimes. Species adapted to specific
precipitation patterns may face challenges as their
habitats change, potentially resulting in declines for
certain plant species and impacting associated fauna
(Erol & Randhir, 2012).

Examples of shifts in vegetation due to alterations in
temperature and moisture regimes include Morocco’s
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Atlas Mountains. They are currently warming and,
consequently, alpine flora, including rare cold-loving
species, are moving upwards. Alpine vegetation
displacement compresses the habitat for high-
altitude plant species, in turn, affecting the organisms
that depend on this vegetation for food and shelter
(Cheddadi et al., 2017). This upward shift in alpine plant
speciesisalso observed in the Sierra Nevada mountain
range. Some species that were normally limited to
certain heights, or dependent on particular moisture
regimes are now found at higher levels (Winkler et
al., 2019). Endemic and specialised plant species
suitable for cooler temperatures and certain moisture
regimes are facing a reduction in habitat availability,
which increases the likelihood of local extinction
and biodiversity loss (Benito et al., 2011). Changing
climatic conditions in the Peloponnese in Greece are
affecting the distribution of forested areas. The mix of
deciduous and evergreen species is being displaced
as traditional forest boundaries move to higher
elevations. Vegetation migration leads to a reshuffling
of dominant tree species that changes the overall
visual landscape and habitat suitability for associated
fauna(Koulelisetal.,2023). SouthernSpainexperiences
longer hotter days with lower precipitation. Cistus and
lavender Mediterranean shrublands are now changing
as a result of these changing conditions. These heat-
tolerant shrub species are growing at the expense of
drought-intolerant plants, altering the biodiversity and
ecological dynamics of these landscapes. This kind of
shift may further affect herbivores and pollinators,
which depend on certain plant species (Gallego
Fernandez et al., 2004). In the Camargue wetlands in
France, changes in rainfall patterns, which contribute
to fluctuations in water levels, impact the composition
and distribution of wetland plant species, including
some critical species for waterfowl birds. It can alter
the availability of good nesting and foraging grounds
for birds (Nager et al., 2010).

Rising temperatures are also inducing shifts in
distribution of animal species (Aurelle et al., 2022;
Stefanescu et al., 2003). Birds, insects, and small
mammals may migrate to higher temperatures
(Maiorano et al., 2011). This may result in shifting
predator-prey relations, resource competition, and
modifications in species interactions in mountainous
and hilly regions. Butterfly distribution in the Sierra
Nevadamountainrange has beenaffected byincreasing
temperatures. They are migrating to higher latitudes
where climatic conditions better suit their life cycle

in the Mediterranean region

requirements. The distribution of butterflies may also
alter their interactions with plants, such as pollination
dynamics. Moreover, it may adversely impact other
butterfly-dependent species like insectivorous birds
(Nice et al., 2014). Changing hotter temperatures in
the Atlas Mountains are also changing the distribution
of ant species. Ant colonies can migrate to higher
elevations due to unfavourable temperatures, and
the search for appropriate nesting grounds. This
can have cascading effects on ecosystems, affecting
seed dispersal, soil nutrient cycling etc. and other
invertebrates (Ziyadi et al., 2019). There is also
evidence of the migration of lizards and snakes in
Crete, to areas with higher elevations. Changes in the
distribution of reptiles can alter local ecosystems,
including predators and prey (Karameta et al,
2023). In the Pyrenees mountain range, bird species,
particularly those adapted to cooler conditions, are
migrating to higher elevations where temperatures
remain within their preferred range. These changes
in the distribution of bird species can lead to altered
predator-prey dynamics, competition for nesting
sites, and shifts in the availability of food resources in
mountainous regions (Garcia-Gonzalez et al., 2016).

Phenological changes and ecological asynchrony
The warming climate is disrupting the timing of key
ecological events, known as phenology, affecting the
synchrony between species interactions. Changes
in the timing of phenological events, e.g. flowering
and migration, can lead to mismatches between
mutually dependent species, such as pollinators
and flowering plants or predators and prey. This
ecological asynchrony can have cascading effects on
the entire ecosystem, from plants and pollinators to
herbivores and predators. The spatial variability of
flowering dates is also reduced during warm and dry
years, especially for spring events (Gordo & Sanz,
2010). This reduction in spatial variability can also
affect dependent species.

Ecological asynchrony due to changing climate
patterns might occur when the timing of plant
flowering shifts, affecting the availability of nectar and
pollen for pollinators. If pollinators, such as bees, do
not adjust their life cycles accordingly, a phenological
mismatch can occur, potentially leading to reduced
pollination success and seed production (Morton &
Rafferty, 2017). Almond trees (Prunus dulcis) in Spain
typicallyrelyon honeybeesfor pollination. Withwarmer
winters, almond trees are flowering earlier. However,




honeybee activity might not adjust accordingly, leading
to a potential phenological mismatch. If bees are not
present when the almond trees are in full bloom, it
can result in reduced pollination and almond yields
(Henselek et al., 2018). On the other hand, climate
change is influencing the timing of seasonal events,
such as the arrival of migratory birds in the Iberian
Peninsula (Gordo & Sanz, 2006). The altered timing
of bird migration may no longer align with the peak
availability of their insect prey. If migratory birds
arrive before or after the peak abundance of their prey
species, this can disrupt food availability, affecting
the reproductive success of birds and potentially
impacting insect populations (Acécio et al., 2022).

Genetic, epigenetic and metabolic impacts

Climate change is causing rapid genetic, epigenetic,
and metabolomic changes in Mediterranean plant
species. Field studies of altitudinal gradients in the
Montseny Mountains (Jump et al., 2006a, 2006b) and
field-warming and drought-manipulation experiments
in typical Mediterranean shrubland (Jump et al., 2008)
have demonstrated rapid responses for the acclimation
and adaptation (evolution) of species to climate change
by taking advantage of the existing genetic variability in
natural populations (Pefuelas et al., 2018). Alterations
in gene expression not attributable to variations in
DNA sequences have also been detected in holm oak
(Quercus ilex) subjected to experimentally induced
drought (Rico et al., 2014). In response to drought
stress, Mediterranean shrubs and trees often increase
the production of secondary metabolites such as
phenolic compounds and flavonoids. These compounds
play arole in antioxidant defence and protection against
oxidative stress induced by drought. These compounds
can have various functions, including antioxidant
activity and defence against herbivores and pathogens
(Rivas-Ubach et al., 2012, 2014, 2016). Changes in
plant genetics, epigenetics and metabolomics have
resulted in changes in morphology, physiology, growth,
reproduction, and mortality, with some species more
affected than others. These changes could lead to a
future dominance replacement of trees by tall shrubs
(Pefuelas et al., 2018).

Expansion of arid and semi-arid zones

Warming temperatures, changes in precipitation
patterns and increased evaporation contribute to
the expansion of arid and semi-arid zones in the
Mediterranean, leading to desertification and habitat
loss. Mediterranean ecosystems, generally dominated

by sclerophyllous woody plants with a herbaceous or
shrubby understory, have an array of physiological
and morphological adaptations to cope with drought
and nutrient scarcity (Gulias et al., 2002; Padilla &
Pugnaire, 2007; Vilagrosa et al., 2010). Nevertheless,
in coming decades, the projected level of drought and
aridity may have important effects on the functioning
and structure of Mediterranean plants, forests and
shrublands (Pefiuelas et al., 2018). Species adapted
to more arid environments, such as succulent plants,
may thrive, while others dependent on historically
more temperate conditions and moisture regimes
may face challenges (Maestre et al., 2012; Vallejo
et al., 2005), including local extinctions (Prigent et
al., 2018). In Catalonia (northeastern Spain), rising
temperatures, new patterns of precipitation and
other climatic changes are affecting ecosystems
(Penuelas et al., 2018). In Almeria (southeastern
Spain), intensive agriculture, coupled with increasing
temperatures and altered rainfall, has contributed
to soil degradation and desertification, leading to a
decline in natural vegetation.

Altered precipitation patterns, including increased
drought frequency, pose significant challenges to
water-dependent ecosystems. Wetlands, riparian
zones, and freshwater habitats are particularly
vulnerable, affecting species dependent on these
unique environments. For example, Donana National
Park is a UNESCO World Heritage Site known for
its wetlands and biodiversity. Altered precipitation
patterns and increased drought frequency, together
with high intensity levels of underground water
extraction for irrigation, have led to reduced water
availability in the park’s wetlands, resulting in habitat
loss and changes in the composition of aquatic plant
species. Species like waterfowl birds, amphibians,
and migratory birds that depend on these wetlands
for breeding and feeding also face challenges due to
reduced water resources (Garcia de Jaldn et al., 2014;
Green et al., 2017).

Changes in nutrient cycling

Reduced soil moisture may impact the nutrient cycle
due to its effects on microbial activity, mineralisation
and other processes. Additionally, changes in
temperature and precipitation patterns can influence
the timing and nature of biotic interactions, such
as plant-microbe relationships, impacting nutrient
cycling processes. Take, for instance, mycorrhizal
associations between plants and fungi. Fungi play
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a vital role in natural ecosystems and strongly
influence the dynamics of forest ecosystems,
including the ability of trees to access limited
nutrients and store carbon. Fungal productivity has
already decreased in certain areas due to climate
change (Morera et al., 2022). Projections estimate
that most significant changes in total productivity,
including mycorrhizal fungi, will occur in subalpine
and montane pine forests. In contrast, saprotrophic
fungi could potentially benefit from more significant
changes in climate and boost their productivity in
supra- and meso- Mediterranean regions at mid-
range elevations (Morera et al., 2022). These changes
in nutrient cycling suggest potential net losses in the
capacity of Mediterranean forests and shrublands
to act as carbon sinks (Penuelas et al., 2018) and
to provide other ecosystem services, such as soil
conservation, water storing capacity, biodiversity,
timber, mushroom and food production, tourism, and
recreation (Table 2.5; Penuelas et al., 2017).

Elevated sea levels may influence nutrient dynamics
in land and water systems at the coast. Saltwater
intrusion can lead to changes in nutrient availability
in coastal ecosystems which affect the quality of
soils and waters. In return, it may influence plant
and microbial communities (Bellafiore et al., 2021).
Additionally, ocean acidification and changes in the
marine ecosystem due to increased CO:2 levels in the
atmosphere may have consequences for nutrient
cycling processes in the Mediterranean Sea (Hassoun
et al., 2022).

Impact of extreme events on ecosystems

Extreme events, such as heatwaves, wildfires,
intense storms, and heavy rainfall, can have profound
impacts on the structure and function of ecosystems
in the Mediterranean Basin (Hochman et al., 2022).
Wildfires are a significant threat that can lead to
the destruction of vegetation, including forests,
shrublands, and grasslands. Loss of vegetation
alters the physical structure of ecosystems, leading
to habitat fragmentation, soil erosion and changes
in species composition. Post-fire, ecosystems often
experience shifts in plant and animal populations
(Caon et al., 2014; Duguy et al., 2013). Heatwaves
can cause extreme temperatures beyond the norm,
stressing plant and animal species and disrupting
normal ecosystem functions. They can also lead to
increased evaporation, affecting water-dependent
ecosystems (El-Madany et al., 2020). On the other

in the Mediterranean region

hand, extreme temperatures in the Mediterranean
Sea can lead to marine heatwaves, causing coral
bleaching, changes in fish distribution, and altered
plankton dynamics. These events can disrupt marine
food webs and alter the abundance and distribution
of marine species. Some extreme situations of
mass mortality in the Mediterranean Sea have been
reported (Garrabou et al., 2022). Finally, intense
rainfall events leading to flooding, particularly in
coastal areas and riverine ecosystems, result in soil
erosion, loss of vegetation, and habitat degradation.
This may also lead to the displacement of species
adapted to specific moisture conditions (Terrado et
al.,, 2014).

Changes in aquatic ecosystems

The Mediterranean Sea represents the highest
proportion of threatened marine habitats in Europe
(32%), with 21% listed as vulnerable and 11% as
endangered, and seagrass ecosystems experiencing
the most rapid decline (UNEP/MAP & Plan Bleu,
2020). Marine ecosystems in the Mediterranean are
sensitive to sea surface temperature increases. This
has resulted in the occurrence of coral bleaching
events, changes in the distribution of fish species,
and altered abundance of marine organisms (Calvo
et al,, 2011). Elevated sea temperatures have the
potential to perturb the distribution and behaviour
of marine species, thereby causing alterations in
migration patterns and posing a risk to those that
are most susceptible (Hoegh-Guldberg et al., 2014;
IPCC, 2022; Nurse et al., 2014; Portner et al., 2014;
Wong et al., 2014). Changes in fish distribution can
have implications for local fisheries, altering catch
compositions and potentially leading to shifts in
predator-prey dynamics within the marine food web
(Giani et al., 2012). Besides corals, marine heatwaves
will likely cause increasing mass mortality events
of benthic species, mostly invertebrate organisms,
such as sponges, bivalves, ascidians, and bryozoans,
and increase the risks of abrupt collapse of endemic
species (Garrabou et al., 2019, 2021; Kersting et al.,
2013; Rivetti et al., 2014, 2017). Increased carbon
dioxide absorption, which contributes to ocean
acidification, can be detrimental to marine organisms
possessing calcium-carbonate shells or skeletons,
including corals and molluscs. Phytoplankton
net primary productivity is set to drop on average
by 10% at the end of the century and up to 50% in
some regions, such as the Aegean Sea, as a result
of both nutrient limitation and vertical stratification,




with possible negative impacts on marine food webs
and ecosystems. Benedetti et al. (2018) estimated
that the diversity of copepods is expected to decline
across most regions of the Mediterranean, influenced
by various factors associated with environmental
changes, such as variations in temperature, ocean
currents, and nutrient availability. Changes in the
abundance and composition of copepod communities
may lead to shifts in fish distribution, growth rates,
and overall ecosystem dynamics.

The loss of corals has a significant impact on the
marine life that relies on them for shelter and
food (Antoniadou et al., 2023) and also affects the
coastline by reducing natural protection against
waves and storm surges (Baker et al., 2008). Rising
sea temperatures, increased nutrient runoff, and
changes in storm patterns can all lead to the decline
of Posidonia oceanica meadows, a keystone seagrass
species. This decline can have a significant impact on
coastal ecosystems, affecting fish nurseries, nutrient
cycling, and sediment stability, with cascading effects
on other marine organisms (Pergent-Martini et al.,
2021). Fluctuations in precipitation and changes
in hydrological regimes also influence aquatic
ecosystems. The alteration of river flows can alter
fish migration, spawning, and the availability of
suitable habitats. Freshwater and estuarine species
face the challenge of adapting to changing salinity
levels, impacting the composition and distribution of
these communities (Cid et al., 2017; Erol & Randhir,
2012). Altered precipitation patterns, coupled with
increased drought frequency, have contributed to
the reduction of water availability in the Camargue
wetlands. Drought stress has led to the loss of
wetland habitats, affecting water-dependent species
such as amphibians, waterfowl, and various aquatic
organisms. Amphibians, in particular, may face decline
due to the reduced availability of suitable breeding
habitats (Fraixedas et al., 2019). These examples
underscore the complex and interconnected nature
of aquatic ecosystems in the Mediterranean Basin,
where changes in sea surface temperatures and levels
of precipitation have far-reaching consequences on
coral reefs, seagrass meadows, fish populations, and
overall biodiversity.

Impacts in island ecosystems

Mediterranean islands are hotspots for global
biodiversity and lie in one of the areas of the world
that is the most susceptible to climate change. These

include phenological changes and upward elevation
shifts of species and plant communities; although
evidence is frequently contrasting for different taxa
(Vogiatzakis et al., 2016). Threats are also evident,
mainly for endemic species from most taxonomic
groups, while communities in mountain and coastal
regions are likely to be affected most. Furthermore,
the limited space on islands (especially habitat
availability and climatic range limitations) places a
barrier on species range expansion (Vogiatzakis et al.,
2016).

Sustainable land management and conservation of
terrestrial ecosystems are crucial for achieving the
SDGs. LULCC may arise from a range of situations
that are not always negative for ecosystems: the
disturbance of a native or semi-natural ecosystem;
altering the management or purpose of already
humanised systems (e.g. agroecosystems, urban
systems); rewilding of ecosystems or restoration in its
various forms - ecological, mitigation, remediation,
rehabilitation, revegetation, etc. (Gann et al., 2019).
Demographic and lifestyle changes have increased
the pressure on Mediterranean ecosystems. There is
a pressure to expand agricultural and urban areas,
together with all the infrastructure necessary for
their functioning, at the cost of occupying former
natural areas, thus fragmenting, and reducing the
size of natural ecosystems as well as the services
they provide (Haddad et al.,, 2015; Salvati et al,
2016). On the other hand, land abandonment of
former agricultural areas, now subject to lack of
management, favour colonisation by invasive species
(IPBES, 2023) and create conditions for uncontrollable
fires (e.g. Delgado-Artés et al., 2022; Mantero et al.,
2020). The abandonment of traditional agriculture in
the Mediterranean has also contributed to reducing
the endemic biodiversity of the ecosystem and its
functional resilience (IPBES, 2023). Traditional
Mediterranean agriculture had the benefit of being
diverse (in space and time - e.g. rotations, seasonal
products) and practiced on small areas, facilitating
interactions with nearby natural ecosystems. Large
scale monocultures, without the implementation
of natural corridors or “stepping-stones” (areas
of heterogeneity] for natural biodiversity to be able
to transit between more natural ecosystems and
multiply their genetic pool, have a strong negative
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impact on ecosystems’ health. Over the past few
decades, the Mediterranean region has experienced
a rise in agricultural intensification, an expansion of
cultivated land and a shift towards high-yield crops
to satisfy increasing demand for food globally. Within
this particular context, extensive regions of forests,
grasslands, and other natural ecosystems have
undergone a transformation process, converting
them into agricultural fields. The aforementioned
practices were found to be associated with
substantial LULCC patterns in the Mediterranean
region, resulting in detrimental effects on the
well-being of ecosystems. The Mediterranean
Basin emerges as a significant non-point source
of nitrogen, predominantly from agricultural
intensification (UNEP/MAP & MED POL, 2011). While
moderate amounts of nitrogen, particularly in the
form of nitrate, prove beneficial for crops, especially
in semi-arid soils, exceeding critical loads becomes
a cause for concern (de Vries, 2021; Novara et al.,
2020). This imbalance triggers shifts in competition
among plant species, favouring fast-growing plants
while stifling smaller plants due to limited access
to light, ultimately leading to a decline in species
richness (Calvete-Sogo et al., 2016). Moreover, the
intolerance of most plants to synthetic fertilisers
and high nitrogen levels allows nitrogen-tolerant
species to thrive, outcompeting more sensitive
wild plants and fungi, resulting in reduced wildlife
diversity and impaired plant health (Midolo et al.,
2019). In certain Mediterranean countries such as
Portugal and Spain, intensive livestock production,
coupled with the extensive use of manure and
synthetic fertilisers, contributes to environmental
issues like groundwater contamination with nitrates
(Cameira et al., 2021) (see Section 2.3.2.3). Nitrogen
influx to aquatic ecosystems contributes to algal
blooms, diminishing oxygen availability, increasing
eutrophication, and disrupting the delicate balance
of aquatic life (Ochoa-Hueso et al., 2011; Padedda
et al., 2019). Furthermore, contamination with
pesticides, herbicides (such as glyphosate), and
persistent organic pollutants are also found in high
concentrations in soils across the Mediterranean
region, affecting ecosystems [(Kanakidou et al.,
2022; Ochoa-Hueso et al., 2011). Finally, the
creation of infrastructure on watercourses and its
use for aquaculture or recreational activities has
also impacted aquatic ecosystems, often with the
introduction of exotic invasive species (IPBES, 2023;
Zamora-Marin et al., 2023).
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Urban areas compete for space with agroecosystems
(housing and infrastructure vs. local food production)
as well as with less humanised ecosystems
(more pristine]. In either case, they induce the
fragmentation of habitats and increase pollution
in its various forms (chemical, sound, light, etc.).
The phenomenon of habitat loss and fragmentation
can potentially cause the segregation of extant
habitat patches, thereby causing a decline in inter-
population connectivity (Pacifici et al.,, 2015). The
transition to sustainable energy forms is not without
impact on ecosystem health. Technologies have not
yet achieved optimal performance, and often require
conversion of land use, in vast areas, resulting in the
loss and fragmentation of habitats (see Section 2.4.2).

Pollution in the Mediterranean region yields both
direct and intricate impacts on the quality of air,
soil, and water, unfolding through diverse pathways
that collectively undermine the overall health of
ecosystems. Certain air pollutants, such as ozone (03]
and particulate matter, damage plants. Elevated levels
of these pollutants trigger a chain reaction leading
to reduced growth rates, accumulation of harmful
substances, and adverse effects on biodiversity
and essential ecosystem services. Ozone levels
surpassing safety thresholds infiltrate plant leaves,
impeding photosynthesis and rendering plants more
susceptible to pests and diseases (Calvete-Sogo
et al., 2016; Monga et al., 2015). Air pollutants can
also interfere with the behaviour of pollinators like
bees and other insects. This interference may reduce
pollination rates, a crucial step in the reproduction
of many flowering plants. Additionally, prolonged
exposure to high air pollution levels results in the
decline of essential nutrients such as calcium,
potassium, and magnesium in the soil, disrupting
nutrient balance and triggering cascading effects
within the intricate web of the ecosystem (de Vries,
2021; Ochoa-Hueso et al., 2011).

The anthropogenic noise generated by diverse
activities (e.g. shipping traffic, construction and
coastal development, fishing, renewable energy
generation, etc.) has altered the quality of the marine
environment with consequences on physiology,
communication, behaviour, and energetics of different
marine species (Abdulla & Linden, 2008; Chahouri et
al., 2022; Rako-Gospi¢ & Picciulin, 2019).




There are multiple consequences for soil
contamination, impacting soil functions and
disrupting crucial ecological functions through a
reduction in the abundance of organisms for sensitive
species, by reducing their fitness and reproductive
ability and increasing their susceptibility to diseases.
Additionally, sensitive species will be replaced by
more tolerant ones, shifting species composition first
(potentially favouring exotics) and decreasing species
richness later on, again, with stronger impacts on
local system functionality (Branquinho et al., 2019;
Ferreira et al., 2022).

Escalation of pollution in the Mediterranean region
directly puts its unique habitats and biodiversity at
risk, precipitating shifts in the geographical ranges
of species and reshaping the dynamics of their
interactions (Martinez-Megias & Rico, 2023). These
interconnected effects contribute significantly to the
detriment of ecosystems, influencing the delicate
balance of biodiversity, ecological equilibrium, and
the invaluable services that ecosystems provide
to communities (Kanakidou et al,, 2022). Many
species in this region exhibit specific environmental
requirements for survival, and when pollution
disrupts their habitats, the struggle for survival
and reproductive challenges become pronounced
(Albano et al., 2021). This disruption has the potential
to lead to the loss of entire species or a decline in
their populations, particularly impacting those that
are uniquely adapted to the Mediterranean’s distinct
environmental conditions (Albano et al., 2021).

Furthermore, pollution in the Mediterranean alters
environmental conditions, including temperature,
water quality, and food availability (Papamichael
et al., 2022). Sensitivity to these changes compels
species to migrate or shift their distribution to more
suitable locations. This ecological flux can trigger
cascading effects, disrupting the intricate balance
between different species and restructuring the
communities that characterise the Mediterranean
ecosystems. The influence of pollution extends to the
behaviour, physiology, and reproductive capabilities
of various species in the Mediterranean. These
alterations reverberate through the intricate web of
species interactions, potentially leading to changes in
predator-prey dynamics, competition for resources,
and overall shifts in ecosystem functioning
(Ochoa-Hueso et al., 2017). Moreover, heightened
pollution levels result in diminished productivity.

In aquatic ecosystems, water pollution can hinder
photosynthesis by marine plants due to reduced
sunlight penetration or nutrient imbalances
(Lopez-Doval et al.,, 2013). Similarly, in terrestrial
ecosystems, air and soil pollution can inhibit the
growth and productivity of plants essential to the
Mediterranean landscape (Ferreira et al.,, 2022).
Additionally, pollution weakens the natural defences
of organisms, rendering them more susceptible to
stressors. Compromising immune systems in plants
and animals makes them more vulnerable to diseases.
Moreover, pollution can disrupt the abundance and
distribution of certain species, paving the way for
the proliferation of pests and invasive species and
exacerbating the ecological challenges faced by the
Mediterranean region. For instance, disease-driven
mass mortality events, such as the one affecting the
iconic Pinna nobilis pen shell in the Mediterranean
Sea since 2016 caused by the parasite Haplosporidium
pinnae, highlight the susceptibility of certain species
to diseases (Katsanevakis et al., 2019). Similarly,
the mass mortality event of the highly abundant
non-indigenous mussel Brachidontes pharaonis
along the Israeli rocky shore in 2016 underscores
the potential impact of unknown causes linked to
pollution (Rilov et al., 2020). The interconnected
nature of these pollution-induced effects compounds
into a cumulative threat to ecosystem health in the
Mediterranean. This interconnected cascade has
far-reaching consequences, impacting primary
producers, herbivores, predators, and decomposers,
ultimately leading to an overarching decline in the
health of Mediterranean ecosystems.

Climate change, through its effects on water
availability (air, soil, groundwater, and streams),
on temperature extremes (higher maximum and
minimum temperatures) and on climatic extremes
(heatwaves, flash floods, storms) has far-reaching
effects on ecosystem health. These effects manifest
in terms of decrease in productivity and decrease
in diversity at all levels [(intraspecific, species,
interactions, and landscape). The noteworthy impact
of climate change on the health of Mediterranean
ecosystems is evidenced by its effects on their
structure, composition, and functioning (see Section
2.5.1.1). The perturbations mentioned above have the
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potential to initiate a cascade of effects throughout
the trophic levels, resulting in the destabilisation of
ecological dynamics and the impairment of ecosystem
functionality (Bagstad et al., 2017). These ecosystem
functions change the delivery of several ecosystem
services that in turn cascade to the other WEFE
components, namely, water availability and quality,
food availability and diversity and energy availability
(Figure 2.19). The benefits that humans obtain
from ecosystems, known as ecosystem services,
are susceptible to significant effects from climate
change. These effects cover the three ecosystem
service types: (1) provisioning; (2) regulating; and (3]
cultural (Figure 2.19).

The decrease in productivity due to climate change
negatively impacts several provisioning ecosystem
services, as it leads to a decline in the availability of
food from wild plants and animals, the reduction of
water supply for various human needs (due to less
retention at vegetation level], and the reduction of
biomass-based energy, resulting in the loss of food
availability, water availability and energy availability,
respectively.

Decreased vegetation productivity may lead to
reduced water retention in the soil, affecting overall
water availability in ecosystems (Figure 2.19). This
reduction in water availability can directly impact
water supply for various human needs, including
agriculture, industrial processes, and domestic
use (MedECC, 2020). Additionally, biomass-based
energy resources, such as woody plants, agricultural
residues, and organic waste, may experience
decreased yields due to low vegetation productivity at
ecosystem level (Pefuelas et al., 2017).

Decline in biological diversity, induced by climate
change, leads to alterations in species composition,
distribution, and abundance, which is critical for
maintaining ecosystem functionality (Diaz et al.,
2007). Biodiversity loss poses a serious threat to the
overall resilience of ecosystems. Diverse ecosystems,
with a variety of species, are better equipped
to withstand environmental stressors, adapt to
changes, and recover from disturbances. Networks
of ecosystem functionality are supported by complex
relationships existing between different species,
contributing to the stability of ecosystems (Leslie &
McCabe, 2013). Biodiversity loss also causes changes
in trophic webs and interaction between organisms
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within the ecological system. For example, changes
in predator-prey relations can destroy an ecological
balance. A decline or disappearance of species is
one of the initiators of a chain reaction resulting in
increased abundance of others throughout the food
web (Schmitz et al., 2004). Impacts are not limited
to ecological structures, but further extend to other
facets of biodiversity, such as functional diversity and
phylogenetic diversity, impacting ecosystem functions
and processes (Zhang et al., 2023). Biodiversity
loss can substantially impact regulating ecosystem
services and negatively affect five categories (Figure
2.19): (1) maintenance of soil structure and fertility;
(2) decomposition, remineralisation, and recycling
processes; (3) pollination; (4) seed dispersal; and
(5) pest and disease control, which subsequently
negatively impacts food availability (Hanisch et al.,
2020). Reduced diversity can also limit the variety
of foods available for consumption, affecting both
human nutrition and cultural preferences. Changes
in the distribution and abundance of plant and animal
species decreases the availability of traditional food
sources for local communities, such as wild thyme
(Thymus spp.), wild asparagus, wild artichokes,
various wild berries, wild mushrooms, wild game,
and edible seaweeds.

Ecosystems are of paramount importance in the
preservation of soil fertility and nutrient cycling,
which are facilitated by diverse mechanisms,
including decomposition. Accordingly, the reduction
in biodiversity and degradation of ecosystems can
lead to a decline in the supply of these services.
Additionally, climate change has the capacity to
alter vital ecological mechanisms, such as nutrient
cycling, primary production, and decomposition rates,
among others. These changes potentially result in a
decrease in soil fertility and potential reductions in
agricultural productivity, increasing dependence on
synthetic fertilisers, thereby expanding associated
GHG emissions and soil and water pollution.

Healthy ecosystems are also essential for
maintaining soil structure, preventing soil erosion,
and consequently reducing water pollution. Examples
of species in the terrestrial realm that affect the
maintenance of soil structure by anchoring the soil
with their root systems, are Cistus and Quercus ilex.
However, changes in precipitation patterns and
increased temperatures may affect its distribution,
abundance, and health, potentially resulting in




Climate
change driver

Organismic responses

Ecosystemics responses Effects on ecosystem services

- Desertification

- Asymmetrical adaptation capacity
among plant community species
drive to changes in species compo-
sition at medium and long-term.

- Changes in the phenology of plant-
pollinators relationships Increase of
POPs (persistent organic pollutants)
concentrations in environnent and
organisms.

- Transformation of primary POPs to
more toxic secondary POPs.

- Exacerbation of phenological
asynchronies between plants and
their pollinators. These climate-
induced phenological disruptions
may also have unexpected eco-
evolutionary consequences, biasing
sex ratios in the populations of
insect species where sex is
determined by temperature.

- Shifts of species distribution areas
of plants and animais to higher
latitudes and/or latitudes

- Fast genetic adaptation.

- Metabolomic shift towards activated
antistressmetabolic pathways.

- Changes in elemental composition
of plants.

- Morphological and metabolomic
acclimatation of plants under
moderate warming.

- Changes in phenology.

- Increase terpene emissions.

- The increase of VOCs (Volatile
Organicic Coumpounds) will
affect the signal effect of these
coumpounds for pollinators, thereby
influencing their competitive ability.

- Decreased provision of several
ecosystem services, such as
water storing capacity, tituber,
mushrooms, tourism, soil
conservation.

- Less water availability for human
activities including food production
and recreative services.

- Increased land cover not situable
for farmland and cropland activities.

Warming

- Desertification asymmetrical
adaptation capacity among plant
community species drives to
changes in species composition at
medium and long-term favouring
drought resistent species.
Decreases of total ecosystem

- Decreased provision of several
ecosystem services, such as
water storing capacity, tituber,

- Fast genetic adaptation.
- Metabolomic shifts towards
activated anti-stress metaboloc

pathways. ) mushrooms, tourism, soil
; - nutrient content. :
- Changes in elemental composition . . conservation.
- Changes of allocation to nutrients A
of plants. - Less water availability for human

- Morphological and metabolomic fromileavesiiolrooi=tand)iiony

D acclimation of plants under plants to S.OIL I -
rought - Decrease in soil mineralization

moderate drought. ;
- Disappearance of less drought Increases of more recalcitrant
pp g fractions of nutrients and de-

resistant species under prolonged ; ;
- creases of more labile fractions
drought events and/or chronic in soils

drought enhancement. . . I
N e peslinpa e bilityitipEnt The increasing recurrent wildfires
: linked to drought have transfor-
tissues.
- Changed terpene emissions med several forested areas to
9 P : shrublands in the last 20 years,
e.g., in southern Portugal.
- Reduction of ecosystem capacity
to act as C-storage.

activities including food production
and recreative services.

- Increase of land cover not situable
for farmland and cropland
activities.

- Decrease of tourism and hiking.

- Losses of biodiversity and
ecosystem C-storing capacity.

- Loss of soil protection capacity.

Table 2.5 | Main recent findings grouped by climate change driver: (1) responses from organisms;
(2) responses from ecosystems; and (3) effects on ecosystem services.
Source: Pefuelas et al., (2017).

increased soil erosion (Raimundo et al., 2018; Sardans
et al., 2020).

Changes in the distribution and behaviour of species
due to climate change can impact crucial ecosystem
services such as pollination and seed dispersal. Apis
mellifera honeybees play a crucial role in pollinating
various crops and wildflowers, contributing to the
reproduction of plant species. However, changes in
temperature and precipitation patterns can affect the

abundance and distribution of floral resources which
impact the foraging behaviour and overall health of
honeybee colonies, potentially leading to decreased
pollination services for crops and wild plants (Bartual
et al., 2018). Many bird species in the Mediterranean
(e.g. Sylvia spp.) are involved in seed dispersal,
promoting the establishment of plant populations. In
this way they play a role in the regeneration of forests
and other habitats that serve as essential food and
energy suppliers. Shifts in temperature, precipitation,
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and habitat availability can impact the distribution of
these bird species which may affect the recruitment
and diversity of plant species in the Mediterranean
(Rey et al., 2021). European nightjar (Caprimulgus
europaeus) is an insect-eating bird found in the
Mediterranean and contributing to insect control,
including nocturnal insects that may be pollinators or
pests. Changes in temperature and insect abundance
may influence the distribution and behaviour of
nightjars, with indirect effects on pollination services
through the impact on populations of nocturnal
pollinators (Auger-Rozenberg et al., 2015).

Ecosystems in the Mediterranean region have the
potential to significantly influence the availability of
energy through the provision of renewable energy
sources such as biomass, hydropower, and wind
energy. As such, changes in ecosystems, including
declines in forests or alterations in water availability,
can impact the accessibility and durability of energy
resources, thereby carrying potential implications for
the production and provision of energy (Drobinski et
al., 2020a; Garcia-Garcia, 2023).

The decrease in productivity due to climate change
also carries some important implications for
regulating ecosystem services, as it affects water
quality regulation, storm protection and erosion
protection. These services, in turn, play a crucial
role in influencing and maintaining water quality
standards. The protection of watersheds is a notable
example that plays a crucial role in the conservation
of robust ecosystems, such as forests and wetlands.
These ecosystems act as significant controllers of
water flow and quality. Wetlands serve as proficient
natural filtration mechanisms, regulating the
inflow of contaminants, sedimentation, and nutrient
leaching into aquatic environments (Cao et al.,
2022). Consequently, the degradation or depletion of
ecosystems could potentially result in a reduction in
water quality, a rise in sediment accumulation, and
heightened concentrations of pollutants in aquatic
environments. In addition, microclimate regulation
and carbon sequestration are both negatively affected
by the decrease in productivity, leading to an increase
in climate change effects (Figure 2.19).




Finally, changes in ecosystem structure and
function due to climate change will modify the way
we appreciate ecosystems, thereby impacting the
cultural ecosystem services that will ultimately affect
human well-being (Castro et al., 2011) (Figure 2.19).

In general, understanding the interrelationships
between ecosystem services and water, food, and
energy systems in the Mediterranean region is
crucial for the successful implementation of
sustainable resource management strategies. The
conservation and restoration of ecosystems have
the potential to enhance the availability, quality,
and resilience of these essential resources, thereby
promoting sustainable development and safe
guarding human well-being.

From an anthropocentric view, ecosystems provide
us with services that are often only noticed when not
available anymore. Ecosystem change (mediated by
LULCC]) will impact on services that cascade into
water, food and energy systems. Some examples
are described (Figure 2.20).

LULCC, resulting from the abandonment of
formerly agricultural areas (either caused by land
degradation or rural exodus) may take contrasting
pathways in terms of ecosystem health. If the
rewilding pathway is selected, the loss of direct
human food production may be counterbalanced by
the increase in regulation services (e.g. pollination),
which indirectly benefit other agricultural areas
nearby (food availability) and the diversity of
wild food sources, including game animals. As
the ecological succession proceeds, biomass is
produced that (1) covers the soil, reducing surface
erosion while biocrusts and the new plants’ roots
help fixate the soil; (2] biomass above and below
ground from plants filters the water and captures
micronutrients or even pollutants, improving
its quality; (3) more biodiverse plants increase
biomass CO:2 fixation, and promote soil organic
matter production (and biodiversity), reducing the
need for external fertiliser inputs (Oldfield et al.,
2019); (4) more organic matter in the soil and more
biomass covering the soil, as well as the existence of
several strata of vegetation, induces a microclimate

that is prone to water retention and protects from
aridity, reducing energy (and water) demand; and
(5) managed biomass may be used for energy
production, although uncontrolled growth can lead
to an increase in rural/forest fires. If the abandoned
land already has very degraded soil, then there is a
less clearly positive trend for the ecosystem. Either
the plant cover has difficulties getting established
(exacerbating erosion problems) or the species that
colonise are inappropriate, in the sense that exotic
invasive species may take over more easily due to
lack of competition from native species. This may
compromise a series of regulatory services based
on ecological networks (e.g. food chains).

Industrial agriculture is focused on expanding the
areas of monocultures (low biodiversity) which
can be easily managed with machinery and with
low levels of human labour. Industrial agriculture
has to recurrently use agrochemicals (fertilisers,
pesticides and herbicides), since natural nutrient
cycles are too slow for the high demand and are
broken by the overexploitation of natural resources.
Excessive use of synthetic fertilisers exacerbates
the problem by acidifying soils and disrupting soil
health. In addition, the fact that ecological balances

between species are missing, facilitates the
development of pests and diseases.

Another example (Figure 2.20) is the LULCC
intensification of agriculture, changing from

traditional agricultural forms or semi-natural
woodlands, to intensive and industrial, generally
monoculture areas. By favouring an immediate
increase in food production, ecosystem health is
neglected, as well as the long-term productivity
and sustainability of the system. Although food
availability of one crop is increased (provision
services), food diversity and nutritional quality
is reduced (Hasanaliyeva et al, 2023} in the
cultivated crops, and other sources of biodiverse
food (e.g. wild crops and game] are reduced.
Intensive agriculture requires the use of irrigation
in naturally dry seasons (like the Mediterranean
climate has), altering the seasonal patterns of
water distribution, and the microclimate for soil
microorganisms and decomposition processes
(regulation services). Soils forming less organic
matter also retain less humidity and need more
frequent irrigation, decreasing water availability.
Changing to intensive agriculture decreases the soil



Drivers of change and their impacts on the WEFE nexus
in the Mediterranean region

O Drivers of change  [1 Mechanisms — Increase
Impacts @ \WEFE components  —» Decrease o
Provisioning Regulating
ecosystem services ecosystem services
, Biomass based , EUGFQE{
‘ energy availability
_ Erosion & storm
I —  Fires  [# Erosion > protection, water —3 thjgt“etr
Biomass J quality regulation gty
Agricultural Native Re-naturalized . Water
abandonment _ species | ecosystems |y 'ater supply " availability
1 jsggls?tsy Materials & nutrition: >
Exotic/invasive wild plants & animals - Carbon sequestration,
species »  microclimate
requlaton ~—»  Energy
Land use demand
change Cutivated -
> biomass > Biomass based . Energ?{
energy > availability
y > Irrigation > Water supply . Water
. ) " availability
Agricultural [ | Agro- Pollution .
intensification| [ chemicals — Erosion & storm Water
protection, water quality
{ quality regulation
. Carbon sequestration, Climat
. Sall microclimat
1 disturbance [ rlggct)lclaltioane change
Habitat | [~ Biodiversity >Maintenence of soil -
> ion »structure, nutrient
fragmentation > cycle & fertility
Exotic/invasive- Mater —— Pollination, seed
Ly ! , Materials & nutrition:
Species *wild plantsl&animals dispersal, pest &
L)

Figure 2.20 | Example of cascading impacts of land use-induced changes in ecosystems health on water,

food, and energy, mediated through the impacts on ecosystem services.

biodiversity that maintains soil fertility, from micro-
and macrofauna soil engineers (that participate
in soil structuring) to microflora decomposers
(that maintain nutrient cycles). It also decreases
biodiversity above ground, from seed disperser
and pollinator species to predators that control

matter. When crops and their residues are removed
from cultivation areas, the recycling of nutrients on
site is reduced, there is no accumulation of organic
matter, carbon sequestration is reduced in the soil,
and humidity is not retained, all contributing to
climate change.

the numbers of potentially harmful pests. When
the biodiversity of the ecosystem is decreased, it is
easier for pests and diseases to get established in
the unbalanced network, requiring a higher input
of agrochemicals, with impact on water use and
quality, energy use and associated pollution.

Changingtoanintensive agricultureregimereduces
carbon sequestration by reducing soil organic
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