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Soil erosion vulnerability under scenarios of climate land-use changes

after the development of a large reservoir in a semi-arid area

Vera Ferreira, Andr�e Samora-Arvela and Thomas Panagopoulos *

Research Centre for Spatial and Organizational Dynamics (CIEO), University of Algarve,
Campus de Gambelas, Faro, Portugal

(Received 4 January 2015; final version received 22 June 2015)

Climate and land-use/cover changes (LUCC) influence soil erosion vulnerability in the
semi-arid region of Alqueva, threatening the reservoir storage capacity and
sustainability of the landscape. Considering the effect of these changes in the future,
the purpose of this study was to investigate soil erosion scenarios using the Revised
Universal Soil Loss Equation (RUSLE) model. A multi-agent system combining
Markov cellular automata with multi-criteria evaluation was used to investigate
LUCC scenarios according to delineated regional strategies. Forecasting scenarios
indicated that the intensive agricultural area as well as the sparse and xerophytic
vegetation and rainfall-runoff erosivity would increase, consequently causing the soil
erosion to rise from 1.78 Mg ha¡1 to 3.65 Mg ha¡1 by 2100. A backcasting scenario
was investigated by considering the application of soil conservation practices that
would decrease the soil erosion considerably to an average of 2.27 Mg ha¡1. A
decision support system can assist stakeholders in defining restrictive practices and
developing conservation plans, contributing to control the reservoir’s siltation.

Keywords: land-use change; soil erosion; Revised Universal Soil Loss Equation
(RUSLE); scenarios; climate change; siltation; reservoir

1. Introduction

The rate of worldwide land-use changes and landscape structure modifications in recent

decades has markedly increased as a consequence of anthropogenic pressure, including

changes in agricultural technologies and social, political and economic development

(Bakker et al. 2008). These changes have been associated with the loss of biodiversity,

depletion of natural resources, and intensification of soil erosion (Kosmas et al. 1997;

Yang et al. 2003; Blavet et al. 2009; Cant�on et al. 2011; Leh, Bajwa, and Chaubey 2013;

Wang and Shao 2013; Salvati and Colantoni 2015).

Soil erosion represents one of the most severe land degradation challenges, and climate

change is expected to multiply the forces responsible for soil erosion, increasing the

susceptibility of populations and their environments (Yang et al. 2003; Lal et al. 2011).

Soil erosion is characterised by the decrease of soil depth and productivity, a consequence

of runoff, which often causes damaging off-site impacts including sedimentation in rivers

and reservoirs that result in their contamination and reduction of their usable lifetime

(Pandey, Chowdary, and Mal 2007; Haregeweyn et al. 2013).

Over the past few decades, numerous advances have been made to assess soil erosion.

Assessments typically involve the use of empirical models such as the Universal Loss
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Equation (USLE) for small agricultural plots (Wischmeier and Smith 1978); conceptual

models for complex terrain and large mountainous watersheds including Revised

Universal Soil Loss Equation (RUSLE)-3D (Mitas and Mitasova 1998; Millward and

Mersey 1999) and the USPED (Unit Stream Power-based Erosion Deposition) (Mitasova

et al. 1996); or physically based models such as the ANSWERS (Areal Non point Source

Watershed Environment Response Simulation) (Beasley, Huggins, and Monke 1980),

WEPP (Water Erosion Prediction Project) (Nearing et al. 1989), and EUROSEM

(European Soil Erosion Model) (Morgan et al. 1998). The empirical RUSLE (Renard

et al. 1997) has been the most widely used model for estimating annual soil loss,

primarily because of its structural simplicity, fewer input data requirements and the

availability of parameter values (Volk, M€oller and Wurbs 2010). The RUSLE is

frequently combined with Geographic Information Systems (GIS) including geostatistical

tools to model the spatial distribution of soil erosion (Terranova et al. 2009;

Prasannakumar et al. 2012; Bhandari, Aryal, and Darnsawasdi 2015).

With regard to sustainable landscape planning, there is the challenge to promptly and

efficiently study ecosystem changes and analyse their impacts. Scenario construction

helps define dynamic plans and management approaches for the adequate adaptation to

expected future occurrences (Wollenberg, Edmunds, and Buck 2000; Palacios-Agundez

et al. 2013), and the decisions made according to the scenarios provide better flexibility

when facing irreducible uncertainty (Peterson, Cumming, and Carpenter 2003). Scenarios

may be built using forecasting and backcasting processes, with both procedures analysing

the future state. A forecast begins with the current situation and likely future paths, and

then anticipates an end-state (Schwartz 1996). First, the backcasting process delineates a

desirable future and then looks backwards to the present to identify strategies and plans

to achieve it, estimating the probability with which an adverse future can be avoided

(Quist and Vergragt 2006).

Over the last few decades, numerous forecasting researchers have developed predictive

models to understand the causes and impacts of land-use/cover changes (LUCC)

(Veldkamp and Lambin 2001; Parker et al. 2003; Verburg et al. 2004; Koomen et al.

2007). These models are useful to explore the implications of possible future situations or

directions (such as economic growth or ecological policy changes) on future land-use

(Verburg et al. 2004; Yu et al. 2011). Usually the methods employed depend on the aim of

the study and the level of complexity required; in some cases, multiple methods or

techniques are adopted (Nainggolan et al. 2012). The multi-agent system models of land-

use/cover change (MAS/LUCC models) have been widely used and usually combine a

cellular automata model (CA) that represents the landscape with an agent-based model

(ABM) to express the human interaction on the landscape (Parker et al. 2003).

The purpose of the study was to use the RUSLE model and test land-use and climate

change forecasting scenarios for the semi-arid region of the Alqueva dam watershed, as a

complementary way to investigate the impact of soil erosion on the lifetime of the reservoir.

A decision support system was created using a backcasting scenario to help stakeholders

develop site-specific soil conservation plans, issue restrictive regulations and identify soil

management methods for the sustainable irrigation of the reservoir area’s water supply.

2. Study area

The study area is situated in the Alentejo in the south of Portugal (7�30’ W, 38�15’ N), a
semi-arid region that has a history of strong desertification. In the 1950s, the notion of

lack of productivity in south Portugal was related to the preponderance of non-irrigated

2 V. Ferreira et al.
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agriculture, and the proposed solution was the establishment of the Alqueva dam on the

Guadiana River (Sanches and Pedro 2007).

Initiated in 1998, the Alqueva dam created the largest artificial reservoir in Western

Europe with a total surface area of 250 km2 (35 km2 of which is inside Spain), a total

capacity of 4.15 km3, a total shoreline of approximately 1,100 km and an extension

83 km in length (Lindim, Pinho, and Vieira 2011). The strategic project had as its main

objective the creation of a water reserve particularly for agriculture, energy production

and human consumption. A general irrigation system of approximately 120,000 ha is

mostly projected downstream from the Alqueva dam (92%); however, the adjacent area

upstream has an increasing number of irrigated agricultural areas due to the water being

pumped directly from the Alqueva reservoir.

Excluding the submerged area, the research area consists of the territory of the

landscape management plan that is specifically focused on the Alqueva reservoir’s

surroundings (CCDRA 2001), which integrates six municipalities of the region:

Alandroal, Barrancos, Moura, Mour~ao, Portel and Reguengos de Monsaraz (Figure 1).

Demographically, the Alentejo region has been marked by a declining population, a

result of a rural exodus, having lost 20% of its population between 1950 and 1960

(Sanches and Pedro 2007). The current population loss continues at a 9% rate for the

2001�2011 period (Panagopoulos and Barreira 2012).

The climate is continental Mediterranean (type Csa, according to Koppen

classification), with mild winters and very hot and dry summers (Sanches and Pedro

2007). The average temperature ranges from 24 to 28�C in hot months (July/August) and

from 8 to 11�C in cold months (December/January). The average annual precipitation for

the last 30 years is approximately 500 mm. The region is subjected to long dry periods, as

80% of the precipitation occurs from October to April (Ferreira and Panagopoulos 2014).

Figure 1. Map of the Alqueva reservoir’s surrounding area according to regional landscape
management plans. (See online colour version for full interpretation.)

Journal of Environmental Planning and Management 3
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The soils are primarily leptosols and luvisols (FAO 2006) with a low percentage of

organic matter. The landscape is characterised by its hilly topography with significant

altitude variations (mostly between 50 and 570 metres). Before the dam’s construction,

the Alqueva landscape was characteristically dry and vast, reflecting the preponderance of

non-irrigated agriculture, olive groves, vineyards and a typical agro-silvo-pastoral system

known as “Montado” in Portugal and “Dehesa” in Spain. The traditional “Montado” is

comprised of low-density woodlands that consist of cork oak (Quercussuber) and holm

oak (Quercus ilex) combined with a rotation of crops/fallow/pastures (Borges et al. 2010).

In some “Montado” areas, oaks are mixed with olive trees. In the beginning of the 20th

century, there was an intensification of agriculture for cereal production in combination

with extensive livestock breeding. Because of socioeconomic drivers, as presented by

Jones et al. (2011), the abandonment of agricultural land increased at the end of the 20th

century, with the transition of some “Montado” systems to silvo-pastoral or total forestry

systems. Currently, the Alqueva landscape is rapidly changing as a consequence of water

availability, resulting in land-use change dynamics due to the intensification of irrigated

farming (Ferreira et al. 2015b). Furthermore, several tourism developments and golf

resorts around the large lake are projected to drive rural tourism, and there are plans for

biomass production for bioenergy. In addition to these land-use changes, further climate

change is expected to modify vegetation patterns in that region.

3. Material and methods

To obtain the different scenarios of soil erosion (forecasting if the current situation will

continue and backcasting if sustainable land management practices will be applied), the

RUSLE model was applied to the entire study area.

3.1. Soil erosion by RUSLE

The RUSLE model is expressed as A D RKLSCP, where A is the potential erosion (annual

average soil loss in Mg ha¡1 year¡1), R is the rainfall-runoff erosivity factor, K represents

the soil erodibility factor, L and S are the topographic factors of the slope length and

gradient, respectively, C is the vegetation cover factor, and P is the conservation practice

factor.

Each of the RUSLE factors were effectively analysed using data on the GIS

environment, and a graphical interpretation of those factors was performed with the use of

geostatistics (Panagopoulos et al. 2006; Ferreira et al. 2015a). For the current situation, not

accounting for land-use/cover changes, climate change or the implementation of support

practices, these factors were computed as subsequently described. Given the limited

availability of data, the current situation was established for 2006.

3.1.1. R factor

The rainfall-runoff erosivity factor (R), which represents the erosive impact of raindrops

and the runoff produced by erosive storms, is estimated from the sum of the erosive

rainstorm values EI30 occurring during a mean year, which is the product of the total

storm kinetic energy (E) times the maximum 30 minute intensity (I30), where E is in MJ/

ha and I30 is in mm/h (Renard et al. 1997). The methodology described by Panagopoulos

and Antunes (2008) was used in the present study to obtain a prediction map with annual

values of rainfall erosivity. The daily precipitation values for 30 years (1979/80�2008/

4 V. Ferreira et al.
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09) were collected to accommodate the apparent cyclical rainfall patterns (Wischmeier

and Smith 1978).

3.1.2. K factor

The soil erodibility factor (K) denotes the susceptibility of the soil to be eroded, described

by Renard et al. (1997) as the average amount of soil loss per unit of rainfall, provided by

the erosivity index from a continuous cultivated fallow on a 9% slope that is 22.1 m long.

Based on the RUSLE literature, the K factor is a measureable value estimated

experimentally using an algebraic approximation, accounting for soil property values,

typically obtained through soil survey data. For the needs of the present study a high-

resolution map (500 m) of soil erodibility in the European Union member states was used

(Panagos et al. 2014).The values were calibrated with data obtained from small sub-

watersheds in the Alqueva area (Ferreira, Panagopoulos, and Cakula 2013).

3.1.3. LS factor

The RUSLE accounts for the topography considering the slope length (L) and steepness

(S) factors. Both factors are designed for small agricultural fields and are not suitable for

complex terrain. The use of a digital elevation model (DEM) in GIS is a better approach

for the regional scale because it incorporates the impact of flow convergence considering

the upslope contributing area per unit width at a point instead of the length (Desmet and

Govers 1996). Therefore, in the present study, a DEM from the region was used in

ArcGIS software to estimate this factor. GIS analyses allow one to generate slope

steepness (S) and slope length (L) raster covers. The combined LS factor was computed

for the watershed by means of the ArcGIS spatial analyst extension using the

methodology described by Ferreira and Panagopoulos (2014).

3.1.4. C factor

The C factor considered by the RUSLE model represents the effect of vegetation on the

erosion rate (Renard et al. 1997), which is essential to protecting soil by decreasing the

raindrop energy before it meets the soil. C factor values diverge from 0 (well-protected

soil) to 1 (bare soil) and there is a strict relation with land-use types. The C factor was

analysed using corine land cover (CLC) data (IGEO 2012), as it facilitated the study of

future land-use changes. The CLC provides information on the land cover using specific

classes, and the most recent data are from 2006. The C factor values were assigned

according to Wischmeier and Smith (1978) and Morgan (2005) (Table 1).

3.1.5. P factor

The conservation practice factor P represents the influence of control practices, including

contouring, strip cropping, and terracing, in soil erosion prevention by decreasing the

amount of water runoff. These techniques can be referred to as sustainable land

management (SLM) practices because they ensure soil conservation. The P factor was

assigned to be 1 (no support practice factor) because the control practices are

insignificant in this area.

Journal of Environmental Planning and Management 5
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3.2. Forecasting scenarios

A soil erosion forecasting scenario for the year 2100 was constructed using the RUSLE

methodology, accounting for the effects of further climate change, which affects rainfall-

runoff erosivity (R factor) and vegetation cover (C factor), and the LUCC scenarios,

which affect vegetation cover (C factor). The next subsections describe the methodology

used to analyse the forecasted climate change and LUCC scenarios.

3.2.1. Climate change

Climate change is likely to modify the global and regional patterns of precipitation and

temperature. Climate change scenarios have been produced for decades at a global and

regional scale, driven by global circulation models (GCMs) and regional climate models

(RCMs). According to the Hadley Centre Regional Model 2 (HadRM2) (Santos, Forbes,

and Moita 2002), in the Alqueva area the total amount of precipitation is expected to

decrease by 11% and temperatures are expected to increase 5.9�C by the year 2100.

Precipitation might be concentrated in winter months, decreasing more noticeably during

Table 1. Corine land cover (CLC) classes present in the study area and their respective C factor
mean values �[Wischmeier and Smith 1978; and Morgan 2005].

CLC Class Class Description C Factor

111 Continuous urban fabric 0

112 Discontinuous urban fabric 0

121 Industrial or commercial units 0

133 Construction sites 1

142 Sport and leisure facilities 0.05

211 Non-irrigated arable land 0.1

212 Permanently irrigated land 0.2

221 Vineyards 0.25

222 Fruit trees and berry plantations 0.25

223 Olive groves 0.25

231 Pastures 0.1

241 Annual crops associated with permanent crops 0.1

242 Complex cultivation patterns 0.1

243 Land principally occupied by agriculture, with significant areas of
natural vegetation

0.1

244 Agroforestry areas 0.06

311 Broad-leaved forest 0.0015

312 Coniferous forest 0.0025

313 Mixed forest 0.002

321 Herbaceous natural grassland 0.01

321a Sparse herbaceous vegetation and/or bare land 0.15

323 Sclerophyllous vegetation 0.003

323a Xerophytic vegetation 0.1

324 Transitional woodland/shrub 0.003

324a Xerophytic vegetation 0.1

512 Water bodies 0

512a Water bodies originated by the construction of small dams after
2006

0

6 V. Ferreira et al.
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summer and autumn, and an increase in the total number of days with more than 50 mm

rainfall by 2100 (Santos, Forbes, and Moita 2002).

Modifications in precipitation amounts and intensities are expected to affect the

rainfall-runoff erosivity values (the R factor of RUSLE) (Nearing, Pruski, and O’Neal

2004). Alpert et al. (2002) called foran intensification in the torrential rainfall despite a

decrease in the predicted annual rainfall in the western Mediterranean region. For the

south of Portugal, by 2100, it is likely that an increase in the annual runoff between 0 and

50%, associated with a strong rainfall intensity caused by precipitation concentrated in a

small number of events, will occur according to Santos, Forbes, and Moita (2002).

Considering these values, a mean increase in the rainfall-runoff erosivity of 12.5% for

2100 was considered when developing the future (forecasting and backcasting) soil

erosion vulnerability scenarios for the study area.

As a consequence of the changes in precipitation patterns and temperature, the natural

vegetation is equally expected to be altered in the region, due to the vulnerability of some

species to extreme conditions. According to the future scenarios of the vegetation

distribution in Portugal, developed according to ecosystem models, an increase of

xerophytic and sparse vegetation in the study area is expected (Santos, Forbes, and Moita

2002). New classes were added while investigating the forecasting scenarios of the

LUCC, accounting for the influence of climate changes on the existing land-use classes

(CLC). The new classes are a result of the transition from 321 natural grassland to 321a

sparse herbaceous vegetation and/or bare land; and 323 sclerophyllous vegetation and

324 transitional woodland/shrub to 323a and 324a xerophytic vegetation (Table 1). The

increase of these classes was considered for areas with the most arid conditions, namely

those with low annual precipitation values (between 400 and 500 mm) and high

temperatures (greater than 17.5%).

3.2.2. LUCC

To analyse LUCC scenarios, a MAS was used. It combined a Markov chain (MC) and CA

integrated model to analyse the spatial land-use patterns with a multi-criteria evaluation

(MCE) to structure and aid decision-making processes.

The first phase of the LUCC investigation was the construction of the Markov transition

matrices with IDRISI software (Clark University, Worcester, MA). The MC-CA integrated

model is a common tool for modelling land-use change (Nainggolan et al. 2012). Markov

analysis uses the historical pattern of land-use changes to calculate transition probabilities

and determine the future land-use pattern (Tong et al. 2012; Kamusoko et al. 2009). The

CLC maps from the years 2000 and 2006 were used as input data in the process to reflect

the influence of water availability in land-use change. The use of CA in the Markov

process with the IDRISI software allowed the spatial dimension to be added to the model,

thereby capturing the temporal-spatial dynamics. In CA, a cellular entity is considered that

changes between states (land-use types) according to the neighbouring conditions and

adopts transition rules in a pre-defined time period (Verburg et al. 2004; Myint and Wang

2006). The produced transition matrices were used to build future scenarios.

To improve the performance of the previous technique for simulating the future LUCC,

a second phase involving MCE was applied to incorporate the human factor. A MCE is

useful to analyse the suitability for the potential transition of a certain area to maintain or

change its land-use given the human intentions or objectives, revealing the influence and

importance of each criteria (landscape factors and constraints) (Ligtenberg et al. 2004). In

this research, the factors that were considered to affect the suitability of cells for the

conversion into other land-use classes were as follows: the planning intentions of the

Journal of Environmental Planning and Management 7
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regional and local landscape management plans (CCDRA 2001); topography; villages and

historic components; proximity of conveniences; and constraints such as protected areas.

These factors were analysed according to four potential future directions: biomass

production for bioenergy, agricultural intensification, rural and golf tourism development,

and the impact of climate change in vegetation cover. To achieve weights among these

different criteria (factors), based on decisions and objectives for the study area, an

analytical hierarchy process (AHP) was used for pairwise comparison of these factors

(Saaty 2004; Chen, Yu, and Khan 2010). Specific weights were assigned to each factor

(Arvela et al. 2012) and used in the computation of suitable maps in ArcGIS software.

The third part of the LUCC investigation was the combination of transition

probabilities (2000�2006) and MCE suitable maps to assign LUCC in future landscape-

related scenarios (forecasting).

The LUCC scenarios were obtained for 2050 and 2100, accounting for the

implications of these changes on soil erosion by the variation of RUSLE’s C factor

(referring to vegetation cover). The LUCC scenario for 2100 was included in the

forecasting and backcasting scenario of soil erosion for the same year.

3.3. Backcasting scenario

The forecasting research improved the understanding of soil erosion vulnerability at the

Alqueva watershed and the influence of different factors. This knowledge can be used as

a basis to promote SLM and land-use planning in the Alqueva region. With that in mind,

a backcasting scenario for 2100 was created, considering that an application of SLM

practices would start immediately, particularly for those land uses that were projected to

increase in the region (irrigated land, vineyards, fruit trees and olive groves, and sparse

and xerophytic vegetation).

The backcasting scenario tempers expectations of future erosion vulnerability

predictions and, along with backward inductions to the present, defines a desirable future

with regards to soil erosion and sedimentation for the reservoir. Table 2 presents the

common sustainable land-use practices considered for each land-use type and their

respective P factor values according to Wischmeier and Smith (1978) and Morgan (2005).

4. Results and discussion

4.1. Current situation

Before the creation of forecasting scenarios, the current land-use and soil erosion

situation in the area surrounding Alqueva dam was investigated. Figure 2 illustrates land-

use according to the CLC in 2006, the most recent data. For this scenario, most of the

area was still typified as agroforestry (CLC class 244), non-irrigated arable land (CLC

Table 2. The P factor considered for the soil erosion scenario in 2100 considering the application
of some sustainable land management practices. �[Wischmeier and Smith 1978; Morgan 2005].

CLC class Class description Conservation practice P factor

212 Irrigated land Contouring 0.5

221, 222 and 223 Vineyards, fruit trees, olive groves
(mean slope between 2� and 5�)

Contouring C strip-cropping 0.25

323a and 324a Xerophytic vegetation Afforestation (more 50% cover) 0.5

8 V. Ferreira et al.
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class 211) and olive groves (CLC class 223), the typical land-use types in the Alentejo

region (Borges et al. 2010; Jones et al. 2011) until the challenges created by water

availability from the Alqueva reservoir developed.

Figure 3 illustrates the soil erosion rates estimated using the RUSLE model for 2006,

considering the land-use classes represented in Figure 2. The estimated annual mean

value of soil erosion for 2006 was 1.78 Mg ha¡1, and the highest values were associated

with olive grove plantations (CLC class 223) located at high altitudes (Figure 1) with a

high LS factor (steep and long slopes).

Considering frequent tillage was performed to control weeds in the olive groves, a

practice which contributes to increased soil loss, a conversion from agroforestry land-use

to olive groves may increase the soil loss to the reservoir. As previously reported by

Ferreira and Panagopoulos (2014), the ‘hot spots’ of soil erosion for the study area were

located on the agroforestry land-use area, reaching in some places an annual soil erosion

rate that was greater than 30 Mg ha¡1, mostly due to the combination of a steep slope,

reduced vegetation cover and poor soils. Other small areas also exhibited high soil

erosion values as a result of tourist resort development activities, where soil is frequently

bare during the construction phase.

4.2. Forecasting scenarios

4.2.1. LUCC

To obtain the transition probabilities used to build future LUCC scenarios, the changes on

land-use classes between 2000 and 2006 were investigated. In terms of the area of land-

Figure 2. Land use in 2006 according to the corine land cover. (See online colour version for full
interpretation.)

Journal of Environmental Planning and Management 9
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use types, between these years the Alqueva landscape lost more than 4000 ha of broad-

leaved forest (CLC class 311) and approximately 3000 ha of non-irrigated arable land

(CLC class 211). These quantitative land-use changes (2000�2006), estimated using the

Markov transition matrix, are presented in Table 3. The decreased area of these land-use

types is largely associated with an increase in transitional woodland/shrub (CLC class

324) land. Nevertheless, a percentage of these losses was associated with gains in

agroforestry land area (CLC class 244), permanently irrigated land (CLC class 212) and

vineyards (CLC class 221).

The forecasting LUCC scenarios for 2050 and 2100 were produced based on the

transition matrix of the LUCC between 2000 and 2006, the definition of factors

(decision-making agents) and their weight according to the different potential trajectories

of land-use change (production of biomass for bioenergy, agricultural intensification by

means of irrigation, increasing rural tourism and the development of golf resorts, and

climate change). Figures 4 and 5 represent these forecasted land-use scenarios for 2050

and 2100, respectively. The achieved changes are quantitatively described (in hectares) in

Table 3. The expected LUCCs for 2050 and 2100 (when compared with 2006) are as

follows:

� An increase in the discontinuous urban area (CLC class 112);

� A decrease in non-irrigated arable land (CLC class 211) and increase in

permanently irrigated land (CLC class 212);

� An increase in sport and leisure facilities (natural tourism/golf courses) (CLC class

142);

Figure 3. Forecasting scenario of the land-use/cover change for 2050. (See online colour version
for full interpretation.)
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� An increase in vineyards, olive groves, fruit trees and berry plantations (CLC

classes 221, 222 and 223);

� A decrease in pastures, annual crops, complex cultivation patterns, agriculture with

natural vegetation areas and agroforestry systems (CLC classes 231, 241, 242, 243

and 244);

� An increase in forested areas (CLC classes 311, 312, 313);

� A decrease in herbaceous natural vegetation (CLC class 321) and sclerophyllous

vegetation (CLC class 323), and an increase in xerophytic vegetation and sparse

vegetation (CLC class 321a, 323a and 324a);

� An increase in transitional shrub/woodland (CLC class 324) by 2050, and then a

decrease until 2100.

These results reveal the influence of water availability on future land-use in the

Alqueva region, which will permit the intensification of irrigated agricultural land. The

region has already experienced an increase in the number of vineyards and olive groves

implementing irrigation systems. For farmers faced with semi-arid conditions and the

Table 3. Quantity of land-use change over time in hectares for each corine land cover (CLC) class,
and the forecasting scenarios for 2050 and 2100.

Land use in past (ha) Land use in Scenarios (ha)

CLC
Class 2000 2006 BS 2050

Change
2006/BS 2050 BS 2100

Change
2006/BS 2100

111 65.4 65.4 65.4 0 65.4 0

112 1,300.4 1,400 2,396.3 996.3 2,396.3 996.3

121 107.8 126.9 127.4 0.5 127.4 0.5

133 40.3 116.9 0 ¡116.9 0 ¡116.9

142 0 0 5,824.4 5,824.4 6,777.6 6,777.6

211 66,513.7 64,330.6 42,226.2 ¡22,104.4 42,111.7 ¡22,218.9

212 3,248.2 3,686.1 9,976.1 6,290 9,821.7 6,135.6

221 4,587.1 4,946 10,587.3 5,641.3 10,449.2 5,503.2

222 437.1 425.5 448.6 23.1 448.9 23.4

223 29,934.5 30,063.6 30,218.2 154.6 30,132.1 68.5

231 504.4 467.9 253.2 ¡214.7 253.2 ¡214.7

241 4,570.5 4,552.3 3,132.1 ¡1,420.2 3,104.7 ¡1,447.6

242 8,868.4 8,858.4 6,229.7 ¡2,628.7 6,217.8 ¡2,640.6

243 5,977.8 5,991.8 4,623.2 ¡1,368.6 4,623.2 ¡1,368.6

244 69,306 70,609.5 65,144.6 ¡5,464.9 65,036.4 ¡5,573.1

311 59,374.6 55,248.5 62,207 6,958.5 61,935.9 6,687.4

312 2,648.1 2,197.4 2,753.1 555.7 2,753.1 555.7

313 980.9 989.3 1,654.8 665.5 1,654.7 665.4

321 2,036.1 2,062.4 1,423.6 ¡638.8 0 ¡2,062.4

321a 0 0 131.7 131.7 1,538.9 1,538.9

323 5,782.7 5,239.5 2,213.7 ¡3,025.8 0 ¡5,239.5

323a 0 0 26.1 26.1 2,239.8 2,239.8

324 16,414.8 21,320.8 25,662.8 4,342 0 ¡21,320.8

324a 0 0 5,186.7 5,186.7 30,824.2 30,824.2

512a 0 0 186.6 186.6 186.6 186.6
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possible land abandonment, irrigation is a good strategy to diversify crop production and

potentially increase income (Mira da Silva et al. 2001). The expansion of natural tourism

and golf areas is also occurring in the region, and some of the projects have already

begun to take advantage of the landscape created by the reservoir.

The transitional shrub/woodland is expected to increase between 2006 and 2050,

especially as a result of the abandonment of some agricultural land with natural

vegetation, pastures with agroforestry systems and non-irrigated areas, as reported by

Jones et al. (2011). The increase in forested areas by 2050 and 2100 derives from the

future expectation of forest plantations for bioenergy proposes due to a developed

irrigation system and the proximity to a thermoelectric centre. Between 2050 and 2100

the transitional shrub/woodland and forested area is expected to decrease due to the

conversion of some xerophytic vegetation, a result of future climate change (Santos,

Forbes, and Moita 2002) and continuous touristic development (golf course areas).

4.2.2. Soil erosion

Considering the LUCC (which affects the C factor) and climate change (which affects

the R and C factors), a forecasting scenario of soil erosion was developed for 2100

(Figure 6).

Comparing this forecasting scenario for 2100 with the current situation obtained for

2006, the soil erosion rate is likely to increase in many places. The annual mean of the

soil erosion for 2100, in the area surrounding Alqueva reservoir, is predicted to be 3.65

Figure 4. Forecasting scenario of the land-use/cover change for 2100. (See online colour version
for full interpretation.)
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Mg ha¡1, representing an increase of more than 100% when compared with the mean

value for 2006. The soil erosion in this scenario is predicted to be higher than 50 Mg ha¡1

year¡1 for 5% of the surrounding area and these values are primarily found in the

southeast.The intensification of this problem in that area is primarily associated with the

change from transitional woodland/shrub and Sclerophyllous vegetation to xerophytic

vegetation cover and a decrease in forest density. According to Klooster (2003),

xerophytic vegetation areas are prone to sheet and gully erosion. However, in the western

part of the reservoir the forest density is expected to increase. Additionally, the increase

of some land-use types such as vineyards, olive groves and irrigated agriculture

contributes to intensifying soil erosion in the future, as it reduces the soil vegetation

cover (lower C factor).

4.3. Backcasting scenario � sustainable land management

The backcasting scenario for 2100, considering the SLM implementation, is represented

in Figure 7. It is evident that the implementation of these common practices can

effectively decrease soil erosion if specifically applied on the land-use types with less

vegetation protection. As interpreted from a comparison of scenarios for 2100 with and

without SLM, the areas with an erosion risk greater than 50 Mg ha¡1 per year should use

Figure 5. Estimated soil erosion for 2006. (See online colour version for full interpretation.)
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SLM practices. The estimated mean value of the annual soil erosion for 2100 with SLM

was 2.27 Mg ha¡1, a decrease of approximately 38% compared with the 2100 scenario

without SLM.

Despite the reduction in soil erosion for 2100 with SLM, the mean value of soil

erosion is greater than in the 2006 scenario (1.78 Mg ha¡1), explained by the higher

rainfall erosivity value (R factor) expected from climate change, which increases the

amount of soil erosion, even for soils that are better protected. Maeda et al. (2010) also

studied the influence of climate change on soil erosion and stated the importance of

possessing knowledge on climate change impacts for developing optimal conservation

practices.

The SLM practices were specifically developed for the new land-use types with low

vegetation protection; however, faced with climate change (as demonstrated by the

resulting impact on the soil erosion map), it is important to implement other SLMs on the

existing land-use types (especially pastures, annual crops, complex agricultural crops and

other agriculture types with natural vegetation). Different SLM practices have been

applied in Mediterranean areas and the advantageous results have been reported by

WOCAT databases (Schwilch, Hessel, and Verzandvoort 2012).

A simulation model was produced for this region to easily estimate the erosion for a

large number of situations, allowing for a quick and clear interpretation of the data

Figure 6. Forecasting scenario of soil erosion for 2100, accounting for climate and land-use/cover
changes. (See online colour version for full interpretation.)
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(Panagopoulos et al. 2015). A simulation model that accounts for the problem of future

LUCCs and climate change, as studied, can be incorporated into a decision support

system that includes SLM practices that mitigate the impacts on soil erosion.

5. Conclusion

Simulation modelling using the RUSLE model in a GIS environment was successfully

applied to predict the soil erosion for current conditions in the Alqueva region as well as

for future scenarios that account for climate change, LUCCs and the application of

SLMs. The combination of the CA-Markov model with the MCE has demonstrated its

usefulness in investigating the expected LUCC, considering changes from the past and

future potential directions for the Alqueva region.

Soil erosion vulnerability is expected to greatly increase by 2100, a result of expected

climate change and land-use changes, which create unfavourable conditions. However,

the application of SLM practices may create conditions of stability. The creation of a

Figure 7. Backcasting scenario of soil erosion for 2100, accounting for sustainable land
management practices. (See online colour version for full interpretation.)
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backcasting future scenario proves the importance of the implementation of a SLM

strategy in the region, when faced with the aforementioned conditions.

Using the erosion scenarios, areas of great value can be easily identified, and

management control efforts can focus on these priority areas. Moreover, the present

research is an effective source of awareness and empowerment for decision makers and

landscape planners, through the knowledge of expected changes and their impacts. Thus,

the generated scenarios have the advantage of serving as a basis for producing a decision

support system for the region.

A decision support system on an individual case basis may suggest SLM alternatives

and provide decision makers with expert knowledge regarding soil erosion control

concerns in land management choices to protect soil resources and prolong the lifetime of

the studied reservoir. Decision makers can delineate site-specific and restrictive practices,

develop sustainable strategies and provide support to property owners through

conservation techniques and ecologically responsible farming.
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