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4. Erosion and terrace failure due to agricultural land 
abandonment in a semi-arid environment * 

 
 
4.1. Introduction 
 
Abandonment of agricultural land is nowadays widely spread in Spain (Geeson et al., 2002; 
MacDonald et al., 2000; Fernandez-Ales et al., 1992) and most land use change scenarios 
project a further increase of land abandonment for southern Europe (Olesen and Bindi, 
2002; Rounsevell et al., 2006). This conversion of cultivated land into abandoned land has 
also consequences for soil quality and erosion and sedimentation processes. Secondary 
vegetation succession after abandonment increases vegetation cover and improves soil 
properties, which will decrease runoff and erosion. However, in semi arid areas the 
recovery of semi-natural vegetation is limited by water and seed dispersal (Pugnaire et al., 
2006), which results in a low vegetation cover. Large bare areas in combination with 
torrential storms enhance the development of soil crusts that reduce the infiltration capacity, 
which on its turn increases runoff and erosion. 
 
While a decrease in erosion after land abandonment is observed in more humid parts of 
Spain (García-Ruiz et al., 1996; Molinillo et al., 1997), the semi-arid areas, e.g. Southeast 
Spain, show an increase in erosion during the first years/decades after abandonment (Cerda, 
1997; Bull et al., 2000; Lasanta et al., 2000). Especially abandoned fields on marls are very 
vulnerable to erosion due to the erodibility of marls, which is caused by the dispersion of 
clay minerals, high swelling pressures and slaking (Bryan and Yair, 1982), and retarded 
germination of plant seeds (Garcia-Fayos et al., 2000). In addition, soil and water 
conservation structures, such as terraces, might collapse due to lack of maintenance and 
consequently increase erosion (Gallart et al., 1994). These agricultural terraces were built to 
retain more water and soil and to reduce the hydrological connectivity and erosion (Lasanta 
et al., 2001; Cammeraat, 2004). However, when the terraces are no longer maintained or 
when the water level behind the terrace wall passes the critical threshold during rain storms, 
terrace failure will occur and gully formation can start. 
 
 

                                                 
* Published as Lesschen, J.P., Cammeraat, L.H. and Nieman, T. In press. Erosion and terrace failure 
due to agricultural land abandonment in a semi-arid environment. Earth Surface Processes and 
Landforms. 
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Lesschen et al. (2007) found that in Southeast Spain especially small fields in valley 
bottoms that have no irrigation possibilities are prone to land abandonment. These fields are 
often terraced, which make them more prone to gully erosion. In addition, in case of 
dispersive substrate, the terraces are vulnerable to piping due to the presence of a steep 
gradient and horizontal impeding layers (Faulkner et al., 2003; Romero Díaz et al., 2007). 
According to Poesen et al. (2003) gully erosion is the main erosion process in terms of 
sediment production at the catchment scale. Koulouri and Giourga (2007) found that soil 
erosion increased significantly in terraced olive groves after abandonment, due to 
collapsing of the drystone terraces and lower protective vegetation cover. This was also 
observed by Cammeraat et al. (2005) for a more humid environment, where increased mass 
wasting processes after abandonment destroyed the bench terraces. Cammeraat (2004) 
found that soil erosion on terraced valley bottoms, based on an event basis, was about a 
hundred times higher compared to semi-natural hillslopes. For those reasons we focused 
our study on abandoned fields and especially fields with terraces, since these appear to have 
the highest erosion rates. 
 
The objective of our study was to assess the extent and causes of erosion and terrace failure 
on abandoned fields and to discuss options for mitigation. To reach this objective we 
formulated the following questions. (1) What are the causes and extent of erosion on 
abandoned fields? (2) Which factors induce terrace failure? (3) What are possible soil and 
water conservation options to mitigate erosion on abandoned terrace fields? The Carcavo 
basin in Southeast Spain was selected as our study area, since it is representative for 
marginal agriculture with land abandonment in a semi-arid environment. 
 
 
4.2. Study area 
 
The Carcavo basin is located about 40 km northwest of the city of Murcia in Southeast 
Spain, near the town of Cieza (UTM coordinates 4228000 m N; 630000 m W; 
European_1950 datum zone 30N). It is a small catchment of 30 km2 and altitudes range 
between 220 and 850 meter (Figure 4.1). This region of Spain is very dry with an average 
annual rainfall of 300 mm and a potential evapotranspiration of 900 mm. The geology of 
the area consists of steep Jurassic limestone and dolomite mountains with calcareous 
piedmonts, basins with Cretaceous and Miocene marls, and variegated Keuper deposits 
including gypsum. Most soils in the area are thin (Leptosols), weakly developed (Regosols) 
and mainly characterised by their parent material (Calcisols and Gypsisols). Land use 
comprises barley, olives, almonds, vineyards, abandoned land, reforested land and semi-
natural vegetation. In the 1970s large parts of degraded land were reforested with pine 
(Pinus halepensis Mill.) within the framework of reforestation and soil conservation 
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programs. During the last decades, parts of the non-irrigated agriculture have been 
abandoned and are under different stages of secondary succession. Abandoned land covers 
now 5 percent of the catchment, but accounts for 17 percent of the total agricultural land. 
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Figure 4.1. Study area of the Carcavo basin and the distribution of the abandoned fields 

 
In the Carcavo basin about 39 percent of the agricultural land is currently terraced or has 
earth dams, which highlights the importance of this agricultural system in sloping areas. 
Terraces have been constructed on hillslopes and in streambeds, while earth dams are 
mainly found in valley bottoms of undulating cereal fields. Most of the terraces in the study 
area are level bench terraces as illustrated in Figure 4.2. The original aim of terracing is to 
reduce soil erosion and to intercept runoff by decreasing the general slope (Morgan, 1995). 
However, the effects of terracing are not only positive. Figure 4.2 shows the change of a 
slope profile after terracing, where area A represents topsoil material that is removed, 
which brings non-weathered material to the surface. This subsoil is often less fertile and 
more susceptible to erosion due to lack of organic matter and soil structure. For area B the 
situation is also ambiguous. Although the general slope angle is reduced, the area near the 
terrace rim is now under influence of a steep change in topography, where the hydraulic 
gradient of surface and sub-surface water may lead to gully erosion and piping (Faulkner et 
al., 2003; Romero Díaz et al., 2007). 
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Figure 4.2. Artificial terracing of sloping terrain, (A) removed material and (B) accumulated material 
from upslope areas 

 
 
4.3 Methodology 
 
The field survey consisted of two parts. First we identified and described all abandoned 
fields in the study area. Second we surveyed both abandoned and cultivated terrace fields 
and described the terraces and the terrace failures. From aerial photographs and field 
surveys we identified in total 58 abandoned fields in the Carcavo basin (Figure 4.1). These 
fields were surveyed and the following properties were described: previous land use, parent 
material, vegetation, age of abandonment, erosion features, and presence of terraces or 
earth dams. With the GIS-software ArcGIS 9.0 (ESRI, Redlands, US) the field boundaries 
were digitised and by overlaying the map with a 5 meter resolution DEM the following 
properties were determined as well: surface, altitude, slope, potential drainage area and 
solar radiation. The 58 fields were then classified into abandoned fields with erosion and 
without erosion. To be classified as abandoned fields with erosion, the field should show 
signs of at least moderate erosion, being visible as gully, terrace failure or well developed 
rill. For gullies we used the definition of Poesen (1993), which defines gullies as rills with a 
cross-section larger than 929 cm2. With SPSS 15.0 (SPSS Inc., Chicago, US) we tested 
whether the differences of the properties for the two groups were significant. The Pearson’s 
chi-square test was used for binary variables and the t-test for continuous variables. 
 
The analysis of terrace failure is based on a data set of 288 terraces within the Carcavo 
basin, both on cultivated and abandoned fields. From these terraces 121 were collapsed at 
the time of the survey in spring 2006. The following properties were described for each 
terrace: land use, geology, slope, topographic position, vegetation cover, rock fragment 
cover, texture, infiltration, estimated time since ploughing, terrace wall dimension, 
vegetation cover on the terrace wall and maintenance of the terrace wall. Texture and 
infiltration were both estimated in the field based on the guidelines for soil description 
(FAO-ISRIC, 1990) and the degree of soil crusting (Valentin and Bresson, 1992). Besides, 
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electrical conductivity (EC) and aggregate stability of the soil were determined for every 
fourth terrace in a field. We determined aggregate stability of pre-wetted (pF 1) macro-
aggregates (4-4.8 mm) with the water drop test (Imeson and Vis, 1984). Additionally, we 
recorded the coordinates of the centre of each terrace and terrace failure with a handheld 
Trimble GeoXM GPS (±2 m precision). Using GIS we derived the following properties for 
each terrace: potential drainage area, altitude and solar radiation. For altitude and solar 
radiation the mean value of a rectangular neighbourhood of 25 by 25 meter was used, and 
for potential drainage area the maximum value of the flow accumulation map of a 
rectangular neighbourhood of 45 by 45 meter was used.  
 
For the analysis of the data we first compared the intact terraces with the failed terraces to 
identify which explanatory variables were significantly different, using the t-test for 
continuous variables and the Pearson’s chi square test for binary variables. Afterwards, we 
created two logistic regression models for terrace failure prediction. For the first regression 
we used all variables and for the second regression we used all spatial variables, which 
allowed for a spatially explicit prediction of terrace failure. The logistic regression model 
was constructed using both forward and backward stepwise logistic regression. For a 
consistent regression model both methods should result in the same regression model. The 
resulting logistic regression coefficients were standardized according to Menard (2001), 
which allows for the comparison of the strength of the relationship between the dependent 
variable and different independent variables. To evaluate the performance of the regression 
model we used the Hosmer-Lemeshow test and the Relative Operating Characteristic 
(ROC). The Hosmer-Lemeshow goodness-of-fit statistic groups cases into deciles of risk 
and compares the observed probability with the expected probability within each decile. 
The ROC is a common measure for the goodness-of-fit of a logistic regression model, for 
an ideal model the outcome is 1, while a random variable achieves approximately 0.5 
(Swets, 1988). 
 
To determine the impact of land abandonment on soil erosion, the quantification of soil loss 
rates is essential in order to assess the severity and to target mitigation possibilities. A long 
monitoring period is necessary to obtain realistic long term soil loss rates, since most 
erosion occurs during the low-frequency high-intensity events (Cooke et al., 1993). An 
advantage of abandoned terrace fields is that most of the sediment is lost by gully erosion 
through the terrace walls, while sheet erosion is less important because of the low gradient 
on the terraces, which makes it simpler to reconstruct erosion rates. By determining the 
volume of lost sediment from the terrace failures and assuming that gully formation started 
after abandonment, the erosion rate can be calculated. As in the study area most of the 
gullies on terraces are from the abrupt gully head type (Oostwoud Wijdenes et al., 1999), 
the amount of lost sediment can be estimated relatively accurately.  
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For the detailed analysis of erosion rates we selected an abandoned field, which was located 
in a valley bottom just before a channel incision (Figure 4.1). This small field (0.6 ha) with 
five terrace levels on Cretaceous marl, was used for cereals and abandoned around 1984. 
The vegetation cover on the field was with 30-40% still low, which has led to crusting on 
the bare areas. The lack of maintenance, the increase in overland flow and the occurrence of 
piping led to terrace failure and gully erosion at 10 locations in the field. We surveyed the 
field site with a Trimble differential GPS system (±2 cm precision) to construct a detailed 
DEM. On average a survey point was recorded each 5 meter, but around the terrace walls 
and terrace failures the sampling density was much higher. With the ‘Topo to Raster’ 
procedure in ArcGIS, based on an algorithm of Hutchinson (1989), we constructed a 
hydrologically correct topography with a resolution of 0.5 meter. The interpolation was 
based on 1860 points and utilised drainage enforcement based on tolerances. The quality of 
the DEM was assessed by calculating the root mean square error (RMSE) (Chaplot et al., 
2006), and by comparing the derived flow accumulation map with the actual stream 
patterns on the field. All major terrace failures coincided with this flow accumulation map, 
which indicated that the DEM gave a correct representation of the topography. To create 
the original topography before abandonment we adapted the GPS survey file by removing 
all points that represent the terrace failures and assuming that the original surface of the 
terraces was at the same level as undisturbed places in the middle of the terrace. With the 
same procedure we created a new DEM, based on 1141 points, which represented the 
topography at time of abandonment in 1984. The erosion rate was calculated by subtracting 
the two DEMs and multiplying with a soil bulk density value of 1.33 kg dm-3. 
 
 
4.4 Results and discussion 
 
4.4.1 Erosion on abandoned fields 

From the 58 abandoned fields 32 were classified as fields with moderate to severe erosion. 
Table 4.1 summarizes the average properties for abandoned fields with and without erosion 
and indicates if differences between the two groups are significant based on the Pearson’s 
chi-square and the t-test. The significant (P<0.05) differences between the two groups, 
based on sufficient observations, are barley as previous land use, presence of terraces, and 
maximum slope. That steeper slopes increase the occurrence of erosion is obvious, but the 
presence of terraces as risk factor for erosion seems contradictory. However, the presence 
of terraces implies that the field is located on sloping land and in addition the terrace 
topography marks steep gradients at the terrace walls, which makes them vulnerable for 
gully erosion and piping, especially after abandonment. The last significant factor was 
barley as previous land use. An explanation can be the negative land management of cereal 
cultivation with high soil losses (Lasanta et al., 2000), which degraded the soil already 
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before abandonment. We also observed that soil crusts under barley are often stronger 
compared to crusts on other cultivated fields, which is probably related to the frequency of 
ploughing. Surprisingly potential drainage area appeared not to influence the occurrence of 
erosion on abandoned fields, as would be expected (Vandekerckhove et al. 2000). A 
possible explanation can be inaccuracies in the DEM, because potential drainage area was 
only determined in GIS. On the other hand runoff is not only a function of drainage area but 
also land use and substrate in the upstream catchment determine the amount of runoff and 
thus the occurrence of erosion.  
 
Table 4.1. Comparison of properties of abandoned fields with and without erosion 

Properties No erosion Erosion P-value*  
  Number of fields 26 32   
Previous land use (number of fields)       
  Barley 8 19 0.030 
  Orchard 14 13 0.315 
  Vineyard 4 0 0.021 
Parent material (number of fields)       
  Marl 11 16 0.559 
  Colluvium 6 13 0.157 
  Keuper 4 2 0.256 
  Sandstone 3 1 0.209 
  Limestone 2 0 0.110 
Vegetation (number of fields)      
  Mainly herbs 12 12 0.506 
  Mixed herbs, grasses and shrubs 9 18 0.100 
  Mainly shrubs 5 2 0.131 
Field properties       
  Surface (ha) 2.6 2.0 0.450 
  Age of abandonment (year) 9.9 9.2 0.712 
  Fields with terraces 7 21 0.003 
  Fields with earth dams 7 10 0.719 
  Mean altitude (m) 389 373 0.230 
  Maximum slope (degrees) 13.8 18.1 0.016 
  Mean slope (degrees) 5.1 5.7 0.288 
  Potential drainage area (ha) 15.3 13.5 0.829 
  Mean solar radiation (MJ cm-2 year-1) 0.82 0.81 0.769 
* Bold values indicate significant differences (P<0.05) as determined with the t-test and Chi-square test. P 
values in italic had too few observations to be reliably significant 

 
4.4.2 Terrace failure 

Since the presence of terraces appeared to be the most significant factor for erosion on 
abandoned fields we studied the occurrence of terrace failure in more detail. Table 4.2 
shows the results of the statistical analysis of terrace failure for all terraces and for 
abandoned terraces only. From the 288 terraces that were included in this study 121 terraces 
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were collapsed. The results for all terraces showed that abandoned land, valley bottom 
position, slope of terrace, time since ploughing, a loam texture, total vegetation cover, 
grasses on terrace and shrubs on terrace wall had a significant positive relationship with 
terrace failure, while orchards, hillslope position, infiltration, trees on terrace and grasses 
on terrace wall had a significant negative relationship with terrace failure. Land 
abandonment and its related factors, like time since ploughing and vegetation cover, were 
the most significant variables to induce terrace failure, more than the topographical and soil 
variables. This means that land abandonment indeed increases the risk of terrace failure and 
subsequently enhances erosion on abandoned fields. 
 
When we applied the same analysis for just the abandoned terraces, more topographical and 
physical variables became important, like channel position, potential drainage area, height 
of terrace wall, and Quaternary colluvium. Quaternary colluvium, channel position, 
potential drainage area, loam texture, trees on terrace, height terrace wall and shrubs on 
terrace wall had a significant positive relationship with terrace failure, while sandy loam 
texture, and infiltration had a significant negative relationship with terrace failure for the 
abandoned terraces. One of the interesting results with respect to mitigation of terrace 
failure was the variable shrub cover on terrace wall, which significantly increased terrace 
failure, while grasses had a stabilising effect on terrace failure. This positive stabilising 
effect of grasses was also experimentally found by De Baets et al. (2006). This result 
should be taken into account in revegetation schemes for soil and water conservation. 
 
Besides the analysis of which factors induce terrace failure, we also constructed two 
logistic regression models to determine the probability of terrace failure. For the first model 
we used all variables, which resulted in a consistent regression model of 10 variables, using 
both forward and backward stepwise logistic regression (Table 4.3). The Hosmer-
Lemeshow test resulted in a correct prediction percentage of 74.9 and the ROC value was 
0.800, which indicates that the model performs quite well. The standardized beta-
coefficients indicate that none of the variables has a very strong or weak influence on the 
predicted probability, which means that terrace failure is determined by a combination of 
factors and not a single variable. Using only the spatial variables, in order to predict the 
spatial distribution of terrace failure, the logistic regression analysis resulted in a regression 
model with six variables. However, the ROC value was 0.736 and the result of the Hosmer-
Lemeshow test gave an overall correct prediction percentage of 70.8, which is lower than 
the values of the regression model that uses all variables. This means that exclusion of 
variables for which no spatial distribution data is available, e.g. time since ploughing, 
decreases the performance of the regression model. 
 



Chapter 4  Erosion and terrace failure 

 73 

Table 4.2. Comparison of properties of intact and failed terraces for all terraces and for abandoned 
terraces only 
Properties All terraces Abandoned terraces 
  Intact Failure P-value* Intact Failure P-value* 
 Number of terraces 167 121  76 92  
Land use       
 Barley 19 10 0.386 - - - 
 Orchard 72 19 0.000 - - - 
 Abandoned land 76 92 0.000 - - - 
Geology       
 Quaternary colluvium 40 41 0.064 9 30 0.002 
 Tertiary marl 63 42 0.600 35 33 0.181 
 Cretaceous marl 64 38 0.226 32 29 0.156 
Topography       
 Hillslope 85 39 0.002 30 27 0.168 
 Valley bottom 61 67 0.001 44 51 0.749 
 Channel 21 15 0.964 2 14 0.006 
Terrace properties       
 Altitude (m) 384 391 0.152 391 391 0.961 
 Natural slope (degrees) 4.2 3.9 0.259 3.6 3.9 0.408 
 Slope of terrace (degrees) 0.7 0.9 0.044 0.76 0.82 0.606 
 Radiation (MJ cm-2 year-1) 0.8 0.8 0.629 0.81 0.8 0.116 
 Potential drainage area (ha) 6.9 9.1 0.111 4.9 10 0.001 
 Time since ploughing (class 1-7) 2.7 3.8 0.000 4.4 4.5 0.558 
Soil properties       
 Silt loam texture 115 71 0.074 53 52 0.078 
 Loam texture 36 45 0.004 10 35 0.000 
 Sandy loam texture 16 5 0.079 13 5 0.015 
 Aggregate stability 10.7 10.2 0.725 10.9 10 0.529 
 EC (�S cm-1) 392 425 0.828 336 441 0.596 
 Infiltration (class 1-3) 1.81 1.60 0.005 1.62 1.43 0.044 
Terrace cover       
 Rock fragment cover (class 1-4) 1.98 1.88 0.402 1.7 1.84 0.308 
 Total vegetation cover (%) 36.6 48.3 0.000 54.1 56.4 0.388 
 Trees (%) 7.7 5.2 0.014 2.53 4.91 0.013 
 Shrubs (%) 1.0 2.1 0.087 2.09 2.68 0.569 
 Grasses (%) 29.9 43.7 0.000 50.7 52.0 0.678 
Terrace wall properties       
 Height terrace wall (m) 1.75 1.75 0.973 1.53 1.75 0.032 
 Width terrace wall (m) 1.9 1.96 0.502 1.76 1.90 0.178 
 Slope terrace wall (degrees) 43.0 41.7 0.129 41.4 42.7 0.242 
 Trees (%) 1.7 1.0 0.284 0.5 0.6 0.939 
 Shrubs (%) 5.3 9.8 0.010 1.9 11 0.000 
 Grasses (%) 45.3 34.7 0.000 32.8 31.6 0.686 
 Maintenance 8 5 0.791 - - - 
 Stone consolidation 11 14 0.138 5 10 0.332 
* Bold values indicate significant differences (P<0.05) as determined with the t-test and Chi-square test 
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Table 4.3. Standardized logistic regression coefficients and the performance of the two models 

Variable All variables Spatial variables 
Abandoned land  0.170 
Orchard -0.218 -0.235 
Quaternary colluvium 0.261 0.219 
Valley bottom 0.214  
Altitude  0.133 
Slope of terrace 0.113  
Radiation -0.190 -0.175 
Potential drainage area 0.185 0.226 
Time since ploughing 0.162  
Loam texture 0.189  
Slope terrace wall -0.116  
Shrub cover terrace wall 0.146  
ROC 0.800 0.736 
Percentage correct predicted* 74.9 70.8 
* Based on the Hosmer-Lemeshow test 

 
The results showed that terrace failure is frequently occurring and that land abandonment is 
an important driver of terrace failure. Only few other studies have addressed terrace failure. 
Lasanta et al. (2001) studied the collapse of terrace walls due to abandonment of the 
traditional land management in a mountainous area in northern Spain. The average size of 
the terrace collapse was 3.3 m3 and the found positive correlations between the volume of 
removed material and the height of the terrace wall and the slope gradient. Romero Díaz et 
al. (2007) showed that a landscape in Southeast Spain, which was terraced in the 1970s, is 
now completely abandoned and the terraces are destroyed by piping. Piping was mainly 
caused by the lack of soil structure and the dispersive character of the soil material. Due to 
agricultural EU policy that encouraged farmers to cultivate certain crops by subsidising 
their expanded cultivation on a ‘per hectare’ basis (Cots-Folch et al., 2006), the cultivation 
of almonds and grapes increased. Ramos et al. (2007) found that new constructed terraces 
for vineyards were not sustainable, with heights and widths that are greater than the 
accepted design criteria, since farmers only considered trafficability for terrace 
construction. This resulted in destruction of large parts of the terraces during an extreme 
rainfall event. When slopes are less steep land levelling occurs without the construction of 
terraces. This clearance of native Mediterranean vegetation for almond cultivation without 
erosion-prevention terraces resulted in serious gully erosion (Faulkner, 1995) and increased 
soil redistribution due to tillage erosion (Van Wesemael et al., 2006).  
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4.4.3 Quantification of erosion 

Figure 4.3 shows the surrounding of the field site and the calculated sediment losses after 
subtracting the current DEM with the terrace failures from the 1984 DEM. The main terrace 
failures are clearly visible with incisions of more than one meter. Nevertheless some 
sedimentation has occurred as well, especially below the terrace walls and on a small 
alluvial fan from a large gully in the side wall. The average net surface lowering since 
abandonment was 13.8 cm, resulting in a net erosion rate of 87 ton ha-1 year-1. This rate is 
higher than the average 12 ton ha-1 year-1 calculated from several gully erosion studies 
(Poesen et al., 2003) and much higher than the usual range of 0.1-1 ton ha-1 year-1 under 
semi-natural vegetation (Martínez-Fernández and Esteve, 2005) and even semi-arid 
badlands have generally lower erosion rates (Canton et al., 2001). Although the field site 
has a rather large drainage area (113 ha) and erodible soils, the main cause for the high 
erosion rates is probably the presence of terraces in combination with land abandonment. 
Due to the absence of tillage the storage capacity decreased and soil crusts started to 
develop, which increased overland flow and led to gully erosion (Imeson et al., 1998). As 
long as the terrace walls are maintained they serve as soil and water conservation structures, 
however, with time a large amount of sediment is stored behind the terraces, which forms a 
potential source of sediment that can be easily released after terrace failure. 

 

Topography change

> 1 m

0.5 - 1 m

0.1 - 0.5 m

0 - 0.1 m

Sedimentation
0 40 8020 Meter

 
Figure 4.3. Sediment losses for the terrace field since abandonment in 1984 

 
We based the calculation of the erosion rate on the subtraction of two DEMs. However, the 
DEMs were created by interpolation of GPS survey points, which may have introduced 
errors (Chaplot et al., 2006). Therefore we compared the results of our selected ‘topo to 
raster’ technique with some other interpolation methods (Table 4.4). The RMSE values, as 
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calculated for the current DEM, were lowest for the DEM based on TIN (Triangulated 
Irregular Network) and the ‘topo to raster’ DEM. Between the different methods a 
considerable difference between the minimum and maximum topography change existed, 
but the calculated erosion rates were similar and were all higher than the reported gully 
erosion rates of Poesen et al. (2003). Only for the ‘topo to raster’ method that included the 
surrounding area the sediment delivery rate was higher, probably because the steep slopes 
at the border of the field influenced the interpolation. Although the DEM based on TIN had 
a slightly lower RMSE, we used the ‘topo to raster’ method since its secondary derivates 
such as slope and flow accumulation map were more realistic and the minimum and 
maximum altitude changes were closest to reality, considering the depth of 1.5 meter of the 
largest gully and no signs of much sediment accumulation. 
 
Table 4.4. Comparison of different interpolation methods for DEM construction 

Interpolation method RMSE Erosion rate Min. change Max. change 
 (m) (ton ha-1 yr-1) (m) (m) 

Topo to raster 0.166 87 -1.91 0.24 

Kriging 0.265 96 -2.25 0.41 

Spline 0.477 72 -2.77 3.32 

DEM based on TIN 0.149 91 -1.82 0.61 

Topo to raster incl. surrounding area 0.268 119 -2.29 0.70 

Individual plane for each terrace 0.166 81 -1.95 0.93 

 
4.4.4. Options for mitigation 

The results of our study showed that erosion on abandoned fields is widespread and 
especially terrace failure is a major source of sediment. Soil and water conservation 
practices to mitigate soil erosion after agricultural land abandonment, and terrace failure in 
specific, can be divided into two groups: (1) maintenance of terrace walls and earth dams, 
and (2) revegetation with indigenous species. The first option should include restoration of 
terrace walls after heavy rainfall and also ploughing on the terrace can be an option to 
enhance storage capacity and improve infiltration. As a result more water will be retained 
on the terrace, which enhances vegetation growth and consequently decreases erosion. This 
kind of management might even include subsidies for farmers who combine extensive 
agriculture with soil and water conservation practices. For example, people from marginal 
rural areas in the province of Almería (Southeast Spain) receive subsidies when they remain 
working on the field and maintain agricultural terraces. These subsidies are intended to 
prevent depopulation of the rural areas and are paid from the EU less favoured areas 
support scheme. However, on the long term this option might not be very profitable, since 
the cost of subsidies will be high and when such a subsidy program stops the farmer might 
still abandon those fields, which means that erosion is only delayed. This view is confirmed 
by Oñate and Peco (2005), who interviewed relevant stakeholders in Southeast Spain about 
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policies regarding desertification. Another aspect that has to be considered is the recurrence 
time of events, since a large event will even destroy part of the maintained terraces. 
Cammeraat (2004) found for a nearby area that an event with a return period of 10 years 
resulted in failure of terraces and earth dams. Nevertheless, direct repair of failed terraces 
will prevent further development of the gullies in the terrace walls. 
 
For the second option of revegetation a distinction can be made between (i) revegetation on 
the terrace to improve infiltration and (ii) revegetation of terrace walls and zones with 
concentrated flow to prevent or mitigate gully erosion. The effectiveness of vegetation in 
the reduction of runoff and erosion has been widely published (e.g. Morgan, 1995; Quinton 
et al., 1997; Cerdà, 1997). Vegetation protects the soil with its canopy and roots, and the 
input of organic matter improves the soil and hydrological properties, i.e. infiltration, 
porosity and structure, which decrease runoff and erosion (Bochet et al., 1999). The rapid 
establishment of a good vegetation cover is a key step for effective mitigation of erosion 
and requires first short-lived species that can grow quickly and later the “late successional” 
shrubs can establish (Obando, 2002). The alternative of revegetation only on and near the 
terrace walls has hardly any consequences for future land use and may positively influence 
terrace stability as a result of increased topsoil cohesion by surface roots. Furthermore, the 
resistance against fine scale slope failure processes may increase by including species with 
deeper penetrating roots (Gray, 1995). Faulkner (2007) showed that revegetation can even 
decrease the risk of piping by lowering the SAR and EC values of the soil. 
 
Gyssels et al. (2005) concluded that for splash and sheet erosion vegetation cover is the 
most important parameter to control erosion, but for rill and gully erosion the effect of plant 
roots is at least as important. De Baets et al. (2006) demonstrated that especially grass roots 
are very effective in reducing soil detachment rates under concentrated flow. An increase in 
root density from 0 to 4 kg m-3 already decreased the relative soil detachment rates to very 
low values. Our results also showed that grasses on the terrace wall had a significant 
stabilising effect on terrace failure, while the presence of shrubs increased the risk of 
terrace failure. Hence, indigenous grass species with a dense rooting system and good 
vegetation cover are most suitable for revegetation of terrace walls. For our study area 
Lygeum spartum, Brachypodium retusum, Piptatherum miliaceum and Stipa tenecissima 
among others accomplish these characteristics (De Baets et al., 2007). However, other 
characteristics as germination and growth rate are important as well for successful 
mitigation of terrace failure, but not much information is available for semi-natural 
vegetation. From an ecological point of view the re-establishment of the indigenous shrub 
vegetation is a key step in the restoration of abandoned agricultural semi-arid lands 
(Caravaca et al., 2003). However, the use of native grass species in concentrated flow zones 
and on terrace walls seems to be more effective to mitigate erosion. Quinton et al. (2002) 
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provide a list of indigenous Mediterranean species that can be used for the revegetation of 
abandoned land, including specific bioengineering properties. 
 
A final comment has to be addressed to the balance between costs of conservation practices 
and costs of soil quality loss and offsite effects. For Mediterranean countries not much 
information is available, neither about the costs of conservation measures nor about the 
environmental costs of erosion. However, for proper implementation of conservation 
practices a basic cost-benefit analysis is a minimum requirement. A recent paper of Hein 
(2007) suggests that the costs of erosion for a catchment in Southeast Spain are limited. 
However, he only considered local costs due to loss of nutrients, but no off-site effects like 
reservoir sedimentation were taken into account. The relation between recurrence time of 
events, sustainability of terraces and economic costs remains still unclear and deserves 
therefore further attention. One of the ways to reduce costs of mitigation practices is to 
specifically target measures to hotspot areas in the landscape where erosion is a problem at 
present, or where, if improperly managed, it will become a significant problem. In the case 
of the Carcavo basin mitigation measures should be targeted to areas where concentrated 
flow near terrace walls is a problem. 
 
 
4.5. Conclusion 
 
Abandonment of agricultural land is widespread and increasing in Mediterranean countries 
and can potentially lead to a considerable increase in erosion in semi-arid environments. 
Especially abandoned terrace fields are vulnerable because of gully erosion through the 
terrace walls. In the Carcavo basin more than half of the abandoned fields have moderate to 
severe erosion and the calculated erosion rate is high. Land abandonment, steeper terrace 
slope, loam texture, valley bottom position, and shrubs on the terrace wall are factors that 
increase the risk of terrace failure. This and several other studies show that terracing, 
although intended as conservation practice, actually enhances erosion, especially after 
abandonment. Construction of new terraces should therefore be carefully planned and being 
built according to sustainable design criteria and not in soils that are vulnerable to piping. 
To mitigate erosion on these abandoned fields the following soil and water conservation 
practices are possible: (1) maintenance of terrace walls in combination with increasing 
vegetation cover on the terrace, and (2) revegetation with indigenous grass species on zones 
with concentrated flow to prevent gully erosion. These practices should be specifically 
targeted to hotspot areas in the landscape where erosion is or will become a problem. 
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