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Abstract: The impact of simulated future climate change on land degradation was assessed in three
representative study sites of Thessaly, Greece, one of the country’s most important agronomic zones.
Two possible scenarios were used for estimation of future climatic conditions, which were based on
greenhouse gas emissions (RCP4.5 and RCP8.5). Three time periods were selected: the reference past
period 1981–2000 for comparison, and the future periods 2041–2060 and 2081–2100. Based on soil
characteristics, past and future climate conditions, type of land uses, and land management prevailing
in the study area, the Environmentally Sensitive to desertification Areas (ESAs) were assessed for
each period using the MEDALUS-ESAI index. Soil losses derived by water and tillage erosion
were also assessed for the future periods using existing empirical equations. Furthermore, primary
soil salinization risk was assessed using an algorithm of individual indicators related to the natural
environment or socio-economic characteristics. The obtained data by both climatic scenarios predicted
increases in mean maximum and mean minimum air temperature. Concerning annual precipitation,
reductions are generally expected for the three study sites. Desertification risk in the future is expected
to increase in comparison to the reference period. Soil losses are estimated to be more important in
sloping areas, due especially to tillage erosion in at least one study site. Primary salinization risk is
expected to be higher in one study site and in soils under poorly drainage conditions.

Keywords: climate change; soil erosion; land desertification

1. Introduction

Soil, as a thermodynamically open system [1], receives inputs from the environment
and at the same time exerts a strong influence on it. Such a system undergoes constant
changes, at various rates, the size of which depends on the intensity of the inputs it receives
and its outputs to the environment [2]. In various ecosystems, the processes evolving in
soils can be categorized into those generating entropy, consequently degrading soil quality
(e.g., decomposition of organic matter, erosion, leaching of nutrients, etc.) and those that
reduce entropy (formation of soil structure, aggregation of soil particles, thrombosis of clay
particles, etc.). A fundamental criterion of soil sustainability is the principle of minimum
entropy production [3,4], according to which the approach of an equilibrium state of an
irreversible process (soil formation and its evolution through soil profile development) is
characterized by a minimum value of the entropy production rate. Therefore, agronomically,
all the necessary measures must be established and applied so that the changes in soil
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system to be slow and the rates of soil formation and those of changes in its properties
and its losses, as far as possible, to be balanced [2]. In this way, the soil system will be
constantly approaching a state of equilibrium, which will ensure the sustainability of its
ability to produce biomass and perform its functions as an integral part of the ecosystem.
Under a regime of extreme external inputs, whether natural or man-induced, the desired
approach to the equilibrium state is overturned and the existing changes become more
intense, resulting in soil properties, functions, and general quality being degraded.

Land desertification is the result of a series of important land degradation processes
in the semi-arid and arid regions of the planet, where water is the main limiting factor
of land uses in various ecosystems [5,6]. Direct natural soil degradation processes that
have been identified as mainly responsible for desertification in the Mediterranean are soil
erosion (by water and wind) and soil salinization while, at the same time, several other soil
threats have been reported that may also contribute to the phenomenon [5]. Desertification
occurs when soil degradation reaches a particularly critical stage, during which the soil
can no longer provide the necessary living space, water, and nutrients to plants and other
life forms that are fundamental to human life and the sustainability of the environment
in general [2]. According to the United Nations Convention to Combat Desertification [7],
the phenomenon of desertification is defined as the “degradation of land in arid, semi-arid
and dry sub-humid areas, resulting from various factors, including climatic variations and
human activities”. In contrast to soil formation and evolution, desertification is not limited
to irreversible forms [6] and is largely a reversible process [8,9].

The most worldwide and even quite recently applied or modified procedure for assessing
land desertification risk is the methodology of Environmentally Sensitive Areas [10–28] that
was first introduced in the framework of the EU-funded project MEDALUS III [5]. According
to this methodology, the different areas of the Mediterranean environment were categorized
based on their vulnerability to desertification. Environmentally Sensitive Areas (ESAs)
around the Mediterranean Basin present different sensitivities to desertification according
to the limiting factors they are facing. The methodology through four qualities (soil, climate,
vegetation, and management), assessed by a total of 15 indicators, incorporates in a holistic
manner the most common environmental limiting factors of the Mediterranean regions
that, in their extreme expression, can lead to land desertification. As demonstrated by
its widespread acceptance, modifications, and applications, the core of the methodology
strongly represents factors that can lead to desertification, extending its implementation
also in areas outside the Mediterranean environment.

Soil erosion is strongly related to land abandonment or to the reallocation of rainfed
cereals in Mediterranean conditions, due to soil depth degradation [29] and productivity
decline [30,31], resulting in it often being a precursor to desertification. Under the same
conditions, the average annual estimation of soil losses due to tillage are considerably much
higher, at the order of magnitude level, than those caused by water erosion [30]. Concerning
the degradation process of salinization, naturally induced saline soils in Greece are mainly
found in plain areas located near the coastline, formed on alluvial deposits and having
a shallow ground water table. Based on a recent soil survey report for agricultural soils,
soils under high or moderate potential salinization risk cover approximately 5.7% of these
soils [32].

Due to the causal relationship between desertification and climatic variations, it is
self-evident that the risk of land desertification in future climate scenarios can be reliably
projected through the Representative Concentration Pathways (RCPs) [33]. The pathways
describe different climate futures, all of which are considered possible depending on the
volume of greenhouse gases (GHG) emitted in the years to come. RCPs are consistent
with certain socio-economic assumptions but are being substituted with the shared socio-
economic pathways that are anticipated to provide flexible descriptions of possible futures
within each RCP. It is true that in recent years RCPs are often used to assess the process of
desertification or the trends of its main components [34–36]. In the context of the present
work, the soil degradation processes of soil erosion (including water and tillage erosion),
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primary salinization, and desertification risk of typical agricultural areas of the Thessaly
plain (Greece), mainly under cereal and cotton cultivation, were assessed by applying
existing empirical equations or algorithms of indicators and the methodology of ESAs
under the regime of various RCPs.

2. Materials and Methods
2.1. Study Area

The study area is located in the central part of Greece in Thessaly plain. Thessaly,
the greatest agricultural area of Greece, produces 14.2% of the country’s crop production,
covering a total cultivated area of 416,000 ha. This area is occupied by 83.3% of arable crops,
dominated by cereals and cotton [37]. Based on our experience in the study area, and the
recent soil survey of the region [32], the main soil degradation processes are soil erosion,
soil salinization, loss in organic matter content, and soil compaction of the subsurface soil
layer. Three representative study sites have been selected in that area, namely (a) Trikala,
(b) Zappeion, and (c) Sotirio. Each of the three study sites was a square with a side of
11 km, around each corresponding provincial town’s center, covering an area of 12,100 ha
(Figure 1). The study was focused on areas covered with arable crops and, therefore, did
not include mountainous grazing areas.

Figure 1. Location of the three study sites in Thessaly.

The climate of the study area is characterized as semi-arid, with an annual rainfall
ranging from 415 to 707 mm yr−1 (Greek National Meteorological Service). The study site of
Trikala is almost flat with deep well-drained soils, fine to moderately fine textured, formed
on alluvial deposits, and classified as Fluvisols or Luvisols. The study site of Zappeion
is a sloping land with deep to moderately deep well-drained soils, fine to moderately
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fine textured, formed on marl deposits, and classified as Cambisols or Vertisols. The
study site of Sotirio is almost flat to moderately sloping with deep to moderately deep,
well- to very poorly-drained soils, fine to moderately fine textured, formed on alluvial or
marl deposits, and classified as Fluvisols or Cambisols [32]. The maps presented in this
work were compiled using the ArcGIS v.10.4 software (Environmental Systems Research
Institute-ESRI, Redlands, CA, USA).

2.2. Climate Simulation

Estimates of future climatic conditions were based on scenarios of the possible evolu-
tion of greenhouse gas concentrations. In the context of the fifth report of the Intergovern-
mental Commission on Climate Change of the United Nations [38], four possible scenarios
(RCPs) have been developed for the evolution of greenhouse gas concentrations based
on different possible evolutions regarding world population, economic activity, lifestyle,
energy consumption, land use patterns, technology, and climate policy. In the present
study, future climate estimates were based on two of the following scenarios: RCP4.5
(intermediate scenario) and RCP8.5 (drastic growth scenario of greenhouse gas emissions).
The main characteristics of these scenarios are the following:

2.2.1. Scenario RCP4.5

Scenario RCP4.5 was developed by the GCAM team at the Pacific Northwest National
Laboratory’s Joint Global Change Research Institute (JGCRI) in the United States. This is a
stabilization scenario in which the energy balance of the atmosphere stabilizes after 2100,
without exceeding the long-term goal [39]. This scenario takes into account the expectation
that reforestation programs will be implemented and that changes will be made to the
arable land. In addition, methane emissions are expected to be stable, while CO2 emissions
are allowed to increase slowly until 2041 and then start decreasing. RCP4.5 represents a
general reduction in energy consumption and fossil fuel use, while assuming an increase in
renewable energy sources and nuclear energy use [40].

2.2.2. Scenario RCP8.5

Scenario RCP8.5 was developed using the MESSAGE model and the Integrated Assess-
ment Framework of the International Institute for Applied Systems Analysis (IIASA) in
Austria. This scenario is characterized by increasing greenhouse gas emissions, leading
to high levels of greenhouse gas concentrations [41]. It represents a future situation in
which greenhouse gas reduction policies will not be implemented and methane and nitrous
oxide emissions will increase rapidly by the end of the century. Land use will increase
due to the growing population as well as the use of fossil fuels for energy production and
transportation [42].

For each scenario, the results of high spatial resolution simulations (of the order
of 11 × 11 km) of the EURO-CORDEX program (https://euro-cordex.net/ (accessed on
2 April 2021)) were used in the present study, which cover, in a daily time analysis, a
continuous time period from 1970 to 2100. The simulations used were performed with the
regional climate model RCA4 [43]. By using initial and boundary conditions from the global
climate model MPI-ESM-LR [44], the daily values of the following climatic parameters
were extracted: temperature (mean maximum, minimum), precipitation, relative humidity,
solar radiation, and wind speed for the reference period 1981–2000 as well as for two future
periods: 2041–2060 (near future) and 2081–2100 (distant future).

2.3. Land Desertification Assessment

The Environmentally Sensitive Areas (ESAs) to desertification were identified for each
study period using the methodology developed in the EU-funded research project MEDALUS
III (Mediterranean Desertification and Land Use) [5]. According to this methodology, four
classes of land sensitivity to desertification were defined (written in the order of increas-

https://euro-cordex.net/
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ing sensitivity on desertification): “non-affected” (N), “potentially affected” (P), “fragile”
(including the subtypes F1, F2, F3), and “critical” (including the subtypes C1, C2, C3).

The ESAs methodology is based on a comprehensive analysis of 15 variables and
a two-phase computational approach. All the variables are grouped according to four
‘qualities’: climate, soil, vegetation, and management. The latter quality is intended as
‘degree of human induced stress’ [5]. In the first step, values of the corresponding variables
were appended to each elementary map unit area, classified according to a variable/score
classification system, and a generalized evaluation was carried out to produce the four
quality indicators (soil quality, SQI; vegetation quality, VQI; climate quality, CQI; and man-
agement quality, MQI). Each of the four quality indicators was estimated as the geometric
mean of the respective scores of its pertinent variables. The elementary map unit area in the
present work corresponded to the Soil Mapping Unit (SMU) area, according to the Greek
soil mapping system [45]. In the second step, the environmental sensitivity of each SMU
was derived by computing the geometric mean of the four quality indicators.

By using this methodology, the effect of simulated future climate scenarios on de-
sertification was examined, and therefore all other qualities, except climate quality, were
considered unchanged over time and the same as those prevailing in the present situation.
Specifically, as representative of the present state of soils, the soil map of Thessaly, part
of the current soil map of Greece [32], was used. Although there was a lack of officially
available soil data of the three study sites for the reference period, the issue was addressed
as follows. Considering that the soil data required by the method, which were carto-
graphically recorded according to the current Greek soil mapping system [45], refer to soil
properties that do not change easily over time [46], the state of soils in the reference period
was assumed to be the same as that of the present situation. SQI was calculated based on
the soil properties mapped in the study sites, and soil properties that finally synthesized
SQI were parameterized according to the methodology suggestions [5] (Table 1).

Table 1. The SQI parameters and their corresponding weighted values across the study sites.

Land Quality Used
Parameters Description Weighted

Values

Current Greek Soil
Mapping System’s

Symbols [45]
Study Sites

Soil Quality
Index—SQI

Soil texture of
the top

soil layer

L, SCL, SL, LS, CL 1 3 Trikala

SC, SiL, SiCL 1.2 - Non existent in the
study sites

Si, C, SiC 1.6 5 Zappeion, Sotirio
S 2 4 Zappeion, Sotirio

Parent material

Shale, schist, basic, ultra basic,
conglomerates, unconsolidated 1 C, A, P, T Zappeion, Sotirio, Trikala

Limestone, marble, granite,
Rhyolite, ignibrite, gneiss,

siltstone, sandstone
1.7 - Non existent in the

study sites

Marl *, pyroclastics 2 M Zappeion, Trikala

Soil depth

>75 cm 1 4, 5, 6 Zappeion, Sotirio, Trikala
30–75 cm 2 3 Zappeion, Trikala

15–30 cm - - Non existent in the
study sites

<15 cm 4 Non existent in the
study sites

Slope (%)

<6 1 A, B Zappeion, Sotirio, Trikala

6–18 1.2 - Non existent in the
study sites

18–35 1.5 - Non existent in the
study sites

>35 2 - Non existent in the
study sites
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Table 1. Cont.

Land Quality Used
Parameters Description Weighted

Values

Current Greek Soil
Mapping System’s

Symbols [45]
Study Sites

Rock
fragments

cover

>60 1 3 Zappeion, Sotirio
20–60 1.3 2 Zappeion, Sotirio
<20 2 1 Zappeion, Sotirio, Trikala

Drainage
conditions

Well drained 1 A, B, C Zappeion, Sotirio, trikala

Imperfectly drained 1.2 D Sotirio, Trikala

Poorly drained 2 D/F, E/F, E Sotirio, Trikala

* For perennial vegetation, marl is transferred to class 1.

The climate quality was assessed using monthly mean precipitation, aridity index, and
slope aspect. The corresponding climatic data have been received from the Academy of
Athens, both for the reference period 1981–2000 and for the future time periods (RCP4.5,
RCP8.5). The aridity index was assessed as the ratio of annual mean precipitation over mean
annual potential evapotranspiration (ETo) [25,47]. Annual potential evapotranspiration was
calculated by the procedure described by Allen et al. [48], according to the FAO Penman–
Monteith method [49]. Due to the almost-level to gently-undulating soil slopes of the study
sites, a weighted value of 1 was attributed to slope aspect according to Prăvălie et al. [21]
classification. Parameters and data used for producing CQI are presented in Table 2.

Table 2. The CQI parameters and their corresponding weighted values across the study sites.

Land Quality Used Parameters Description Weighted
Values Data Source Period/RCP/Study Site

Climate Quality
Index—CQI

Annual
precipitation

>650 mm 1

Academy of
Athens

1981–2000/Trikala

280–650 mm 2

1981–2000/Zappeion,
2041–2060/4.5/Zappeion,
2081–2100/4.5/Zappeion,
2041–2060/8.5/Zappeion,
2081–2100/8.5/Zappeion,

1981–2000/Sotirio, 2041–2060/4.5/Sotirio,
2081–2100/4.5/Sotirio,
2041–2060/8.5/Sotirio,
2081–2100/8.5/Sotirio,
2041–2060/4.5/Trikala,
2081–2100/4.5/Trikala,
2041–2060/8.5/Trikala

<280 mm 4 2081–2100/8.5/Trikala

Aridity index

>1 1

Calculated

Non existent in the study sites
0.75 < 1 1.05 1981–2000/Trikala

0.65 < 0.75 1.15 Non existent in the study sites
0.50 < 0.65 1.25 1981–2000/Zappeion, 1981–2000/Sotirio
0.35 < 0.50 1.35 Non existent in the study sites

0.20 < 0.35 1.45

2041–2060/4.5/Zappeion,
2081–2100/4.5/Zappeion,
2041–2060/8.5/Zappeion,

2041–2060/4.5/Sotirio,
2081–2100/4.5/Sotirio,
2041–2060/8.5/Sotirio,
2041–2060/4.5/Trikala,
2081–2100/4.5/Trikala

0.10 < 0.20 1.55

2081–2100/8.5/Zappeion,
2081–2100/8.5/Sotirio,
2041–2060/8.5/Trikala,
2081–2100/8.5/Trikala

0.03 < 0.10 1.75 Non existent in the study sites
<0.03 2 Non existent in the study sites

Aspect N, NE, NW, flat 1
Estimated

Zappeion, Sotirio, Trikala
S, SE, SW, E 2
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Vegetation quality was assessed based on the main annual cropping system of cereals
and cotton prevailing in the study site regions, as justified by producers’ single aid applica-
tions for the year 2018 derived from geodata of the Greek Payment Authority of Common
Agricultural Policy that were used in the context of a recent national project [50] (Table 3).

Table 3. The VQI parameters and their corresponding weighted values across the study sites.

Land Quality Used Parameters Description Weighted Values Study Sites

Vegetation Quality
Index—VQI

Fire risk

Bare land, perennial agricultural crops,
annual agricultural crops

(maize, tobacco, sunflower)
1 Not the main cultivations

in the study sites

Annual agricultural crops
(cereals, grasslands),

deciduous oak, (mixed), mixed
Mediterranean,

macchia/evergreen forests

1.3 Zappeion, Sotirio, Trikala

Mediterranean macchia 1.6 Not the main vegetation in
the study sites

Pine forests 2 Not the main vegetation in
the study sites

Erosion protection

Mixed Mediterranean
macchia-evergreen

forests (with Q. ilex)
1 Not the main vegetation in

the study sites

Mediterranean macchia, pine forests 1.2 Not the main vegetation in
the study sites

Deciduous forests (oak mixed),
permanent grassland 1.4 Not the main vegetation in

the study sites
Evergreen perennial agricultural

crops (olives) 1.6 Not the main cultivations
in the study sites

Deciduous perennial agricultural crops
(almonds, orchards) 1.8 Not the main cultivations

in the study sites
Annual agricultural crops (cereals),

annual grasslands 2 Zappeion, Sotirio, Trikala

Drought resistance

Mixed Mediterranean
macchia/evergreen forests,

Mediterranean macchia
1

Not the main vegetation in
the study sites

Mediterranean macchia

Conifers, deciduous, olives 1.2
Not the main vegetation

and cultivation in the
study sites

Perennial agricultural trees
(vines, almonds, ochrand) 1.4 Not the main cultivations

in the study sites

Perennial grasslands 1.7 Not the main vegetation in
the study sites

Annual agricultural crops,
annual grasslands 2 Zappeion, Sotirio, Trikala

Plant cover

>40% 1
Not the main plant cover

percentage in the
study sites

10–40% 1.8 Zappeion, Sotirio, Trikala

<10% 2
Not the main plant cover

percentage in the
study sites

The weakness of an adequate integration of the crucial to desertification socio-economic
characteristics in the MQI factor has been highlighted by some authors [51,52]. Indeed,
the larger the scale of observation, the more difficult it becomes to reliably assess deserti-
fication risk via ESAs methodology while evaluating, at the same time, the appropriate
socio-economic parameters [15,23], mainly due to lack of statistical data. In the context of
the above-mentioned restrictions and based on the current cultivation practices of most of
the agricultural fields of each study site, which were identified during on-site visits in the
past, the following values of the MQI parameters were assigned (Table 4).
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Table 4. The MQI parameters and their corresponding weighted values across the study sites.

Land Quality Used Parameters Description Weighted Values Study Sites

Management
Quality

Index—MQI

Land use intensity
(only for cropland)

Low land use intensity 1 Not the major trend existent in
the study sites

Medium land
use intensity 1.5

Zappeion, Sotirio, Trikala
(shallow plowing, application

of fertilizers in a moderate
intensity, contour cultivation in

some areas)

High land use intensity 2 Not the major trend existent in
the study sites

Policy enforcement

Complete: >75% of the
area under protection 1 Not the major trend existent in

the study sites

Partial: 25–75% of the
area under protection 1.5

Zappeion, Sotirio, Trikala
(partially adequate measures

for soil protection)
Incomplete: <25% of

the area
under protection

2 Not the major trend existent in
the study sites

2.4. Tillage and Water Soil Erosion Assessment

Tillage erosion is caused by the mechanical treatment of the soil with cultivation tools,
considered as important or even more important than water erosion for the sloping land of
the study area [30,53]. Soil displacement (Qs, kg m−1) during tillage erosion is considered
as a soil diffusion process, linearly related to plowing depth (D, m), soil bulk density (BD,
kg m−3), slope of the soil surface (G, %), and the diffusion coefficient (B), according to
Equation (1) [54]:

Qs = D × BD × G × B (1)

In the present study, it was considered that the agricultural machine plows parallel to
the slope, with a plowing depth of 0.20–0.25 m. The mean value of soil bulk density was
considered to be 1200 kg m−3, which is an average value for the Greek agricultural soils [32].
Based on topographic maps, the slope of the soil surface was estimated as the average
slope of the SMU. Coefficient B value was calculated from the slope of the linear regression
curve between the soil displacement and the slope of the soil surface for a plowing depth
of 0.20–0.25 m, receiving the value 0.54 [53].

Based on a 30 m detailed Digital Elevation Model (DEM), derived from NASA’s Shuttle
Radar Topography Mission (SRTM) satellite data (available at: https://www2.jpl.nasa.
gov/srtm/ (accessed on 7 April 2021)), the area of each SMU was divided into grids of
20 × 20 m, and the shape of each square was estimated in terms of curvature based on the
relief of the surface. For each square, the difference between the loss of soil material in the
lower square and the addition of soil material from the upper square was calculated based
on the above equation. In grids with a convex or a straight surface, the result after plowing
was usually the loss of soil material, while in grids with a concave surface the final result
was the addition of soil material. The decrease or increase of soil depth (h) at a location was
calculated from Equation (2) [30]:

h =
W

S × BD
(2)

where W is the weight of the soil in kg and S is the area calculated in m2. Finally, for
practical reasons, the average soil loss in each SMU per time period was estimated.

The assessment of soil water erosion was made by applying an empirical equa-
tion obtained from soil erosion experiments in areas cultivated with cereals using the
Equation (3) [55]:

Soil loss
(

gm−2yr−1
)
= −12.7 + 0.046R + 0.000083R2 (3)

https://www2.jpl.nasa.gov/srtm/
https://www2.jpl.nasa.gov/srtm/
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where R is the annual precipitation in mm. Based on the above equation and using the
annual precipitation of each study period, the total soil loss in cm was calculated separately
for each study area.

2.5. Soil Salinization Risk Assessment

In the present study, only the primary salinization has been assessed and exclusively
for the study site of Sotirio, where the conditions of soil degradation due to primary
salinization are mainly met because soil drainage is insufficient. Individual indicators
related to the natural environment or socio-economic characteristics are used to assess
the salinization risk using the SR index. Specifically, the following algorithm was used
(Equation (4) [56,57]:

SR = 0.224 + 0.225ETo + 0.346WQ + 1.497GWE + 0.413DR − 0.295FF + 0.152FO + 0.297DFS+
0.836IPAL − 0.573PD

(4)

where ETo = potential annual evapotranspiration (mm of water), WQ = quality of irrigation
water (µS), GWE = degree of groundwater utilization, DR = soil drainage, FF = flood fre-
quency (time), FO = land ownership status, DFS = distance from shoreline (km), IPAL = per-
centage of irrigated agricultural land, and PD = population density (people/km2).

The following values of variables were used to apply the above algorithm. Potential
evapotranspiration (ETo) was calculated by the procedure described by Allen et al. [48] and
defined as the mean of each study period in millimeters. Based on water analytical data of
the local municipality (available online: https://deyakileler.gr/per-balon-po-otita/elegxos-
poiotita-nerou/apotelesmata-poiotikoy-elegxou (accessed on 30 April 2021)), water quality
(WQ) was estimated in terms of electrical conductivity values, taken as 400–800 µS/cm
for the period 1981–2000. Water quality is expected deteriorate due to predicted climate
change; therefore, electrical conductivity was considered as greater than 1500 µS/cm for
the periods 2041–2060 and 2081–2100. Groundwater exploitation (GWE) was characterized
as minor for the period 1981–2000 [58], and as moderate over-exploitation for the two
future periods. Soil drainage (DR) was estimated from the soil map of the area [32], and it
was considered the same for all study periods. Flood frequency (FF) was estimated to be
rare in the area with an incidence of 1 per 10 years for all periods [58]. Ownership status
(FO) was considered as the producer’s individual property for all periods [50]. Distance
from shoreline (DFS) was measured from the topographic map, derived from the DEM.
The percentage of irrigated agricultural land (IPAL) was higher than 50% for the period
1981–2000 [50] and 25–50% for the future periods due to expected partially shifting to winter
crops based on the Greek National Action Plan for combatting desertification [59]. Based
on the Greek population census of 2001 (available online: https://www.statistics.gr/el/
statistics/-/publication/SAM04/2001 (accessed on 30 April 2021)), population density (PD)
in the wider area was recorded at 50–100 people per square kilometer and was considered
the same for the period 1981–2000 and stable in the future.

3. Results
3.1. Simulated Meteorological Data
3.1.1. Air Temperature

Table 5 shows the mean maximum and minimum air temperature of the study sites
for the twenty-year periods 2041–2060 and 2081–2100, simulated by the RCP4.5 and RCP8.5
scenarios. The simulated data were compared with those of the historical reference period
1981–2000, for the meteorological stations of Larisa (Zapeio and Sotirio sites) and Trikala
(Trikala site). The simulated data by the scenario RCP4.5 showed an increase in the mean
maximum air temperature by 1.7, 2.4 and 3.4 ◦C for the Sotirio, Zappeion, and Trikala
study sites, respectively, referring to the twenty years period of 2041–2060. Similarly,
increases in mean maximum air temperature of 2.0, 2.6, and 3.6 ◦C were predicted for the
Sotirio, Zappeion, and Trikala study sites, respectively, for the time period of 2081–2100.
Furthermore, the scenario RCP8.5 predicted an increase in the maximum air temperature

https://deyakileler.gr/per-balon-po-otita/elegxos-poiotita-nerou/apotelesmata-poiotikoy-elegxou
https://deyakileler.gr/per-balon-po-otita/elegxos-poiotita-nerou/apotelesmata-poiotikoy-elegxou
https://www.statistics.gr/el/statistics/-/publication/SAM04/2001
https://www.statistics.gr/el/statistics/-/publication/SAM04/2001
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by 2.4, 3.1, and 4.0 ◦C for the Sotirio, Zappeion, and Trikala study sites, respectively, for
the period 2041–2060. In addition, an increase of 5.0, 5.8, and 6.8 ◦C in the maximum air
temperature was predicted for the Sotirio, Zappeion, and Trikala study sites as far as the
time period of 2081–2100 is concerned.

Table 5. Mean maximum and minimum air temperature for the reference period and predicted by
scenarios RCP4.5 and RCP8.5 for the periods 2041–2060 and 2081–2100 for the study sites.

Time
Period

Mean Maximum Temperature (◦C) Mean Minimum Temperature (◦C)

Sotirio Zappeion Trikala Sotirio Zappeion Trikala

1981–2000 20.6 20.6 20.6 20.6 20.3 20.3 9.4 9.4 9.4 9.4 11.9 11.9
RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

2041–2060 22.3 23.0 23.0 23.7 23.7 24.3 10.5 11.2 11.1 11.7 11.6 12.2
2081–2100 22.6 25.6 23.2 26.4 23.9 27.1 10.8 13.8 11.3 14.3 11.9 14.9

The simulated mean minimum air temperature by the scenario RCP4.5 for the time
period 2041–2060 predicts an increase by 1.1 and 1.7 ◦C for the Sotirio and Zappeion study
sites, respectively, and a decrease by 0.3 ◦C for the Trikala site, while for the time period
2081–2100 an increase is predicted of 1.3, 1.9, and 0.0 ◦C for the same sites, respectively.
The scenario RCP8.5 predicts an increase in the minimum air temperature by 1.8, 2.3, and
0.4 ◦C for the Sotirio, Zappeion, and Trikala study sites, respectively, for the twenty year
period of 2041–2060. Similarly, an increase is predicted of 4.3, 4.9, and 3.0 ◦C, respectively
for the same sites, for the time period 2081–2100.

3.1.2. Annual Precipitation

The used scenario RCP4.5 predicts a small reduction in precipitation by 19.0 mm (4.6%)
in Sotirio and a large reduction in the Trikala study site by 358.3 mm (50.6%) for the period
2041–2060, compared with the reference time period 1981–2000. On the contrary, in the
Zappeion study site, it is expected to increase by 27.7 mm (6.6%) (Table 6). Furthermore, the
same scenario predicts, for the time period of 2081–2100, a decrease in Sotirio by 21.2 mm
(5.1%) and in the Trikala study site by 352.3 mm (49.8%), while an increase of 57.3 mm
(13.8%) is expected for the Zappeion site. Concerning the RCP8.5 scenario, reductions were
foreseen in all three study sites for both future time periods. In particular, for the period
2041–2060, reductions of 72.0 mm (17.3%), 19.8 mm (4.8%), and 383.4 mm (54.2%) were
predicted for the Sotirio, Zappeion, and Trikala study sites, respectively. The corresponding
reductions for the three study sites for the period 2081–2100 were 120.6 mm (29.0%),
79.8 mm (19.2%), and 459.0 mm (64.9%), respectively.

Table 6. Mean annual precipitation for the reference period and predicted by scenarios RCP4.5 and
RCP8.5 for the periods 2041–2060 and 2081–2100 for the study sites.

Time Period
Mean Annual Precipitation (mm)

Sotirio Zappeion Trikala

1981–2000 415.9 415.9 415.9 415.9 707.8 707.8
RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

2041–2060 396.9 343.9 443.6 396.1 349.5 324.4
2081–2100 394.7 295.3 473.4 336.1 355.6 248.8

3.2. Assessing Desertification Risk
3.2.1. Sotirio Study Site

In the historical reference period, the majority of the SMUs of the Sotirio study site were
characterized as “fragile” (subclasses F1–F3) in a percentage of 84%, while the rest of the
area (16%) was defined as “critical” to desertification (subclasses C1–C2) (Figure 2). Based
on the climate change prediction by the RCP4.5 scenario for the time period 2041–2060, the
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SMUs that were defined as “critical” subclass C1 in the reference period are expected to be
degraded to “critical” subclass C2, while a small part of them is expected to change from
“fragile” subclass F1 to “fragile” subclass F2. Overall, the percentage of soils in the “critical”
C2 class is expected to increase to 16% of the study area (compared to 4% in the reference
period), and those SMUs characterized as “fragile” subclass F2 are foreseen to increase to
64% from 57% in the reference period. No change in desertification risk is expected for the
period 2081–2100 compared to the period 2041–2060.

Figure 2. Desertification risk maps of Sotirio study site for the periods 1981–2000 (reference,
lower left), 2041–2060 (middle), and 2081–2100 (right) for the scenarios RCP4.5 (above) and
RCP8.5 (below).

Concerning the scenario RCP8.5 for the periods 2041–2060 and 2081–2100, in com-
parison with the reference period, a degradation on desertification is expected in both
time periods. Specifically, SMUs that were characterized as: (a) “critical” subclass C1 in
the reference period are expected to shift to “critical” subclass C2, (b) “fragile” subclass
F2 in the reference period are expected to shift to “fragile” subclass F3, and (c) “fragile”
subclass F3 in the reference period are expected to shift to “critical” subclass C1 in the time
period 2041–2060 (Figure 2). Overall, the percentage of soils in the “critical” subclass C2
is expected to increase from 4% in the reference period to 16% of the study area in the
period 2041–2060, while the subclass “fragile” subclass F3 will increase from 11% to 29%. In
addition, SMUs characterized as “fragile” subclass F1 in the reference period are expected
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to decrease from 16% of the study area to 1% in the time period 2041–2060 and the subclass
“fragile” F2 is expected to decrease from 57% to 47%.

The comparison of desertification risk between periods 2041–2060 and 2081–2100
shows that no change in the “critical” C2 class is expected. In addition, an increase is
expected in both “critical” C1 from 7% of the examined area to 11% and “fragile” F3 from
29% to 39% in the latest time period. In contrast, a decrease is expected in the “fragile” F2
from 47% to 34%.

3.2.2. Zappeion Study Site

Regarding the reference period 1981–2000, there are several SMUs defined as “critical”
in subclasses C1 and C2, covering an area of 31% and 24%, respectively, of the Zappeion
study site (Figure 3). Based on the predicted meteorological data by the scenario RCP4.5
for the period 2041–2060 and compared to the reference period, the obtained results predict
degradation of only one “fragile” SMU from subclass F2 to F3. This simulation data predicts
an increase in the percentage of subclass F3 from 7% of the study site in the reference period
to 10% with a corresponding decrease in subclass F2 from 17% to 14%. For the period
2081–2100, no change in the vulnerability of SMUs is predicted compared to the time period
of 2041–2060.

Figure 3. Desertification risk maps of Zappeion study site for the periods 1981–2000 (reference, lower
left), 2041–2060 (Middle), and 2081–2100 (right) for the scenarios RCP4.5 (above) and RCP8.5 (below).
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By considering the scenario RCP8.5 and comparing the time period 2041–2060 with the
reference period, it can be inferred that there will be a further degradation in a large number
of SMUs. Several SMUs classified as “critical” belonging to subclass C1 are downgraded to
subclass C2 and one “fragile” SMU belonging to subclass F2 is downgraded to “fragile”
subclass F3. The condition is expected to worsen significantly in the following study period
of 2081–2100 compared to the reference period. The percentage of the “critical” subclass C2
is expected to be doubled from an area of 24% of the study site to 49%. Furthermore, in
the time period 2081–2100, as compared to the period 2041–2060, three “fragile” SMUs are
expected to be downgraded from subclass F2 to F3, and two additional SMUs are expected
to be degraded from “critical” subclass C1 to subclass C2.

3.2.3. Study Site of Trikala

Data for the reference period show a percentage of soils greater than 50% belonging to
the class “potentially affected” and a major part of the remaining study area to the class
“fragile”, subclass F1. By using the meteorological data of simulation scenario RCP4.5
for the period 2041–2060 and compared to the reference period, a significant degradation
in desertification is expected. SMUs characterized as being of “potential affected” and
“fragile” subclass F1 in the reference period are expected to shift to “fragile” subclass F2
in the period 2041–2060, while the prediction for the only SMU that was characterized as
“fragile” subclass F3 is changed to subclass C2 (Figure 4). The relative distribution is 5% for
subclass C2 and 95% for subclass F2. The assessed desertification risk is expected to remain
unchanged for the period 2081–2100.

Concerning the scenario RCP8.5, the predicted desertification risk for the time period
2041–2060, as compared to the reference period, is identical with the predictions of RCP4.5
for both periods, described above. In the time period 2081–2100, the degradation of thirteen
SMUs is foreseen by shifting from “fragile” subclass F2 to subclass F3. These data formulate
the distribution percentages, compared to the period 2041–2060, as follows: 5% for subclass
C2, 46% from 0% for subclass F3, and 49% from 95% for subclass F2.
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3.3. Assessment of Changes in Soil Depth

Tillage and water erosion on sloping surfaces result in soil movement from uphill,
reducing the depth of the solum at the highest points and causing soil accumulation
downhill. Figure 5 shows the comparative proportions of the areas of the SMUs according
to the soil depths, divided into five classes: very deep (depth >100 cm), deep (depth
81–100 cm), moderate deep (depth 61–80 cm), shallow (depth 41–60 cm), and very shallow
(depth 21–40 cm). The data from Figure 5 refer to three time milestones: 2020 (present),
2060, and 2100. The comparisons between the three time milestones assess the expected
changes in soil depths as a result of the combined actions of tillage and water erosion. It
should be noted that no differences are foreseen between the RCP4.5 and RCP8.5 emission
scenarios for 2060 and 2100.

Based on the present soil data, there are remarkable differences between the three
study sites, as a result of their different relief. Thus, in the Zappeion study site, which is
characterized by a large proportion of sloping areas, soils with depth deeper than 100 cm
cover an area of less than 20%, while soils characterized as moderate deep and shallow
occupy 38% and 47% of the area, respectively. In contrast, in the Trikala study site, where
the area is almost flat, soils are characterized as very deep in a percentage over 90%. In the
Sotirio study site, where there is a small percentage of sloping areas, soils characterized as
very deep cover 84.5%, while soils classified as moderate deep and shallow occupy 12.1%
and 3.4% of the area, respectively (Figure 5).

No changes are foreseen in soils characterized as very deep for all study sites between
the two milestones of 2020 and 2060. This is attributed to the limited or nil erosion predicted
for these soils because they are almost flat. Furthermore, a decrease in the areas with soils
characterized as moderate deep and shallow is predicted due to water and tillage erosion,
while an increase in areas with very shallow soils is foreseen for all study sites (Figure 5).

As far as the next two examined milestones of 2060 and 2100 are concerned, the
percentages of soils characterized as very deep will remain unchanged for the Trikala and
Zappeion study sites, while a decrease of 6% is assessed for this soil class in the Sotirio
study site, with the corresponding soils moving to the lower soil depth class of 81–100 cm.
In both study sites of Zappeion and Sotirio, soils presented a tendency of moving to a lower
soil depth class due to soil erosion.
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Figure 5. Comparative distribution of areas with soils under different soil depth classes predicted
for the milestones of 2020, 2060, and 2100 for the study sites (Sotirio left, Zappeion middle, and
Trikala right).

3.4. Soil Salinization Risk Assessment

Among the three study sites, only the soils of Sotirio may be considered as subjected
to risk of primary salinization due to poor drainage soil conditions. As Figure 6 shows, the
existing SMUs are affected by a low or moderate salinity risk during the reference period.
Conversely, the same SMUs are expected to fall into high and very high risk of salinization
for both periods 2041–2060 and 2081–2100. However, SMUs that are not at risk during
the reporting period are not expected to be adversely affected by the end of the century,
because drainage conditions are not expected to change. It should be noted that there
was no difference in the estimates for the periods 2041–2060 and 2081–2100 between the
scenarios RCP4.5 and RCP8.5.

SMUs that are not at risk of salinization in the reference period (1981–2000) occupy
40.6% of the study area and remain in the same category until 2081–2100. The SMUs
that, in 1981–2000, were at low risk of salinization constituted 13.2% of the total area.
The salinization risk of these soils is downgraded by two classes in the period 2041–2060,
categorized in the high class of evaluation (Figure 6). The SMUs that were at moderate
salinization risk in the period 1981–2000 constituted 46.2% of the total area and are expected
to be downgraded by two classes of very high-risk of salinization in the time period
2041–2060.
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Figure 6. Spatial distribution of salinization risk of the study site of Sotirio for the three study periods
(reference, left; 2041–2060, middle; 2081–2100, right). The results for 2041–2060 and 2041–2100 do
not differ in both scenarios.

4. Discussion

Land degradation is a major contributor to climate change, and climate change is fore-
seen as a leading driver of land degradation. Thessaly, one of the major agricultural areas of
Greece, is mainly characterized as being vulnerable to soil erosion in the sloping areas and
to soil salinization in the plain areas with poorly drained soils [32,60]. Furthermore, under
the prevailing semi-arid climate conditions, soil status, and the present land management
characteristics, desertification becomes a major issue for the area. In addition, any climate
distortion to drier and warmer conditions will lead to higher vulnerability to desertification
because the majority of the land is characterized as sensitive to desertification.

The applied scenarios of climate change predicted a decrease in precipitation in some
areas, which is expected to reach up to 64.9% by the end of this century. In addition, mean
maximum temperature is expected to increase up to 3.4 ◦C according to the climatic scenario
RCP4.5 and up to 4.0 ◦C according to the scenario RCP8.5 for the time period of 2041–2060.
Under such climatic conditions, desertification risk is expected to increase, especially in the
sloping areas, such as Zappeion, which is characterized by relatively moderate to shallow
soils subjected to water and tillage erosion. To our knowledge, this is the first study that
combines ESAs methodology with RCPs scenarios in predicting future desertification risk
trends. The predicted data showed that the percentage of the “critical” subclass C2 is
expected to be doubled from an area of 24% in the reference period of 1981–2000 to 49% in
the future time period of 2081–2100. In the plain areas with deep soils, the predicted climate
change is expected to have a low effect on sensitivity to desertification. Some changes
are expected within each class of desertification, especially by shifting from subclasses
of lower sensitivity to subclasses of higher sensitivity to desertification. Generally, these
results are in accordance with the findings of Tatsumi et al. [61] and Balkovič et al. [62] for
Eastern Europe, regarding the predicted reductions in wheat yields for the future periods
of 2090–2099 and 2041–2060, respectively. Additionally, a recent study [63] characterized
Thessaly as a “climate-loser” region as far as cotton future (2021–2050) yields are concerned,
in the case of irrigation water supply not continuing to be available due to the expected
reduction in precipitation.

Based on the proposed empirical equation for assessing soil erosion by surface water
runoff in annual crops, the predicted decrease in annual precipitation is expected to mitigate
soil losses, therefore causing lower reduction in soil depth in the future time periods, com-
pared to present climatic conditions. However, this lies under the uncertainty of extreme
precipitation events that can occur in the context of the expected climate distortion/change
inducing high erosion rates, which cannot be foreseen by the applied climate scenarios.
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Water erosion is quite important for the study area, because Thessaly was ranked in the
9th position of the 14 water districts of Greece based on the soil erosion rates by water in
2016 [64]. However, measurements on tillage erosion in the area have shown that loss of
soil by cultivation instruments is much more important [30]. Published experimental data
from Larisa, the capital of the Thessaly region, have shown that ploughing in cotton fields
significantly increased soil loss [65]. Measurements in a certain site (Nikea, Thessaly) have
shown that, after the introduction of the tractor for cultivating the land from 1960 until
2000, a soil loss of 30 cm was mainly caused due to tillage erosion [30]. In all cases, any
decrease in soil depth, resulting as the cumulative effect of water and tillage erosion, is
expected to worsen the desertification risk of the area in the future.

Although soil erosion is a major degradation process in slopping areas, leading to
desertification, soil salinization constitutes a significant degradation process of desertifi-
cation in plain areas, especially in soils under poorly drained conditions. A classification
that evaluated electrical conductivity among other parameters, categorized groundwater
in a significant part the area as of moderate quality [66], while Papaioannou et al. [67]
considered salination as a potential problem of the region. The condition of primary
soil salinization is expected to significantly worsen in the study time periods 2041–2060
and 2081–2100, compared to the reference period. The predicted reduction in annual
precipitation and increase in potential evapotranspiration is expected to favor primary
soil salinization by reduced downward leaching of salts in the wet period and increased
upward water movement from groundwater and deposition of salts on the surface soil
layer during the dry period of the year. Based only on the hydromorphic characteristics of
the soil (permanent water table at a depth of less than 150 cm from the soil surface), soils
with unfavorable drainage conditions, exposed to a high risk of salinization in Thessaly,
cover a total area of 31,386.7 ha (or 7.8% of the soils) [32]. These soils are located mainly in
the eastern part of Thessaly in the lake Karla area, as well as in the area between Trikala
and Larissa, in a zone mainly along the Pinios river and in scattered smaller places in
this region.

5. Conclusions

The European Union recognizes the important role of protecting land and soil towards
strengthening the resilience of European agriculture to climate change [68]. Land degrada-
tion and desertification is a major issue for the Mediterranean region. Based on the Greek
National Action Plan on desertification [59], approximately 34% of Greek territory, and
especially the eastern part of the country, in which Thessaly is included, is characterized
as subjected to high desertification risk. Among the most important factors affecting land
degradation and desertification is climate. The applied characteristic RCPs predicted in-
creased drought due to decreased precipitation and high evapotranspiration, as well as
increased minimum and maximum air temperatures. Under these climatic conditions, the
vulnerability of the land to degradation and desertification is expected to increase. The
simulated data on desertification predicted that a significant part of the marginal slopping
lands, defined as “fragile” under the present environmental conditions and land manage-
ment practices, will shift to “critical” areas to desertification in the near future. In addition,
the degradation processes of soil erosion and soil salinization will be exaggerated by the
worsening climatic conditions, promoting desertification. Tillage erosion, a very important
degradation process for sloping areas, is rather non-affected by climate change. However,
if land use remains unchanged in the future, desertification will be aggravated in the study
area due to applied tillage operations. Furthermore, by considering that irrigation water
quality is expected to deteriorate due to the predicted climate distortion, the risk of primary
salinization will become higher, enhancing the problem of desertification.

The used methodologies on soil erosion, including water and tillage erosion, soil salin-
ization risk, and land desertification can be widely applied in soils. The equation on water
erosion has been derived based on water erosion experimental data collected in study sites
cultivated with annual crops and located along the EU Mediterranean region (MEDALUS
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EU research projects) [55]. The equations on tillage erosion that have been tested and vali-
dated in various European study sites (EU Teron research project), afterwards were used in
several publications [30,53,54]. In addition, the algorithm on assessing salinization risk can
be widely used on salt-affected soils because it has been derived using data from various
study sites located in Europe, Africa, and China (EU DESIRE research project) [56,57]. Fi-
nally, the ESA methodology has been successfully used worldwide in several publications
incorporating, in some cases, suggested modifications [10,13,18,21,24,25].
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