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3. Development of spatial heterogeneity in vegetation 
and soil properties after land abandonment in a 
semi-arid ecosystem * 

 
 
3.1. Introduction 
 
Agricultural land abandonment is one of the main changes in land use in Mediterranean 
countries, due to changing EU policies, urbanisation, globalisation and desertification 
(Geeson et al., 2002). A further increase of land abandonment is expected in the near future 
(Rounsevell et al., 2006). The cessation of extensive farming has led to substantial increase 
in dry grasslands and dwarf shrublands in marginal lands (Hernández, 1997). These 
abandoned fields can be vulnerable to erosion due to sparse initial vegetation cover, 
unfavourable soil properties and lack of maintenance of soil and water conservation 
structures (Gallart et al., 1994; Imeson et al., 1998). For mitigation of erosion, it is 
important to understand how vegetation and soil properties of these abandoned fields 
change and how vegetation patterns develop. Further, changes in vegetation patterns may 
be an indication of the onset of desertification in arid areas (Kéfi et al., 2007). 
 
The secondary succession after abandonment initially starts with annual or biannual plants 
and is followed by perennial forbs, grasses and shrubs. Bonet (2004) found that annual 
plants and short-lived perennials have a higher cover and species richness during the first 
phase of abandonment, forbs during the second phase and finally woody species after 10 
years of abandonment. However, forest may not be representative of later stages of 
succession under the semi-arid conditions of Southeast Spain, due to sparse water resources 
and intensive human disturbances in the landscape over millennia. A late successional 
community composed of shrublands is more likely for these areas (Rivas-Martínez, 1987). 
Nevertheless, succession is a highly variable process, which is influenced by many factors, 
such as environmental conditions, seedbank status, land use history, and plant population 
and community processes (Bonet, 2004; Flinn and Vellend, 2005). As a result of changes in 
vegetation and soil management, soil properties of abandoned fields will change as well 
after abandonment. In general a progressive recovery of vegetation cover, litter production, 
organic matter, water retention capacity and stability of aggregates takes place on 

                                                 
* Published as Lesschen, J.P., Cammeraat, L.H., Kooijman, A.M. and Van Wesemael, B. In press. 
Development of spatial heterogeneity in vegetation and soil properties after land abandonment in a 
semi-arid ecosystem. Journal of arid environments. 
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abandoned fields (Martinez-Fernandez et al., 1995; Kosmas et al., 2000; Dunjó et al., 2003; 
Bonet, 2004).  
 
In semi-arid ecosystems, the lack of available water leads to sparse vegetation often in 
spotted or banded patterns (Tongway et al., 2001). The positive feedback between 
vegetation and water infiltration coupled with the spatial redistribution of runoff can 
explain the formation of these vegetation patterns (HilleRisLambers et al., 2001). As a 
result of this positive feedback, soil properties become spatially heterogeneous as well with 
more organic matter and improved soil physical properties under vegetation patches. This 
increased heterogeneity of soil resources is also known as the ‘islands of fertility’ 
phenomenon (Schlesinger et al., 1990). Hence, vegetation is the one of the key factors 
controlling overland flow generation, where runoff from bare patches infiltrates into 
vegetated patches (Ludwig et al., 2005), which makes overland flow highly discontinuous 
(Cerdà, 1998a; Lavee et al., 1998). Furthermore, the distribution of the vegetation patches 
determines whether runoff becomes connected at the hillslope scale, which will increase 
hydrological connectivity and the erosive force of runoff, but this also depends on the 
magnitude of the rainfall (Bracken et al., 2008). 
 
Vegetation patterns in semi-arid grasslands and shrublands have been studied extensively 
(Bochet et al., 1999; Cammeraat and Imeson, 1999; Valentin et al., 1999; Maestre and 
Cortina, 2002). However, the spatio-temporal development of vegetation patterns is still 
largely unknown, and only simulated by models (Thiery et al., 1995; HilleRisLambers et 
al., 2001; Rietkerk et al., 2002). Alternatively, abandoned fields with different ages of 
abandonment offer the possibility to study the spatio-temporal development of vegetation 
patterns. Using an integrated approach, which combines secondary vegetation succession, 
changes in soil properties and analysis of vegetation patterns, the development of spatial 
heterogeneity can be described. Another issue that has to be addressed is the spatial scale of 
vegetation patterns. Although some vegetation patches can be large, e.g. groves of mulga 
trees (100–1000 m2), such as observed in central Australia (Dunkerley, 2002), most 
vegetation patches in Mediterranean semi-arid shrublands are typically in the order of 1 m2 
or less. Given that the highest resolution of standard aerial photographs or satellite images 
is in the order of one metre, images with a high resolution may be indispensable for 
describing vegetation patterns correctly. This is particularly important as the spatial 
configuration of vegetation largely determines processes such as runoff and erosion, at least 
for events with a return period of up to 10 years (Bergkamp et al., 1996; Cammeraat, 2004; 
Ludwig et al., 2005). 
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The objective of our paper was to investigate the development of spatial heterogeneity in 
vegetation and soil properties after land abandonment in Southeast Spain. To achieve this 
objective, the following questions were answered. How does the vegetation composition 
evolve? How do topsoil properties change after land abandonment? How do vegetation 
patterns develop after land abandonment? The Carcavo basin in Southeast Spain was 
selected as study area, because of the presence of different successional stages of 
abandoned fields and the existence of distinct vegetation patterns as a result of the semi-
arid climate. We selected two series of abandoned fields, one on marl and one on calcrete, 
which are the two main substrates used for agriculture within the catchment. For the 
selected field sites, we described the vegetation, collected soil samples and made detailed 
aerial photographs. These images were classified into bare and vegetated patches and 
several spatial metrics were calculated for each plot. Finally, we linked vegetation 
succession, change in soil properties and vegetation patterns to the development of spatial 
heterogeneity after land abandonment and discussed the implications for runoff and 
erosion. 
 
 
3.2. Materials and methods 
 

3.2.1. 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 with altitudes ranging 
between 220 and 850 m. 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 carbonate mountains with calcareous piedmonts, Keuper gypsum marls and 
basin deposits of Cretaceous and Miocene marls. Most soils in the area are thin, weakly 
developed or characterised by their calcareous or gypsiferious parent material. According to 
the WRB classification, these soils are Leptosols, Regosols, Calcisols and Gypsisols (IUSS 
Working Group WRB, 2006). Current land use in the study area consists of agricultural 
land (barley, olives, almonds and vineyards), abandoned agricultural land, reforested land 
and natural land. In the 1970s, large parts were planted with pine (Pinus halepensis) for 
reforestation and soil conservation. During the last few decades, parts of the non-irrigated 
agriculture have been abandoned and are currently under different stages of secondary 
succession. The semi-natural vegetation on slopes is mainly composed of Rhamno 

lycioidis-Quercetum cocciferae shrubland in upper areas, while Stipa tenacissima and 
dwarf-shrub communities are dominant in lower areas. 
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3.2.2. Field sampling 

Based on the space for time substitution approach (Paine, 1985) to overcome the problem 
of long term monitoring, we selected two sequences of abandoned fields (fallow, recently 
abandoned, long abandoned and semi-natural vegetation) in the south-eastern part of the 
Carcavo basin. One sequence of fields was located on a Cretaceous marl substrate (M sites) 
and the other sequence on Quaternary colluvial pediment with calcrete, which was partly 
broken by ploughing (C sites). The main difference between the two substrates was the 
amount of rock fragments on the soil, which influences crust formation and infiltration 
(Poesen and Lavee, 1994). All fields were used for traditional barley-fallow rotation before 
abandonment, indicating similar initial conditions. At each field, we selected a 
representative area of 10 × 10 m in the centre of the field on which all species were 
identified, using Sánchez Gómez and Guerra Montes (2003). Plant species were classified 
according to their growth form, i.e. annuals, herbs, grasses, shrubs or trees. At each plot, 
rock fragment cover (> 2 cm) was estimated, crust type was described according to 
Valentin and Bresson (1992) and slope and slope form were recorded (Table 3.1). The age 
of abandonment was estimated using aerial photographs of 1956, 1985, 1997, 1999 and 
2002 and by asking the owner of the fields. None of the fields showed signs of disturbance 
by grazing, and according to the owner, the fields were not grazed since abandonment. 
 
Table 3.1. Description of the field sites 

ID Substrate Stage Rock fragment 
cover (%) 

Crust type Slope 
(%) 

Slope 
form 

Main vegetation species 

M1 Marl Fallow 5 Slaking 4 Straight Annuals 
M2 Marl ± 6 yr 

abandoned 
5 Slaking 0 Concave Bromus rubens, Eryngium 

campestre, Artemisia 
herba-alba, Plantago 
albicans 

M3 Marl ± 25 yr 
abandoned 

14 Slaking 0 Concave Plantago albicans, 
Artemisia herba-alba, 
Lygeum spartum 

M4 Marl Semi-
natural     
(>50 yr) 

13 Cryptogamic 3 Convex Quercus coccifera, 
Brachypodium retusum 

C1 Calcrete Fallow 46 Slaking 5 Convex Annuals 
C2 Calcrete ± 9 yr 

abandoned 
88 Sieving 1 Convex Helichrysum stoechas, 

Artemisia herba-alba, 
Teucrium capitatum 

C3 Calcrete ± 40 yr 
abandoned 

35 Sieving and 
cryptogamic 

2 Straight Stipa tenacissima, Thymus 
sp., Teucrium sp., 
Artemisia herba-alba 

C4 Calcrete Semi-
natural     
(>50 yr) 

75 Sieving and 
cryptogamic 

15 Straight Rosmarinus officinalis, 
Stipa tenacissima 
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3.2.3. Soil sample analysis 

On each field, four topsoil samples (0–5 cm) were taken from bare patches and four from 
vegetated patches. These soil samples were analysed for organic carbon, aggregate stability, 
pH and electrical conductivity. Furthermore, for each field one topsoil sample from a bare 
patch was analysed for CaCO3 content, soil texture, micro-aggregation and sodium 
absorption ratio (SARp). For all these analyses, except for aggregate stability, the fraction 
<2 mm was used. Organic carbon content was determined with the wet oxidation method 
using KCrO6 followed by colorimetric analysis (Page et al., 1982). Electrical conductivity 
(EC25) and pHwater were measured in soil extracts of a 1:1 weight ratio. We determined 
aggregate stability of pre-wetted (pF 1) macro-aggregates (4–4.8 mm) with the water drop 
test (Imeson and Vis, 1984) for 20 replicates by counting the number of drops required to 
destroy the aggregate. CaCO3 content was determined with the method of Wesemael 
(1955), which is based on weight loss on dissolution. Soil texture was analysed by wet 
sieving over a 106 �m sieve and measurement of the primary grain size distribution of the 
<106 �m fraction with a Sedigraph 5100, which determines grain size distributions by 
measuring settling velocity of particles with X-rays. In order to obtain the natural grain size 
distribution, the fine earth fractions were not decalcified, since CaCO3 levels were above 
50%. The percentage water-stable micro-aggregation was determined for the <106 �m 
fraction by subtracting the primary grain size distribution from the water stable grain size 
distribution (Edwards and Bremner, 1967; Cammeraat and Imeson, 1998). Concentrations 
of Na, Ca and Mg in a 1:1 soil-water extract were determined with an ICP-OES from which 
the practical sodium absorption ratio (SARp) was calculated (Sposito and Mattigod, 1977). 
Soils with SARp values above 2 are normally considered to be affected by salts and 
vulnerable to dispersion. 
 
3.2.4. Statistical analysis 

To analyse the variance of the soil property data we used a linear mixed models procedure, 
because one of the assumptions for analysis of variance with a general linear model was not 
satisfied. The replicates in our sampling design were collected within each plot and were 
therefore not completely independent. A linear mixed models procedure allows the data to 
exhibit correlated and non-constant variability and provides the flexibility of modelling not 
only the means of the data but their variance and covariance as well. The model parameters 
are estimated by minimisation of the weighted least-squares sum, and the parameters of the 
covariance matrix are estimated with a restricted maximum likelihood analysis (Webster 
and Payne, 2002). We used the linear mixed models procedure in SPSS 15.0 (SPSS Inc., 
Chicago, US) to test for significant factors for organic carbon, pH and EC. Substrate, stage 
and cover were set as fixed effects in the model and F tests were calculated on the basis of 
Wald statistics, with treatment effects declared significant at P<0.05. The aggregate 
stability data were non-normally distributed and therefore analysed with non-parametric 
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tests (Siegel and Castellan, 1988). The Mann-Whitney test was used to compare bare and 
vegetated patches within each plot and to test for the overall influence of substrate. The 
Kruskal-Wallis test was used to compare the different stages of abandonment. Differences 
were declared significant at P<0.05. 
 
3.2.5. Vegetation pattern analysis 

Images with a high resolution were necessary to analyse vegetation patterns. Conventional 
aerial photographs have a resolution of 1 m, which is too low to distinguish the different 
vegetation patterns. Therefore, we used a balloon-mounted camera system (Ries and 
Marzolff, 2003) to make detailed aerial photographs of vegetation patterns on each site. 
Photos were made in April 2006 with a Canon Digital IXUS 500 camera attached to a 
balloon filled with helium. The camera was activated with a radio transmitter, which 
allowed us to take detailed aerial photographs from 30–50 m above the surface. These 
images had a spatial resolution of 1–2 cm, which made them suitable for the analysis of 
detailed vegetation patterns. For each site, we extracted a representative part of 10 × 10 m 
from the digital photo, which was resized to a pixel resolution of 2 cm. Next, the images 
were classified into bare and vegetated patches. Part of the bare patches on marl sites were 
covered with Plantago albicans. However, we considered these areas as bare patches, 
because rainfall simulations and soil analyses showed that sites with sparse Plantago cover 
were similar as bare patches, with low water infiltration and low organic carbon content. 
For the classification, we used the supervised maximum likelihood method of the remote 
sensing package ENVI (Research Systems, Boulder, US), which assigns each pixel to the 
class with the highest probability. This method classified the vegetation areas most 
accurately, as both the variance and covariance of the spectral response pattern are 
evaluated (Lillesand et al., 2004), which was confirmed by visual comparison with the 
original photo. In addition, this method was the only one that also classified the shaded 
areas correctly. Next, the classified images were filtered, using the ‘Median Filter’ with a 
filter size of 18 cm in Paint Shop Pro, in order to remove small areas of noise and to obtain 
a distinct pattern of bare and vegetated patches. 
  
Afterwards, the images were analysed with FRAGSTATS 3.3 (McGarigal et al., 2002), a 
program to analyse spatial patterns of categorical maps. We calculated pattern metrics for 
the vegetation class using the default analysis and the eight-cell neighbourhood rule. The 
following metrics were calculated: percentage vegetation cover, mean patch size, patch 
density, largest patch index, edge density, area-weighted mean fractal dimension, 
connectance index, landscape division index and normalized landscape shape index (Table 
3.2). The first five indices are default spatial metrics giving a measure of the fragmentation 
of the vegetation pattern (see e.g. Wu et al., 2002; Saura, 2004). The area-weighted mean 
fractal dimension indicates the complexity of vegetation patches using the same scale of 
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measurement and assuming a self-similarity between patches of different size. Values close 
to 1 indicate patches with very simple shapes and small perimeters, while values 
approaching 2 indicate complex shapes with highly convoluted perimeters. The landscape 
division index is described by Jaeger (2000) as the probability that two randomly chosen 
places in the landscape are not situated in the same contiguous area. Advantage of this 
index is its insensitivity to omission or addition of very small patches. For our purpose, we 
calculated the index using the bare patches to indicate how strongly vegetation patches 
dissect the bare area, which is important for runoff generation (Imeson and Prinsen, 2004). 
 
Table 3.2. List of spatial metrics as calculated by FRAGSTATS 

Pattern metric Description 
Percentage cover Ratio of the area of all vegetation to the total area (%) 
Mean patch size Average area of all patches (m2) 
Patch density Number of patches per unit area (patch m-2) 
Largest patch index Ratio of the area of the largest patch to the total area (%) 
Edge density Total length of all edges per hectare (m m-2) 
Area-weighted mean 

fractal dimension 
Area-weighted mean fractal dimension of vegetation patches, which indicates 
the complexity of the patch shape: 
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where Pi and ai are the perimeter and area of patch i and n is the total number of 
vegetation patches. 

Landscape division 
index (calculated for 
bare area) 

The index describes the probability that two randomly chosen pixels in an area 
are not situated in the same patch of the corresponding patch type: 
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where ai is area of bare patch i, A is the total map area and n is the total number 
of bare patches. 

Connectance index Number of functional joinings between all patches divided by the total number 
of possible joinings between all patches (%): 
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where cij is the number of joinings between patch i and j and n is the number of 
vegetation patches.  

Normalised landscape 
shape index 

Normalised ratio between the total length of the edge and the minimum total 
length of edge: 
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where ei is the total length of edge of class i in terms of number of cell surfaces. 
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Another related parameter is connectivity between vegetation patches, which influences 
transport of water and sediment through the landscape. In FRAGSTATS a proxy for 
connectivity is the connectance index, which is expressed as the percentage of the 
maximum number of possible joinings between vegetation patches. Each pair of patches is 
either connected or not, based on a user-specified distance threshold, which we set at 0.25 
m. Finally, the normalised landscape shape index provides a measure of aggregation or 
clumpiness of vegetation patches. A value of zero means a maximally compact vegetation 
patch, while higher values indicate a more disaggregated vegetation pattern. 
 
 
3.3. Results 
 

3.3.1. Vegetation succession 

Figure 3.1 shows the number and type of plant species which were found on each site. For 
the calcrete sites, a clear decrease in number of species with time since abandonment was 
found while for the marl sites, this decrease was only observed for the semi-natural site. 
The decrease in the number of species is mainly associated with the decrease in annuals and 
herbs. Although the number of shrub species hardly increased with time since 
abandonment, the shrub cover increased considerably. Fallow sites were mainly covered by 
annual herbs such as Anagallis arvensis, Moricandia arvensis, Centaurea aspera and 
Filago pyramidata, but also some small shrubs such as Artemisia herba-alba and Teucrium 

capitatum were found, but none of the species was dominant. On the recently and long 
abandoned sites on marl, patches of herbs (Carrichtera annua, Eryngium campestre and 
Eruca vesicaria, grasses (Bromus rubens, Lygeum spartum and Dactylus glomerata) and 
few shrubs (Artemisia herba-alba and Salsola genistoides) occurred with Plantago albicans 
on bare patches. The recently abandoned site on calcrete was dominated by Artemisia 

herba-alba, Helichrysum stoechas and Teucrium capitatum. The long abandoned site on 
calcrete had similar plant species as the semi-natural vegetation, such as Stipa tenacissima 
and Rosmarinus officinalis, but the occurrence of Artemisia herba-alba and some Plantago 

albicans indicated its former agricultural use. Finally, on the semi-natural sites, mainly 
Stipa tenecissima and Rosmarinus officinalis were found with some Quercus coccifera and 
Pinus halepensis and for the site on marl, also quite some Brachypodium retusum grass. 
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Figure 3.1. Number and type of plant species of the field sites 

 
3.3.2. Soil properties 

 
Table 3.3. Topsoil properties of the field sites under bare soil 

ID Substrate Stage CaCO3 

(%) 
Org. C 

(%) 
Sand 

(%) 
Silt 
(%) 

Clay 
(%) 

SARp 
(mmol/l)1/2 

Micro-
agg.a  

M1 Marl Fallow 60 0.78 30 56 14 0.13 21.0 
M2 Marl ± 6 years 

abandoned 
50 1.04 6 72 22 0.12 25.8 

M3 Marl ± 25 years 
abandoned 

49 0.84 16 64 20 0.10 17.9 

M4 Marl Semi-
natural 

50 1.14 23 64 13 0.11 13.7 

C1 Calcrete Fallow 67 0.99 32 56 12 0.11 19.4 
C2 Calcrete ± 9 years 

abandoned 
65 1.38 61 33 6 0.09 19.5 

C3 Calcrete ± 40 years 
abandoned 

69 1.02 20 63 17 0.11 26.0 

C4 Calcrete Semi-
natural 

56 2.12 50 41 9 0.08 17.2 

a Micro-aggregation as percentage of the <106 �m fraction 
 
All sites had a high CaCO3 content, high silt content, low SARp value and similar micro-
aggregation (Table 3.3). The main difference was the coarser texture on calcrete sites. 
Generally, organic carbon increased with time since abandonment, especially for vegetation 
patches (Figure 3.2). Obviously, vegetated patches had higher organic carbon content than 
bare patches. Aggregate stability showed a similar response with higher aggregate stability 
for vegetated patches (Figure 3.3). These differences between bare and vegetated patches 
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were significant, except for site M2. Aggregate stability also increased with time since 
abandonment and the Kruskal-Wallis test showed that the differences between at least one 
of the stages was significant. 
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Figure 3.2. Organic carbon content for bare and vegetated patches (error bars indicate standard 
deviation, n=4) 
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Figure 3.3. Aggregate stability for bare and vegetated patches (* indicates significant difference 
between bare and vegetated patches) 

 

Electrical conductivity was lower under bare patches, with values around 0.40 dS m-1, and 
higher under vegetated patches with values up to 0.82 dS m-1 (Figure 3.4). However, no 

* 

* 

*

* *
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clear trend related to time since abandonment was observed. Bare patches had 
approximately EC values around 0.40 dS m-1, while for vegetated patches, an increase in 
EC with time since abandonment was observed for calcrete, but not for marl. Differences in 
pH were less pronounced, with values ranging from 7.0 to 7.4. No clear trend with time 
since abandonment was observed, but at each site pH was lower under vegetation. Table 3.4 
shows the results of the linear mixed model procedure. Substrate had only a significant 
effect on organic carbon, while stage and cover had significant effects on all variables. The 
combinations of two factors also showed significant effects, except the combination stage 
and cover for EC, but the combination of all three factors was not significant for any of the 
three soil properties. 
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Figure 3.4. EC and pH for bare and vegetated patches (error bars indicate standard deviation, n=4) 

 
Table 3.4. Tests of the fixed effects for organic C, pH and EC 

Factor Organic C pH EC 
 F-value P-value F-value P-value F-value P-value 
Substrate 67.69 0.000 1.03 0.323 0.35 0.577 
Stage 19.84 0.003 9.93 0.000 8.34 0.012 
Cover 78.73 0.000 56.70 0.000 95.24 0.000 
Substrate × stage 9.27 0.015 5.46 0.007 5.79 0.030 
Substrate × cover 35.36 0.002 6.47 0.020 7.94 0.028 
Stage × cover 9.87 0.016 7.27 0.005 3.43 0.096 
Substrate × stage × cover 2.85 0.143 1.53 0.228 0.85 0.472 
 
3.3.3. Vegetation patterns 

Figures 3.5 and 3.6 show the aerial photographs and derived vegetation patterns for the 
marl and calcrete sites. Percentage vegetation cover increased with time since abandonment 
and the vegetation patches became larger and more connected. The long abandoned site on 
marl still had a sparse vegetation cover, with relatively small patches, while the long 
abandoned site on calcrete already appeared similar to semi-natural vegetation. The spatial 
metrics showed for both substrates an increase of mean patch size, largest patch index, 
landscape division index and connectance index and a decrease of normalised landscape 
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shape index with time since abandonment (Table 3.5). For the area-weighted mean fractal 
dimension no clear trend was observed. Patch and edge density were highest for the sites 
with the highest number of vegetation patches, which were the recently abandoned sites. 

 
Fallow Recently abandoned Long abandoned Semi-natural 
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Figure 3.5. Vegetation patterns and cover for the marl sites 
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Figure 3.6. Vegetation patterns and cover for the calcrete sites 
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Table 3.5. Calculated spatial metrics 

Description M1 M2 M3 M4 C1 C2 C3 C4 
Percentage vegetation cover (%) 6.1 25.5 32.5 51.5 4.1 27.4 45.9 46.0 
Mean patch size (m2) 0.03 0.15 0.32 0.90 0.03 0.09 0.42 0.42 
Patch density (patch m-2) 1.74 1.78 1.01 0.57 1.32 2.94 1.09 1.09 
Largest patch index (%) 0.87 9.80 7.81 44.8 0.32 2.33 13.4 22.2 
Edge density (m m-2) 1.4 2.9 2.6 2.0 0.9 4.5 3.5 2.8 
Area-weighted mean fractal dimension 1.11 1.25 1.19 1.24 1.07 1.16 1.22 1.20 
Landscape division index (fraction) 0.12 0.47 0.57 0.89 0.07 0.48 0.80 0.73 
Connectance index (%) 0.32 1.02 1.47 1.92 0.42 0.69 1.61 1.47 
Normalized landscape shape index 0.11 0.06 0.04 0.02 0.11 0.08 0.04 0.03 
 
 
3.4. Discussion and conclusions 
 
Vegetation recovery after land abandonment in a semi-arid environment appears to be slow 
and to take at least 40 years, as indicated by the longest abandoned field (C3) which still 
had some plant species that are typical of abandoned fields such as Artemisia herba-alba. 
This recovery rate is much slower than the one in more humid environments in the 
Mediterranean, e.g. 9–15 years for an abandoned olive grove in Italy (Beaufoy, 2001), 8–15 
years for an East Mediterranean vineyard (Neeman and Izhaki, 1996) and 10 years to reach 
a 100% vegetation cover on abandoned fields in the Spanish Pyrenees (Lasanta et al., 
2006). Succession on marl appears to be slower than on calcrete, as observed by the 
relatively high shrub cover on the short abandoned site on calcrete (C2) and the degraded 
state of the long abandoned site on marl (M3). On this site the vegetation cover was 
relatively sparse and the number of annuals and total number of plant species is still high, 
which is an indication of the coexistence of many early successional species and only few 
late successional species (Bonet, 2004). However, due to differences in time since 
abandonment between the two substrates, we cannot state with absolute certainty that 
succession on calcrete is faster. The main reason for the difference between marl and 
calcrete is probably the higher rock fragment cover on calcrete sites, which allows for better 
infiltration, less runoff and lower evaporation rates (Poesen and Lavee, 1994; Van 
Wesemael et al., 1996; Cerdà, 2001). Consequently, more water is available for vegetation 
and a faster succession is possible.  
 
During the first years of abandonment, vegetation is dominated by herbs, but later shrub 
and grass species such as Rosmarinus officinalis and Stipa tenacissima become more 
important. Surprisingly, the number of shrub species did not increase much with 
successional time. However, further examination showed that the shrub species on fallow 
and recently abandoned fields are mainly dwarf and half-shrubs, such as Teucrium 
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capitatum and Dittrichia viscosa, which did not occur during the later stages of succession. 
For a more detailed description of vegetation succession, more plots are necessary, because 
occurrence of plant species is also determined by other factors such as composition of the 
soil seed bank, disturbance by grazing, micro-topography, crusting and type of vegetation 
surrounding the field (Pugnaire et al., 2006). Vegetation type might be particularly 
important, since most of the abandoned fields were small in size and close to some remnant 
parts of semi-natural vegetation, which can be an important source of seeds. 
 
Our results confirm that the analysed soil properties after abandonment are able to recover 
to their level from before cultivation, which was also found by Martinez-Fernandez et al. 
(1995) and Ruecker et al. (1998). However, this recovery is slow and even after 40 years 
(site C3) soil organic carbon content is still lower compared with the semi-natural 
vegetation (site C4). Aggregate stability recovered more quickly and the long abandoned 
sites had aggregate stabilities comparable with the semi-natural sites. Cammeraat and 
Imeson (1998) and Cerdà (1998b) also found that soil aggregation increased with time since 
abandonment. Aggregates under late successional species were more stable compared with 
those under dwarf shrubs and bare soil. 
 
Both substrates had similar soil properties, with comparable CaCO3, SARp and micro-
aggregation values, while only rock fragment cover was higher and soil texture somewhat 
coarser for calcrete. Differences in organic carbon content, aggregate stability, EC and pH 
could therefore be primarily attributed to the influence of vegetation. In general, vegetation 
succession was faster on calcrete compared with marl, which was also reflected in higher 
soil organic carbon content, aggregate stability and electrical conductivity of vegetation 
patches on calcrete. An important aspect is the difference in soil properties between bare 
and vegetated patches, which is typical of semi-arid ecosystems (Rietkerk et al., 2002), but 
not always taken into account. The difference in soil properties between bare and vegetated 
patches increases with time since abandonment, because no litter input occurs on bare 
patches, which impedes the accumulation of soil organic carbon. On vegetated patches, 
however, a clear increase of organic carbon and aggregate stability occurs. This also has 
consequences for sampling designs and applicability of soil property results. For example, 
for a correct estimation of organic carbon stocks in the topsoil, a weighted average of 
samples under bare and vegetated patches should be used. 
 
The analysis of vegetation patterns showed that percentage vegetation cover, size of 
vegetation patches and connection between patches increase with time since abandonment. 
This development can be explained by vegetation succession, where small patches of herbs 
and dwarf shrubs are replaced by larger patches of grasses and shrubs, such as Stipa, 
Rosemarinus and Quercus coccifera. Thus, the spatial heterogeneity of the soil increases 
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due to the positive feedback between vegetation and water infiltration coupled with the 
spatial redistribution of runoff (HilleRisLambers et al., 2001). Shoshany and Kelman 
(2006) describe the different evolution stages of pattern formation using modelled 
vegetation maps, based on cellular automata, which are in agreement with our results. 
 
We also found a very clear relationship (P<0.05) between percentage vegetation cover and 
most spatial metrics, except patch and edge density (Table 3.6). Such a strong relationship 
was also found by Imeson and Prinsen (2004) for vegetation patterns of Stipa tenacissima 
shrublands. This means that percentage vegetation cover is a very good proxy for many 
spatial metrics of spotted vegetation patterns. Quinton et al. (1997) found that from all 
considered plant properties, only percentage vegetation cover had a significant relationship 
with runoff and erosion. Similarly Gutierrez and Hernandez (1996), Cerdà (1998a) and 
Descheemaeker et al. (2006) emphasise that vegetation cover is a key factor controlling 
overland flow generation, at least for events with a return period of up to 10 years. This 
implies that in many of these patchy vegetation landscapes, percentage vegetation cover is a 
good indicator of the risk of runoff generation and consequently erosion, though for banded 
vegetation, this might be different. The effect of patchy vegetation on runoff production is 
especially relevant for smaller and intermediate rainfall events, whereas the effect is smaller 
for the large rainstorms (Cammeraat, 2004). Several studies found that a threshold of 30% 
vegetation cover is already sufficient to decrease soil erosion considerably (Francis and 
Thornes, 1990; Rogers and Schumm, 1991; Quinton et al., 1997). Ludwig et al. (2002) 
showed that below 30% vegetation cover, the ‘directional leakiness index’, i.e. potential 
runoff, increased sharply. For abandoned fields in the Carcavo basin this would mean that 
after 10–20 years, vegetation cover would be sufficient to decrease soil erosion. 
 
Table 3.6. Pearson correlation between vegetation cover and spatial metrics 

Spatial metric Pearson correlation Significance 
Mean patch size 0.86 0.007 
Patch density -0.45 0.268 
Largest patch index 0.79 0.019 
Edge density 0.49 0.214 
Area-weighted mean fractal dimension 0.82 0.012 
Landscape division index 1.00 0.000 
Connectance index 0.95 0.000 
Normalised landscape shape index -0.96 0.000 
 
The implications of patchy vegetation distribution are illustrated by Cerdà (1997). His 
experiments showed that infiltration rates are high and runoff and erosion are negligible in 
the tussock of Stipa tenacissima, while on bare areas, infiltration was lower and erosion and 
runoff quite high. This allows for a division into bare runoff (source area) and vegetated 
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runon (sink area) zones. This vegetation-driven spatial heterogeneity of sources and sinks 
of water and sediments is also well described by Puigdefabregas et al. (1999) and 
Puigdefabregas (2005). At hillslope scales the extent of connectivity between these source 
areas determines whether runoff will occur. Puigdefabregas et al. (1998) showed that runoff 
coefficients may be locally high, but at the hillslope scale, they are low due to the spatial 
discontinuity of runoff with vegetation patches acting as sinks. Nevertheless, runoff, 
sediment yield and vegetation growth are also linked at the hillslope scale, and Ludwig et 
al. (2005) found that a decrease in vegetation cover leads to an increase in runoff and 
sediment loss. Lavee et al. (1998) showed that climate change and grazing can lead to 
changes in vegetation pattern, which affect the hydrological processes. 
 
To mitigate runoff and erosion from abandoned fields, but also from semi-natural areas, it 
is important to account for differences in spatial heterogeneity of vegetation and soil 
properties. With our integrated approach, which combined the secondary vegetation 
succession, changes in soil properties and development of vegetation patterns, we now 
better understand the development of spatial heterogeneity in vegetation and soil properties 
for the sites under study. Upscaling of spatial heterogeneity is required to predict where 
runoff and erosion will occur at hillslope and catchment scales. The strong relationship that 
we found between vegetation cover and most spatial metrics makes it possible to upscale 
spotted vegetation patterns to larger areas. Together with the knowledge of the development 
of spatial heterogeneity in vegetation and soil properties, we can improve the predictions of 
runoff and erosion on abandoned fields and semi-natural areas. However, to be more 
confident with this approach a greater replication of sites is required. 
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