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The global population is predicted to expand to 9.1 billion by 2050. Countries around the Mediterranean Sea are predicted to achieve a
combined population of 529 million by 2025. The current major challenge confronting sustainable agriculture in the Mediterranean
region is climate change which has directly affected the extent and frequency of rain events, floods, and droughts, which in turn has
influenced land and water productivity and farmers’ livelihoods. The present review highlights the major consequences of climate
change for sustainable crop production in the Mediterranean region and evaluates different mitigation strategies for improving
agricultural land productivity and water use efficiency along with their impact on farmers’ livelihoods.

Climate change, Food security, Mediterranean region, Sustainable agriculture

Continued global population growth increase will require an region encompass about 60 % of the total population: Turkey,
increase of 70% of food production over the next 30 years, Egypt, France and Italy, which have 81, 72, 62 and 60 million
particularly in developing countries (FAO, 2013). To meet this people, respectively (UNDESA, 2011). The population is
increasing food demand and to remain self-sufficient, concentrated in coastal regions, and more than 50% of people
countries need to increase domestic agricultural production. live on the southern shores of the Mediterranean Sea
To sustainably produce more food all stakeholders in food (UNEPA/MAP/MEDPOL, 2005).) (Figure 1).

value chains need to work together and according to a new Much of the climate around the Mediterranean is arid or semi-
common agricultural policy specially designed to cope with arid and in consequence agriculture in the region is affected by
increasing climate variability and change (Reisch et al., 2013; climate, in particular high temperatures and drought.

Candel et al., 2014).

The population of countries around the Mediterranean is Constraints to sustainable crop production in the
increasing by 1.35 % per year, growing from 412 million in Mediterranean environment

2000 to 466 million in 2010, from a base of 276 million in 1970.

If the present growth rate continues, population will increase Climate change affects agricultural production globally
to 529 million by 2025. Four countries in the Mediterranean (Godfray et al., 2010). Scientists and policymakers around the
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world have warned that if action is not taken to mitigate
existing levels of greenhouse gas emissions and reduce future
emissions then future food production and food security will
be at risk (Scherrer et al., 2005). Much research has already
been conducted to quantify and mitigate the effects of the
changing climate on agricultural production (Ali et al., 2017;
Lobell and Field, 2007). An estimation showed that 60% of
global land productivity is adversely affected by climate change
(Ray et al., 2015) leading to threats to food security which are
exacerbated by increasing human population (Gornall et al.,
2010; Hillel and Rosenzweig, 2010). The IPCC (2007) estimates
that average global air temperatures will increase by 0.2°C
decade™ which will lead to an increase in average
temperatures of between 1.8 to 4.0 °C by the year 2100. Seo
and Mendelsohn (2008) observed a considerable yield loss in
major crops due to rising temperatures and decling
precipitation (i.e. increased occurrence of drought) in semi-
arid environments. They also demonstrated that heat and
drought stresses generally occurred simultaneously in arid and
semi-arid agricultural environments (e.g. Mediterranean
regions).

Mitigation strategies to face agronomic challenges in crop
production in the Mediterranean environment

In most of the Mediterranean countries, agriculture is one of
the larger contributors to the economy, contributing 20% of
the gross net product (GNP) in the south-Mediterranean
countries (Hervieu, 2008). Agricultural lands in most of the
countries in the southern Mediterranean are arid and semi-
arid, and crop productivity is highly susceptible to climate
change. Consequently, local food supply is of great concern in
this region.In the arid and semiarid areas of the
Mediterranean countries farmers generally use improved
dryland farming techniques for sustainable crop production. It
is imperative to understand the likely effects of changing
climatic conditions on agricultural production in order to meet
the food security needs of increasing human populations.
Globally, nearly 74 % of crops are cultivated under rainfed
(often water-stressed) conditions, and this is particularly the
case in the arid and semiarid regions of the southern
Mediterranean (Birard et al., 2009). Approximately 26% of
global agricultural lands are irrigated (World Bank, 2008).
Limited water supply for irrigation is a key constraint which
reduces crop production in arid and semiarid regions (Iglesias
et al., 2007, 2009). Additionally, other factors such as planting
time, crop-weed competition, diseases, pests, nutrient
deficiencies, abnormal edaphic conditions including salinity,
and high or low temperature stresses may also contribute to
lower crop productivity (Angus and van Hearwardeen, 2001;
Grassini et al.,, 2009). Besides these, the lack of locally-
appropriate crop varieties which are tolerant to biotic and
abiotic stresses is a great constraint in the southern
Mediterranean region.

Therefore, future research should include a focus on improving
the production potential of different crops in water-stressed
conditions and on texturally divergent soils under diverse
ecological conditions (Murat and Stephen, 2006). Current
research is addressing some of these concerns, including
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developing improved resource conservation technologies to
increase soil water accumulation and water holding capacity;
decreasing runoff and evaporation or evapotranspiration loss;
breeding and selecting appropriate crop species/genotypes
which are able to make more efficient use of rainwater;
promoting targeted and balanced fertilizer usage; improving
crop management to optimize available soil moisture and
judicial weed and pest management. In this paper we provide
a detailed description of mitigation strategies to limit the
adverse effect of climate change and provide opportunities for
sustainable agricultural production in the southern
Mediterranean environment.

Organic matter management in dryland cropping systems

The soil organic matter (SOM) is the main factor which
determines its physicochemical and biological properties, on
which the land and water productivity of soil depend.
Increasing SOM increases the water holding capacity and
reduces runoff and soil erosion in dryland cropping systems,
particularly in southern Mediterranean environments. Up 65
to 75% of the total SOM is humus. SOM also increases the
cation exchange capacity along with influencing soil microbial
activities which lead to increased productivity in growing
plants (Pettit, 2006). .

In dryland farming systems, due to a general scarcity of
rainfall, cattle numbers are low and subsequently the
application onto cropland of farmyard manure is not common
and does is not a large source of organic matter in soils.
Retaining crop residues on the field surface as a mulch
insulates soil temperatures from extremes of heat or cold, and
reduces soil moisture loss (Bhatt and Khera, 2006; Ward et al.,
2009). O’Leary and Connor (1997) found that increasing crop
residues in dryland cropping systems improved the soil water
balance and water permeability through the soil while
reducing soil water evaporation,-surface runoff, surface
compaction particularly in clay soils, and soil erosion (Foley
and Silburn 2002). Improved management of crop residues and
SOM increases the presence of soil water as a result of
increased soil roughness which reduces the speed at which
water runs off. This change in soil texture also reduces erosion,
even on steep soils (Paustian et al., 2000). Furthermore,
mulching with crop residues further reduces erosion, even
under heavy rains, by reducing the speed at which water runs
off, while concurrently reducing losses through evaporation
and promoting transpiration. These benefits ultimately
increase land productivity within semi-arid and arid regions
such as that of the southern Mediterranean (Anderson, 2009;
Eberbach et al., 2011).

Fertilizer management in dryland cropping systems

A key contributor to low crop production in many arid and
semi-arid environments is deficiency in soil macro- and micro-
nutrients, in particular the macronutrients nitrogen (N),
phosphorus (P) and potassium (K). To improve crop production
fertilizer management practices based on locally analysed soil
nutrient levels should be incorporated into best practice
agronomic management packages (Dregne, 2011).



Fertilizer is important to facilitate plant growth, including the
plant rhizosphere range which improves the water uptake
capacity of growing plants in arid and semi-arid regions. The
recommended dose of nutrients applied should consider the
accessibility to the plant of the nutrient in the soil and also any
potential interaction between applied fertilizers and physical
and chemical properties of the soil such as soil pH, SOM, rate
of soil mineralization, C/N ratio, presence of antagonist ions,
etc. It is necessary to test any soil to quantify its inherent
nutrient supply capacity, which can be matched to the nutrient
required by particular crops to produce target yields given
current climate and edaphic factors (Mori and Di Mola, 2012).
Among the essential plant nutrients, N plays a vital role in
increasing biomass and yield through chlorophyll synthesis,
which further increases the assimilation of carbohydrates and
the expansion of root systems, and promotes increased water
and nutrient uptake from the soil profile (Kirkegaard et al.,
1994). The nutrient uptake ability of roots has a positive co-
relation between available soil moisture and applied nutrients
through improving salt concentration for moving nutrient flow
through diffusion into the plant roots (Zhong and Shangguan,
2014). Higher intake of water by a crop improves its nitrogen
use efficiency, as it reduces the loss of N through leaching in
the soil (Wang et al., 2010). Similarly, P contributes to whole
plant growth, particularly in the developing root system and
controls translocation and balances of assimilates between
vegetative and reproductive processes. Adequate K in the
plant is critical for plant resistance to drought stress, as K
regulates the opening of stomata which regulate water loss
under stressed conditions. Under drought stress, plants alter
their physiological and biochemical processes which decreases
their yield productivity (Foyer et al., 2002; Oerke and Dehne,
2004; Cakmak, 2005). Water deficits also restrict the supply of
nutrients which leads to reduced root growth and limited
ability to access K which in turn weaken the plant and decrease
its tolerance of drought stress. K has a critical role in
physiological, biochemical and molecular mechanisms of plants
under drought (Wang et al., 2013) and therefore adequate K-
fertilization is particularly important in water-stressed
conditions to improve water productivity and increase
tolerance of drought conditions.

Improved soil tillage systems

Tillage, the mechanical manipulation of the soil to improve
conditions for plant establishment and growth, is also used to
reduce soil weed banks and to improve soil texture and
structure, particularly in dryland farming conditions (Turner,
2004; Bouman, 2007). Systems of reduced or minimum tillage,
have a more positive impact on soil health and are better able
to preserve soil structure. These systems include strip tillage,
minimum and no- or zero-tillagetillage, and raised bed planting
(Unger and McCalla, 1980; Erenstein et al., 2008; Holland,
2004). Minimum tillage disrupts only the top 5 cm of soil and
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directly sows the seed concurrently with the tillage; generally
the soil is not disturbed prior to crop establishment. Minimum
tillage can save up to 70% of the energy required to establish a
crop compared with traditional tillage system. The tillage
system improves the physical, chemical and biological
properties of a soil, thereby improving its productivity (Alam et
al., 2014). The appropriate conservation tillage practice must
be selected for specific crops (accounting for root system
characteristics) and a location’s soil physical properties
including soil texture, structure, SOM status, and water holding
capacity. Conservation tillage systems improve the size of soil
aggregates through improving soil structural stability, which
has a positive effect on soil health and crop productivity as soil
infiltration rates and water holding capacities improve
(Perniola et al., 2015). Conservation tillage can be combined
with field management along contour lines to promote soil
infiltration and reduce runoff and erosion. (Woltering, 2005).
However, to have a measurable effect on different physical
and chemical soil properties and hence on crop productivity,
these techniques must be practiced for at least three to five
years (Bhatt and Kukal, 2015; Bhatt and Kukal, 2017 a,b), a fact
of which farmers should be made aware before committing to
new crop management practices.

Improving surface water retention and sediment control
systems

In the southern Mediterranean region during the spring—
summer rainfall is very low and, due to poor irrigation
networks, water use efficiency is very poor. This has a
considerable negative effect on crop productivity. On steeper
slopes high levels of erosion contribute to sedimentation in
dams and reservoirs which reduces their storage capacity and
increases downstream flood risks. The degree of soil erosion
depends on the intensity of rainfall and the steepness of the
slopes (Lionello et al., 2006).

To minimize erosion-based water losses from agricultural
systems it is essential to promote those soil management
techniques which promote water infiltration into the soil and
which reduce runoff. A three-year study in the hilly Punjab
region in India identified the need to initially remove gullies
(which collect runoff water) rather than to install expensive
check dams (Bhatt and Kukal, 2015). This study also
demonstrated that improvements to drainage systems were
necessary to control water outflows, flooding and surface
runoff losses as well as to reduce evaporation from dryland
farming systems. In practice, gentle slopes may be created
within fields to promote the slow movement of water before
runoff into grassy drainage channels. In a dry environment,
land angles/slopes should not be greater than 1% and fields
should as wide as possible (e.g. 30-50 m) to increase the time
water flows over the soil surface and, consequently, increase
water infiltration and retention (Sophocleous, 2002; Brabec et
al., 2002; Pimentel et al., 2004). The objective is to decrease



Population density and urban
centres in the Mediterranean basin

Population density, 2008
Inhabitants per square kilometre
_] Lessthan5

| 5035

] Bt

| S0t0100

] 100to250

I Votethan 250

MADRID

Population in urban

centres, 2010 s
Millions Tangi)
10 T
Fes.
3 o
— Casablanca
= Mediterranean At ®M.1m«h
catchment area O MoROCCO
2001 UNDES Popuation Do, rne s ccesedin st 01

ALGERIA

ANKARA

TURKE

ALBANIA

Thessaloniki
O e 6%
@®

ATHENS 20

y

o %
049, ¢
v

]
(e

TUNISIAI ~e

Fig 1. Population density and urban centers in the Mediterranean basin. Source: (UNDESA, 2011).

erosion, thus decreasing the silt deposited into dams and
reservoirs and reducing downstream flood risks.

Bare fields are at high risk of erosion and therefore retention
of cover is important to reduce runoff, particularly on steep
slopes. Terracing may not be viable for cereal crops; in these
cases land may be graded to control water runoff and erosion
into dedicated channels. These channels should themselves be
determined according to soil texture and slope to reduce
erosion. The rate of water infiltration into soil primarily
depends on the presence and distribution of macropores with
a diameter between 30 to 500 um (Pagliai, 1986)

Crop management

A detailed description of crop management strategies to
mitigate adverse effects of climate change and to promote
sustainable agricultural production in the southern
Mediterranean environment are described below.

Suitable crop cultivars

In southern Mediterranean environments, low precipitation
and high-temperatures are the major abiotic stresses that
reduce agricultural production (Bassu et al., 2009). For
sustainable crop production, crops should be selected based
on the length of the crop growing and the capacity of the
variety to achieve relatively high productivity under limiting
conditions. For example, in the arid south Mediterranean
environment, the growing season of most dryland crops viz.,
rye, barley, oats and wheat, has been adapted accommodate
cold winters followed by water-limited periods until harvest.
Of all crops, rye, barley and oats are better adapted to low
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temperatures and water stress than is wheat (Cossani et al.,
2009). In arid conditions, shorter duration crops are preferred
as they required less water over their life cycle.

There are two ways to mitigate the adverse effect of limited
rainfall and extreme temperatures on crop plants: through the
development of new varieties which better tolerate stressful
environments; the identification of improved management
practices for sustainable crop production under stress
conditions (Hossain and Teixeira da Silva, 2013). Over the last
three decades, plant breeders have produce new cultivars with
stress genes which have higher water use efficiencies under
water deficit condition (Hsiao et al., 2007). Hsiao et al.
(1993a,b) and Blum (2005) demonstrated that high-yield-
potential crop varieties could maintain a high water use
efficiency in both well-watered and in drought conditions,
compared to traditional varieties. Although the ongoing
development of new varieties is possible through conventional
breeding programs, advances in biotechnology and genetic
engineering may provide other avenues for the development
of stress-tolerant varieties.

Adjustment of sowing date

Date of sowing is one of the important agronomic
management strategies for grain production. Crop varieties
should be selected based on crop season length. In south
Mediterranean environments, autumn—winter crops such as
durum and spring wheats, barley, oats, and rye are most
common as they are grown when maximum moisture is
available (Laux et al., 2010). The optimum sowing time of a
crop facilitates its growing under maximum rainfall while
reducing exposure to thermal stresses at the onset of the hot



season (Hossain et al., 2012a,b). While the Indian Punjab
region does not have a Mediterranean climate, it is also an arid
region from which much water is used to cultivate (basmati)
rice. In this region traditionally farmers sowed rice seedlings in
May, which is a time of great heat and evaporative demand,
and requires high irrigation. R It has been suggested that
delaying crop establishment from May to June (which is
associated with the onset of the monsoon) would result in
reduced irrigation as evaporative demand would be lower. This
change would increase irrigation water productivity
throughout the Indian Punjab, and also reduce exposure to
early-season rice pests which also adversely affect yield.

Weed management

Weeds compete with crop plants for water, nutrients and
sunlight (Bhatt and Kukal, 2017a,b). Weed management is
critical point for sustainable crop production in all
environments, including the southern Mediterranean. In this
region, many common cereal crops are negatively affected by
weeds outcompeting them for water, light, nutrients, and
space (Barros et al., 2008). Additionally, weeds also adversely
affect the qualitative characteristics of crops which leads to
deteriorated yield quantity and quality (Weiner et al., 2001;
2010). Therefore, for sustainable crop production, weeds
should be controlled through preventive and preferably
nonchemical agronomic procedures including crop rotations
with weed-cleaning crops; selecting crop varieties which grow
faster than weeds; by growing crops at a slightly higher plant
density than recommended to reduce available space for
weeds; thorough preparation of the seedbed to germinate and
kill weed seedlings ; and timely intervention with mechanical
weeders at early crop growth stages. Control of weeds with
herbicides has environmental and health risks and may not be
economically viable. Chemical herbicides application should be
triggered based on the amount of weeds present and their
potential damage to the crop, to ensure applications are
economically viable (Barros et al., 2008; Weiner et al., 2001;
2010; Flower et al., 2012). Under zero tillage, significantly
higher weed population may be observed, because of surface
weed seeds (which get higher sunlight and water/nutrients to
proliferate) (Bhatt and Kukl, 2017a,b).

Water-efficient techniques for crop production in dry areas

Several effective irrigation strategies to optimize water use
efficiency, thereby increasing economic and environmental
benefits and promoting sustainable crop production have been
suggested by, for example Delirhasannia et al. (2010), Sadeghi
et al. (2015) and Bhatt and Kukal, (2017a,b). A detailed
description of water saving technologies to mitigate adverse
effects of climate change and to promote sustainable
agricultural production in the southern Mediterranean
environment is described below.

Traditional water-saving technologies

Age old irrigation practices including border, furrow and
surface irrigation systems, are of limited water use efficiency
but are still being practiced by many farmers in the southern
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Mediterranean region. These techniques have been widely
adopted they are economical and can be used by farmers with
little technical knowledge or access to the latest technology
(Blanke et al., 2007). In the furrow irrigation system crops are
planted on raised ridges between furrows through which
irrigation water flows. Wang et al. (2004), Li et al. (2004) and
Darouich et al. (2017) found that furrow irrigation systems
increased water productivity as well as wheat vyields as
compared to more water-intensive flood irrigation. For border
irrigation, the field is well-levelled to allow the uniform spread
of the applied irrigation water. This system will facilitate water
infiltration, reduce runoff and erosion while increasing crop
yields (Deng et al., 2004). Surface irrigation is performed using
hose-pipe which is used to transport irrigation water to
farmers' fields. Zuo (1997) found that piping water under the
soil surface could reduce water wastage by 30% which was of
considerable benefit to smallholder farmers with fragmented
landholdings. Additional crop management practices including
direct seeding of rice, permanent beds, laser levelling, soil
matric potential-based irrigation, and underground irrigation
pipes may be used to advantage in water deficit regions
including the southern Mediterranean.

Water saving technologies at a farm level

Farm-based water saving tools include plastic sheeting,
drought resistant crop varieties, use of minimal or no tillage
and surface level irrigation piping. These tools are common
and can be easily adapted to different household
requirements, due to comparatively low costs of
implementation. They are also more portable than traditional
approaches. For example, rice production systems which use
plastic ground covers to reduce water loss through
evaporation can restrict water losses by between 50 and 90 %
(Abdulai et al., 2005). Additionally, this practice increases soil
temperature which facilitates earlier planting and thus earlier
harvesting, increasing both crop yield and water use efficiency
(Li et al., 2003).

Community-based water-saving technologies

Generally, community-based technologies are likely to
conserve more water than household-level technologies.
These water saving technologies are linked to underground
aquifers, which are in turn connected to water bodies such as a
rivers, sea or canal. These underground aquifers and lined
above-ground canals are made of cement, metal, plastic or any
other relatively impermeable material to reduce the water
that seeps through the aquifer into the surrounding soil during
conveyance from the water source to the field, for irrigation
(Cai et al., 2003).

Sprinkler irrigation systems are one type of community-based
irrigation technologies, which have a huge fixed cost. These
irrigation systems require substantial water pressure to
operate and need a community or a group of farming families
to operate them in common in order to be economically viable
(Zuo, 1997; Peterson and Ding, 2005). Another community-
based water-saving technology is laser levelling. In the Indian
states of Punjab and Haryana scientists have demonstrated



many water-saving technologies to farmers, however it is laser
levelling which is of most interest to farmers and which has
been adopted throughout these states as levelling
considerably improves water use efficiency, enables the
irrigation of larger areas in shorter time and finally improves
farmers’ crop productivity.

Water scarcity in the arid and semi-arid environment of the
southern Mediterranean is one of the major challenges for
sustainable crop production. The challenge of producing crops
with limited water is expected to further worsen under climate
change. The consequences of climate change for the southern
Mediterranean region which have been identified in this study
will serve as reference for developing new technology
packages and well as policies to promote and facilitate
sustainable crop production in the region. This will enable
smallholder farmers to mitigate some of the climate-based
challenges of future crop production and to meet the
increasing food demand of a growing regional population. In
particular we have identified the selection of short duration
cultivars, and the introduction of mulching, laser leveling,
tensiometer-based irrigation management, mechanical
transplanting of rice, and permanent crop beds as likely crop
management methods to assist in improving water
productivity and crop production for smallholder farmers in
the arid and semi-arid regions of the southern Mediterranean.
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