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7. Synthesis  
 
 
This final chapter will summarize the conclusions from the previous chapters and discuss 
the main research questions of this thesis. In the following sections the results and 
implications of this research in relation to the three central themes, i.e. soil erosion, scale 
issues and agricultural land abandonment, will be synthesised. Finally, some 
recommendations and ideas for future research will be proposed. 
 
 
7.1. Conclusions 
 
Land use change modelling shows that future land abandonment will most likely occur on 
fields without irrigation possibilities and located on slopes or in valley bottoms in more 
remote areas. Gully erosion risk is higher on abandoned fields compared to cultivated 
fields. Especially fields located around channel heads or near channel walls are vulnerable 
to gully erosion. The combination of a higher gully erosion risk on abandoned fields and an 
expected increase of land abandonment will enhance the negative off-site effects of gully 
erosion. Nevertheless, identification of potentially vulnerable areas enables timely 
mitigation of gully erosion by applying preventive soil and water conservation measures.  
 
Vegetation recovery and improvement of soil properties after land abandonment are slow 
under the semi-arid conditions of the Carcavo basin. Secondary vegetation succession on 
calcrete soils appears to be faster than on marl soils, probably because of the higher water 
availability due to higher rock fragment cover on calcrete soils. Under vegetated patches 
organic matter content, aggregate stability and electrical conductivity are significantly 
higher compared to those on bare patches. Most of the spatial metrics that describe 
vegetation patterns in landscapes with spotted vegetation have a linear relationship 
fractional vegetation cover, which offers the possibility for upscaling spotted vegetation 
patterns. 
 
In the Carcavo basin more than half of the abandoned fields have moderate to severe 
erosion, especially in the case of terrace failure. Factors that increase the risk of terrace 
failure are land abandonment, steeper terrace slope, soils with loamy texture, valley bottom 
position and shrubs on the terrace wall. Terracing, although intended as conservation 
practice, often enhances erosion, especially after abandonment and in substrates susceptible 
to piping. The two main soil and water conservation measures to mitigate erosion on 
abandoned fields are maintenance of terrace walls and revegetation with indigenous grass 
species on zones with concentrated flow. 
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Vegetation patterns have a large influence on runoff and erosion in semi-arid environments. 
Upscaling of these patterns is therefore necessary to include their influence in runoff and 
erosion modelling at broader scales. From the ten evaluated vegetation indices a regression 
of the green and red reflectance, derived from a QuickBird image, had the best fit with 
observed vegetation cover from detailed aerial photographs. DVI based vegetation indices 
are less suitable for determination of vegetation cover in semi-arid areas because of the 
atypical spectral behaviour of drought tolerant vegetation.  
 
The results of runoff and erosion modelling, based on a multi-scale approach, show that the 
spatial distribution of sinks at plot and hillslope scale, in this case vegetation patches and 
agricultural terraces, largely determine the hydrological connectivity at catchment scale. 
Runoff and sediment dynamics are therefore non-linear and scale dependent and to a large 
extent determined by the spatial distribution of hydrological sinks. Distributed hydrological 
and erosion models should therefore take account of relevant sinks at finer spatial scales in 
order to simulate patterns of runoff and erosion correctly at broader scales. 
 
The above stated conclusions were the conclusions from the different chapters, which were 
used to answer the three main research questions of this thesis. 
 
1. Where does agricultural land abandonment occur and how do vegetation and soil 

properties change after abandonment? 
 
In the Carcavo basin land abandonment is frequently occurring and currently 17 percent of 
the total agricultural area has been abandoned. Future land abandonment will most likely 
occur on fields without irrigation possibilities located on slopes or in valley bottoms in 
more remote areas. After abandonment the secondary vegetation succession starts and 
vegetation cover, size of vegetation patches and connection between patches increase with 
time since abandonment. Organic carbon content and aggregate stability also increase with 
time since abandonment, but mainly under vegetated patches. As a consequence the spatial 
heterogeneity in vegetation and soil properties increases, which makes overland flow highly 
discontinuous. However, these changes are slow under the semi-arid conditions and it takes 
at least 40 years before vegetation and soil are similar to the semi-natural vegetation. 
 
2. Which are the main soil erosion processes on abandoned land and how to mitigate 

them?  
 
Land abandonment in semi-arid environments frequently enhances soil erosion during the 
first years. The absence of ploughing and slow vegetation recovery cause the formation of 
soil crusts with low infiltration rates, resulting in increased runoff and gully erosion risk. 
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Especially failure of agricultural terraces due to gully erosion and piping causes high 
sediment losses. Potential soil and water conservation practices to mitigate soil erosion after 
abandonment are the maintenance of terrace walls or revegetation with indigenous grass 
species on spots with concentrated flow. These mitigation measures should be aimed at 
erosion hotspots where intervention will have the largest reduction of the hydrological 
connectivity, e.g. on failed terraces in valley bottoms. 
 
3. How to integrate plot and hillslope scale influences in runoff and erosion modelling at 

catchment scale? 
 
Runoff and sediment dynamics are non-linear, scale dependent and largely determined by 
the spatial distribution of hydrological sinks. The concept of hydrological connectivity is 
scale independent which makes it suitable to take account of scale dependency by 
identifying sources and sinks of runoff and sediment and their linkages at different spatial 
scales. In the Carcavo basin the relevant hydrological sinks are vegetation patches at plot 
scale and agricultural terraces at hillslope scale. Their influences can be quantified and GIS 
and remote sensing techniques can be used for upscaling to the catchment scale, as was 
shown for vegetation cover in Chapter 5. Finally, these results can be integrated in a 
distributed model, such as LAPSUS, to simulate patterns of runoff and erosion. 
 
 
7.2. Soil erosion 
 
Three key aspects of this thesis can be distinguished that contribute to the further 
understanding, improved predictions and mitigation of soil erosion. These are the study to 
the causes of soil erosion and especially terrace failure on abandoned land, the application 
of hydrological connectivity for runoff and erosion modelling, and the practical aspect 
about how and where to apply soil erosion mitigation measures. This thesis demonstrated 
that abandoned fields in semi-arid environments are vulnerable to soil erosion. Especially 
gully erosion through terrace walls is frequently occurring and can lead to high erosion 
rates. Numerous studies show that gully erosion is an important source of sediment (Poesen 
et al., 2003). For Spain gully erosion attributes about 50 to 80 percent to total sediment 
yield (Poesen et al., 1996; Casali et al., 2000; Poesen et al., 2002). In addition, these gullies 
increase the hydrological connectivity between the hillslope and the channel, which will 
enhance peak flows and the risk on flash floods. The results of Chapter 2 showed that 
especially fields located around channel heads or near channel walls are vulnerable to gully 
erosion due to land abandonment, which means that the connectivity between the hillslope 
and channel will increase. Mitigation of erosion should therefore focus on hotspot areas 
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between the channel and the hillslope. Here simple mitigation measures can significantly 
decrease the hydrological connectivity and sediment losses. 
 
Hydrological connectivity has shown to be a useful concept for determination of runoff 
generating areas at different scales. In hydrological and geomorphological research the 
concept is only recently being applied (Bracken and Croke, 2007). However, in ecology 
connectivity is a frequently concept to study spatially structured populations (e.g. Metzger 
and Decamps, 1997). The concept is a way forward to the understanding of hillslope and 
catchment responses to rainfall and provides a basis for integrating processes of runoff 
generation and landscape characteristics at different scales. Connectivity mapping in the 
field is a practical and relatively quick method to assess spatial patterns of runoff and 
erosion after an event. The concept of hydrological connectivity is also very useful for the 
definition of source and sink areas of runoff and sediment and their linkages at different 
scales, which is crucial for the mitigation of the off-site effects of soil erosion. Such 
mitigation measures should aim at erosion hotspots where intervention will have the largest 
reduction of the hydrological connectivity. 
 
Vegetation is one of the key factors that control soil erosion as was concluded in this thesis 
and by many other studies (e.g. Thornes, 1990; Quinton et al., 1997; Cerdà, 1998). At plot 
scale the vegetation canopy, roots and improvement of soil properties influence soil 
erosion. At broader scales the spatial distribution of vegetation becomes important, since 
runoff and erosion processes are largely determined by the spatial configuration of 
vegetation patches (Bergkamp et al., 1996; Cammeraat, 2004; Ludwig et al., 2005). Even at 
catchment scale vegetation patterns had a considerable influence on runoff and erosion 
rates as turned out from the simulations with the LAPSUS model. However, under semi-
arid conditions, as in the Carcavo basin, a high vegetation cover will not occur. These semi-
natural shrublands typically have a vegetation cover of about 50%, which is sufficient to 
control runoff and erosion. Soil erosion rates in semi-natural areas in Spain are therefore 
generally low, whereas the highest rates are often found in agricultural systems 
(Cammeraat, 2004; Martínez-Fernández and Esteve, 2005). However, in the perception of 
farmers soil erosion is often not considered to be a major issue (Oñate and Peco, 2005), 
since not soil fertility but water availability is often the limiting factor in these semi-arid 
environments. Mitigation measures should therefore concentrate on agricultural and other 
disturbed systems, but with a focus on the off-site effects. Revegetation on erosion hotspots 
is therefore the most sustainable way to mitigate soil erosion. Especially grass roots are 
very effective in controlling concentrated flow erosion (De Baets et al., 2006), which makes 
indigenous grass species most suitable for revegetation purposes.  
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7.3. Scale issues in soil erosion research 
 
The multi-scale approach that was used in this thesis enabled a better understanding of soil 
erosion processes at plot and hillslope scale, which could then be applied in simplified form 
for soil erosion modelling at catchment scale. In semi-arid environments the non-linear 
response of runoff and soil erosion can largely be attributed to sinks, which lower the 
hydrological connectivity. Since these sinks occur at different spatial scales, e.g. vegetation 
patches at plot scale and agricultural terraces at hillslope scale, the response of runoff and 
erosion is scale dependent. Upscaling of runoff and erosion measurements should therefore 
be based on a distributed approach that takes account of these sinks. Using a multi-scale 
approach requires a combination of different research methods ranging from soil sample 
analyses and field surveys to remote sensing techniques and models. Combining these 
different methods, as was adopted in this thesis, will lead to an improved understanding of 
relevant processes and their effects at broader scales. 
 
Scale has a spatial as well as temporal dimension and together they determine which 
erosion processes are relevant. The spatial scale in this thesis ranged from plot (1 m2) to 
catchment scale (30 km2) and the temporal scale from minutes to millennia. Figure 7.1 
shows at which spatial and temporal scales the relevant erosion and vegetation processes 
act. Erosion processes that occur at broader scales act in general on longer time scales. 
However, there are exceptions such as flash floods that occur at catchment scale but within 
a time frame of a few hours, which make this process so dangerous. The figure also shows 
that most erosion processes act at a time scale of years or less, while vegetation recovery 
occurs on a decadal time scale. Land abandonment can therefore lead to an increase of 
erosion on the short term (1-10 years), but on the longer term the recovery of vegetation 
and consequent improvement of soil properties will decrease erosion.  
 
An important aspect of temporal scale for soil erosion research is the recurrence time of 
events, since in semi-arid areas most erosion occurs during only a few large events (Poesen 
and Hooke, 1997; Mulligan, 1998). Cammeraat (2004) found that the recurrence time of an 
event that caused large scale terrace failure in a similar catchment as the Carcavo basin is 
about ten years. Reliable data on recurrence times of extreme events and the effects on soil 
erosion are needed for realistic risk assessments. Such an assessment in combination with a 
cost-benefit analysis can be used to determine the sustainability of soil and water 
conservation practices. The measures proposed to mitigate terrace failure, i.e. revegetation 
of agricultural terrace walls, might not prevent terrace failure during an extreme event with 
a recurrence time of more then ten years. Nevertheless, the positive effects of the mitigation 
measures, e.g. water conservation and soil quality improvement, offset the ineffectiveness 
of revegetation during extreme events. 
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Figure 7.1. Spatial and temporal scales at which relevant erosion and vegetation processes act 

 
Finally, some words should be addressed about the choice of scales for soil erosion 
research. Often the scale of research and the scale of application do not match, i.e. research 
is often based on plot or field scale, while the practical application of these results for soil 
and water conservation programs is often required at catchment scale. To make soil erosion 
research relevant for policy makers, it should address the scale at which the real decisions 
are made in terms of soil and water conservation policies (Schulze, 2000). This can be an 
operational catchment where real decisions on water storage, distribution of irrigation water 
and water quality are made, and for which hydrological forecasting and soil erosion 
mitigation are important considerations. Additionally, the objective of a soil erosion study 
should be clearly defined, since a study to the mitigation of on-site effects asks for another 
approach and measurement scale than mitigation of off-site effects. Plot scale studies, e.g. 
based on rainfall simulations, are appropriate to study the on-site effects, while for the off-
site effects a distributed modelling approach as applied in this thesis is most suitable. 
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7.4. Agricultural land abandonment 
 
In marginal areas agricultural land abandonment is frequently occurring and a further 
increase is expected. Under the semi-arid conditions of the Carcavo basin the consequences 
in terms of soil erosion are mainly negative. The risk of soil erosion on abandoned fields 
increases due to slow vegetation recovery, susceptibility to crusting and lack of 
maintenance of soil and water conservation structures. Especially gully erosion through 
agricultural terrace walls results in high sediment losses and increases the hydrological 
connectivity. Besides land abandonment also other land use changes such as agricultural 
intensification, terraced reforestation and urbanisation will have their drawback on soil 
erosion processes. These changes in land use often lead to disturbances, which generally 
enhance soil erosion processes during the first years. Future land use changes should 
therefore be taken into account when modelling erosion at longer time scales. 
 
As stated before, an increase in agricultural land abandonment in marginal semi-arid areas 
is expected. For Southeast Spain the main reasons for this increase will probably be water 
shortage and decreasing EU subsidies. These changes will make the rainfed agriculture 
economically unprofitable and lead to further land abandonment. Verburg et al. (2006) 
projected for 2030 that 5 to 13 percent of the total agricultural area in the EU will be 
abandoned, depending on the different IPCC scenarios. Such large changes will face land 
use planners and policy makers with the question how to deal with these lands. Leaving 
abandoned fields completely to nature might lead to land degradation under certain 
conditions, as demonstrated in this thesis. Nevertheless, with time vegetation is able to 
recover and vegetation succession will lead to more perennial grasses and shrubs, which 
will also improve soil quality. However, on highly degraded fields the recovery will be so 
slow that erosion processes will increase drastically which might lead to irreversible land 
degradation, i.e. the formation of badlands. 
 
Important soil properties that control soil erosion, such as organic carbon content and 
aggregate stability, are able to recover to similar levels as under semi-natural vegetation. 
However, under semi-arid conditions these changes are slow and will take several decades. 
In more humid areas the vegetation succession may be faster, although disturbances such as 
grazing will slow down succession as well (Sluiter and De Jong, 2007). Apart from climate 
also topographic position and soil type determine vegetation succession. Especially the 
ability of soils to maintain appropriate water availability conditions for successful 
vegetation establishment is crucial. Recovery rates are higher on north exposed slopes and 
on slates and slower on south exposed slopes and on marls (Cammeraat et al., 2008), which 
was also one of the results from Chapter 3. Mitigation measures such as revegetation should 
therefore be carefully planned taking account of the site specific conditions. 
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7.5. Recommendations and future research 
 
Hydrological connectivity, distributed modelling of runoff and erosion and a multi-scale 
approach were main aspects of this thesis. These aspects are important to take into account 
in soil erosion studies and they deserve further research attention. Runoff and soil erosion 
modelling should focus more on the spatial patterns, which are very important for the 
identification of erosion hotspots. Jetten et al. (1999) also stated the importance of 
calibration by means of comparing observed and simulated runoff and erosion patterns, 
instead of only total runoff and sediment at the catchment outlet. This means that both 
modelling and field knowledge should be used for the improvement of runoff and erosion 
predictions. Connectivity mapping after large events, as applied in the RECONDES project 
(Hooke, 2003; Hooke and Sandercock, 2007), is a relatively quick methodology to obtain a 
good impression about the spatial distribution of runoff and erosion. These observed 
patterns can then be used to calibrate or validate simulated patterns of runoff and erosion. 
For further improvement of distributed runoff and erosion modelling more detailed DEMs 
should be used, which better represent topographical features such as small ditches, roads, 
agricultural terraces and field boundaries, which determine local surface runoff. Nowadays 
these higher resolution DEMs (1 to 2 m resolution), such as derived from airborne laser 
altimetry (LiDAR), become increasingly available, and have been successfully applied in 
other studies, e.g. for gully mapping (James et al., 2007) and flood hydraulics (Cobby et al., 
2003). However, the use of higher resolution data will increase the problem of pits and 
hollows in DEMs, which have to be carefully treated (Lane et al., 2004; Temme et al., 
2006). 
 
A multi-scale approach for soil erosion research, as followed in this thesis, allows for the 
understanding of processes at finer scales and for the assessment of effects at broader 
(catchment) scales. Such a multi-scale approach requires a combination of research 
methods of which field investigations should be an important one, since identification of 
relevant sources and sinks of runoff and erosion can only be done properly in the field. The 
next step should be upscaling of the obtained field knowledge with GIS and remote sensing 
techniques, which can be used as input for distributed erosion models. Relatively simple 
distributed erosion models such as LAPSUS (Schoorl et al., 2002) or Watem/Sedem (Van 
Oost et al., 2000; Van Rompaey et al., 2001) are most suitable, since more complex models 
have such a high data demand that use at broader scales becomes nowadays almost 
impossible. In that case parameters have to be estimated, which will lead to similar or even 
higher uncertainties as for more simple models. When these models are supplied with more 
detailed information from high resolution satellite such as QuickBird and IKONOS or 
LiDAR derived DEMs the prediction accuracy for small catchments will increase 
substantially. 
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Finally, some recommendations for potential erosion mitigation strategies within the study 
area are presented. These strategies are as well representative for semi-arid marginal areas 
elsewhere in the Mediterranean. In the Carcavo basin the two main hotspots of erosion are 
gullies through terrace walls and bank gullies along the channel. Both hotspots are often 
located on the transition of the hillslope to the channel and can have a large impact on the 
hydrological connectivity. Strategies to mitigate erosion on these hotspots will therefore 
also reduce the connectivity and prevent sediments to enter the channel. Conservation 
measures for bank erosion should focus on reducing the amount of runoff draining into 
active gully heads, which can be achieved by mechanical structures diverting the flow away 
from the headcut or by adopting land use practices which increase surface roughness and 
depression storage (Vandekerckhove et al., 2000). In addition, revegetation in channels will 
reduce the sediment connectivity to downstream areas. For small channels grasses should 
be planted in areas with fine sediment inputs, while in larger channels, efforts should focus 
on establishing larger shrubs and trees, which have a greater effect in reducing flow 
velocities and trapping sediments (Hooke and Sandercock, 2007). Options for mitigation of 
terrace failure have already been discussed in Chapter 4. Revegetation in zones with 
concentrated flow near terrace walls is most effective and especially grass species are 
suitable because of their root properties (De Baets et al., 2006). Potential native species for 
the Carcavo basin are Lygeum spartum, Brachypodium retusum and Stipa tenacissima. In 
addition farmers should receive subsidies to maintain abandoned terraces until vegetation 
has sufficiently established to resist erosion. These subsidies should be combined with 
workshops on good practices aimed at farmers and land owners and following a bottom-up 
approach. However, the effectiveness of this kind of revegetation is still unknown, since 
hardly any studies exist that actually applied revegetation in these semi-arid environments. 
Besides, other properties such as growth rate, seed germination and the ability to withstand 
droughts or large events determine whether revegetation will be successful. Further 
research on these aspects and a cost-benefit analysis of such mitigation measures is needed. 
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