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and human features related to soil erosion processes, and the main
factors that explain the extreme variability of factors influencing soil
erosion, particularly recent land use changes. The importance of erosion
in the Mediterranean is related to the long history of human activity in
a region characterized by low levels of annual precipitation, the
occurrence of intense rainstorms and long-lasting droughts, high
evapotranspiration, the presence of steep slopes and the occurrence of
recent tectonic activity, together with the recurrent use of fire,
overgrazing and farming. These factors have resulted in a complex
landscape in which intensification and abandonment, wealth and poverty
can co-exist. The changing conditions of national and international
markets and the evolution of population pressure are now the main drivers
explaining land use changes, including farmland abandonment in mountain
areas, the expansion of some subsidized crops to marginal lands, and the
development of new terraces affected by landslides and intense soil
erosion during extreme rainstorm events. The occurrence of human-related
forest fires affecting thousands of hectares each year is an increasing
problem in both the northern and southern areas of the Mediterranean
basin. Here, we highlight the rise of new scientific challenges in
controlling the negative consequences of soil erosion in the
Mediterranean region: (i) to reduce the effects and extent of forest
fires, and restructure the spatial organization of abandoned landscapes;
(ii) to provide guidance for making EU agricultural policy more adapted
to the complexity and fragility of Mediterranean environments; (iii) to
develop field methods and models to improve the identification of runoff
and sediment contributing areas; (iv) to contribute to the conservation
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of landscapes (i.e. bench-terraced fields) having high cultural and
productivity values; (v) to improve knowledge of the hydrological and
geomorphological functioning of badlands, with the aim of reducing
sediment yield and accessibility; (vi) to better understand the effect of
climate change on soil erosion in the Mediterranean region; and (vii) to
improve quantitative information on long-term soil erosion.
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Abstract

Intense erosion processes are widespread in the Mediterranean region, and include sheet
wash erosion, rilling, gullying, shallow landsliding, and the development of large and
active badlands in both subhumid and semi—arid areas. This review analyses the main
environmental and human features related to soil erosion processes, and the main
factors that explain the extreme variability of factors influencing soil erosion,
particularly recent land use changes. The importance of erosion in the Mediterranean is
related to the long history of human activity in a region characterized by low levels of
annual precipitation, the occurrence of intense rainstorms and long-lasting droughts,
high evapotranspiration, the presence of steep slopes and the occurrence of recent
tectonic activity, together with the recurrent use of fire, overgrazing and farming. These
factors have resulted in a complex landscape in which intensification and abandonment,
wealth and poverty can co-exist. The changing conditions of national and international
markets and the evolution of population pressure are now the main drivers explaining
land use changes, including farmland abandonment in mountain areas, the expansion of
some subsidized crops to marginal lands, and the development of new terraces affected
by landslides and intense soil erosion during extreme rainstorm events. The occurrence
of human-related forest fires affecting thousands of hectares each year is an increasing
problem in both the northern and southern areas of the Mediterranean basin. Here, we
highlight the rise of new scientific challenges in controlling the negative consequences

of soil erosion in the Mediterranean region: (i) to reduce the effects and extent of forest
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fires, and restructure the spatial organization of abandoned landscapes; (ii) to provide
guidance for making EU agricultural policy more adapted to the complexity and
fragility of Mediterranean environments; (iii) to develop field methods and models to
improve the identification of runoff and sediment contributing areas; (iv) to contribute
to the conservation of landscapes (i.e. bench-terraced fields) having high cultural and
productivity values; (v) to improve knowledge of the hydrological and
geomorphological functioning of badlands, with the aim of reducing sediment yield and
accessibility; (vi) to better understand the effect of climate change on soil erosion in the
Mediterranean region; and (vii) to improve quantitative information on long-term soil

erosion.
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1. Introduction

Since at least the second half of the 19th century, erosion has been recognized as
one of the most significant environmental problems worldwide (Bakker et al., 2007),
particularly in areas having seasonally contrasted climate and a long history of human
pressure. This is the case for the Mediterranean region, where concerns about soil loss
and its consequences emerged as natural forests disappeared because of the expansion
of livestock rearing, recurrent fires and the cultivation of steep slopes (Lopez-
Bdermudez, 2008). The landscape in many Mediterranean areas, especially in south—
east Spain, Greece and northern Africa, suggests that the interaction between climate,
topography, soil characteristics and human activity has led to short- and mid-term
unsustainability. In addition, the development of a highly specialized flora and the
emergence of a large number of endemic species make a return to natural conditions
difficult following perturbation (Alados et al., 2011).

A recent review of European sediment yields demonstrated that Mediterranean
rivers have higher yields than those in the rest of Europe, which has been attributed to
climate, topography, lithology and land use (Vanmaercke et al., 2011). The presence of
active badlands, gullies and eroded torrential headwaters, bedrock-exposed hillslopes,
soil surfaces having abundant pebbles and cobbles, thin soils, rill and inter-rill erosion
in cultivated fields, shallow landsliding, evidence of soil redistribution, overloaded

streams and aggrading sedimentary structures are amongst the geomorphic problems



that receive most attention from geomorphologists, agronomists and forest engineers.
Nevertheless, in the Mediterranean region these problems occur in close proximity to
areas that are very well preserved, with dense shrub or forest cover, complex soil
conservation structures and the absence of water-erosion. The co-existence in the
Mediterranean region of areas of extremely high ecosystem productivity with areas
showing dramatic soil erosion and degradation processes is directly or indirectly related
to the ways in which human societies in the region have organized land management
throughout history.

The study of soil erosion in the Mediterranean region is also the study of
geomorphic extremes. The occurrence of extremely intense and high volume rainstorms,
and the consequent floods, have few parallels in other areas of the temperate zone, and
the erosion rates recorded in some badland areas are well beyond those in other parts of
Europe. There are rarely intermediate conditions: many of the rivers are almost dry for
most of the year, but periodically are subject to catastrophic floods that change the
channel morphology, destroy bridges, and cause heavy loss in terms of human lives,
houses and infrastructure (Poesen and Hooke, 1997; Belmonte and Beltran, 2001,
Wittenberg et al., 2007; Ortega and Garzon Heydt, 2009; Machado et al., 2011). Each
landscape is a palimpsest, with features inherited from the activities of past cultures and
remnants of geomorphic processes that partially determine the management of the land
and its subsequent geomorphic processes. For this reason, complexity is another key
Mediterranean characteristic. Thornes (2002) noted that one of the major difficulties in
understanding and studying the Mediterranean region is that it has one of the world’s
most complicated landscapes, because of local variations in topography, soils and
surface water conditions, which result in extremely rapid changes in soil depth,
infiltration capacity, gradient, and plant cover characteristics. Very productive irrigated
fields having flat or undulating relief contrast over distances as little as hundreds of
meters or several kilometers with areas having steep slopes affected by various water
erosion processes and shallow landslides, with a variety of plant communities. The
presence of areas markedly disturbed by fires contrasts with areas where there has been
expansion of natural vegetation following farmland abandonment (Hill et al., 2008).
The simple difference between a shadowed to sunny aspect on a small hill can be
reflected in a dramatic change from a geomorphic and hydrological perspective. Wealth
and poverty are near. These factors explain the long-term and increasing interest of

geomorphologists worldwide in studying soil erosion in the Mediterranean region: the



enormous spatial and temporal variability, and the challenge of unravelling the various
parts of the palimpsest. Understanding of many Mediterranean geomorphic processes
has been aided by several seminal publications, particularly those of Brandt and
Thornes (1996), Conacher and Sala (1998a), Mairota et al. (1998), Geeson et al. (2002)
and Wainwright and Thornes (2004).

Here we provide a review of soil erosion problems in the Mediterranean region,
and the knowledge gaps and challenges for the immediate future. The main objective
was to provide a global perspective on the factors that explain the spatial diversity of
erosion processes and the complexity of erosion landscapes, as a basis for identifying
the most important gaps in information. We identified the main research areas studied
and analysed the distribution of such studies throughout the Mediterranean, and the
methods used. We then focused on: (i) the particular geomorphic-like characteristics
that make the landscape so complex, and the occurrence of processes at various spatial
scales; (ii) the key characteristics of soil erosion in the Mediterranean region (i.e. the
contrast between intensification and abandonment); and (iii) the challenges for the
future in addressing erosion in the Mediterranean region. The review is centred on
countries adjacent to the Mediterranean Sea, and not on Mediterranean-type areas in
California, central Chile, southern Australia and the Cape region of South Africa,

although most of the problems discussed are common to these regions.

2. Erosion in the Mediterranean region: an overview of the literature

Soil erosion is one of the most intensively studied subjects in the Mediterranean
region. A total of 670 papers in this area were identified using the ISI and Scopus
databases. The information obtained enabled classification of the papers according to
topic, country and methods. Within the Mediterranean region, the importance of soil
erosion studies in Spain has been stressed by Garcia-Ruiz (1999): soil erosion and
hydromorphological studies, represented 16.8% of the total number of papers, and
constituted a larger proportion than studies of more classical topics, including coastal
geomorphology, glacial geomorphology, Quaternary deposits, karst, fluvial
geomorphology, regional geomorphology, paleoforms and structural geomorphology.
The number of soil erosion and hydromorphological studies peaked during the 1990s,
when they represented 22.7% of the total, suggesting recent recognition of soil erosion
as a crucial environmental problem. Soil erosion studies have constituted a very

substantial part of the recent evolution of geomorphology in other Mediterranean



countries, although to a lesser extent than in Spain. Fig. 1 shows the distribution of soil
erosion studies by country. Most of the studies published in SCI journals relate to Spain
(380), followed by Italy (88), France (52 of relevance to Mediterranean France),
Portugal (28), Israel (19), and Greece (17 papers). Together, the countries in North
Africa account for 40 papers.

Fig. 2 shows that for the entire Mediterranean region, studies of badlands
dominated (233), followed by studies on soil erosion related to agriculture (soil erosion
in various crops or under different tillage techniques: 119 papers). The other research
areas are also relevant for geomorphologists, although they remain far from the first two
topics: the relationships between vegetation and erosion, including deforestation and
afforestation (100 papers), erosion after forest fires (74), soil erosion modelling (50), the
role of extreme events (47), the consequences of farmland abandonment (42), reservoir
silting (27), and the connectivity between hillslopes and channels (12). The evolution of
the major topics is represented in Fig. 3, which shows a remarkable increase since 1990.
The first increase occurred in studies of badlands, which accounted for the greatest
number of studies each year. Papers on the effects of agriculture increased after 1995,
with a new pulse evident after 2003, and studies on the consequences of farmland
abandonment increased after 2005. Positive temporal trends are also evident for the
remaining topics, although these have not been as consistent as for the studies of
badlands and agriculture.

The study topics dominating among the countries differed (Fig. 4), suggesting
variations in relative importance among the diversity of erosion problems. For instance,
badlands have been the main focus of geomorphologists in Spain, followed by forest
fires and, to a lesser extent, agricultural erosion, farmland abandonment, vegetation-
erosion relationships, and extreme events. In Italy, badlands have been almost the only
area of interest, while in France badlands have been the most studied topic, followed by
agricultural erosion. However, in Portugal and Israel badlands have rarely been studied,
with fires being the subject of most of studies. In North Africa, studies of agricultural
erosion have emphasized the concern of scientists for soil conservation under conditions
of increasing demographic pressure. Thus, studies of badlands have dominated in Spain,
Italy and France; forest fires have been the major concern in Portugal (and also of
importance in Spain, Italy and Israel). Erosion resulting from farming has been the main
focus in North Africa (and also of importance in Spain and France); and farmland

abandonment is a relatively important problem almost exclusively in Spain.



With respect to the methods used in studying soil erosion in the Mediterranean
region (Fig. 5), modelling has dominated and increased in importance in recent years,
followed by the use of experimental plots, rainfall simulations, and the interaction
between field work and laboratory analyses. There have also been a number of papers
dealing with experimental catchments, remote sensing and GIS. Studies using other
methods, including erosion pins, bathymetry, isotopes and dendro-geomorphology, have

constituted a smaller proportion.

3. What makes erosion in the Mediterranean region so unique?

The Mediterranean region is unique from a planetary perspective, occupying a
small area surrounding the Mediterranean Sea, and giving its name to a type of
temperate climate that dominates generally narrow fringes close to coastlines. There is
general agreement that the Mediterranean climate transitions rapidly towards oceanic,
continental and subdesert climates in northern Spain-southern France, the Balkans and
the Near East-North Africa, respectively. The Mediterranean Sea has a significant
influence on the environmental characteristics of the Mediterranean region, but not
enough to explain the peculiarities of the Mediterranean climate. In fact, Mediterranean-
type climates occur in other regions of the world including California, Central Chile,
South Africa and southern Australia. It represents a transition between cold-humid and
warm-dry climates, between ~25 and 40 degrees latitude in the west coast of the
continental landmasses (Olivier, 2005). The map shown in Fig. 6 illustrates the area of
influence of the Mediterranean climate in southern Europe, the Near East and North
Africa. The Iberian Peninsula is the largest territory, although it has marked continental
characteristics towards the interior.

Analyses of precipitation and temperature confirm that the Mediterranean
climate is unique worldwide. It is the only climate in which summer is both dry
(frequently, extremely dry) and very hot. Fig. 7 shows the mean monthly temperature
and precipitation measured at weather stations in the Mediterranean region: Lisbon,
Valencia, Naples, Athens, Algiers and Tel-Aviv. For each of these stations a similar
pattern is evident, with low moderate temperatures in winter and high temperatures in
summer (generally peaking in August), whereas precipitation is concentrated during the
cold period (particularly from October to May), in contrast with the very dry summer.
The mean annual precipitation usually ranges from 400-600 mm, whereas the mean

annual temperature is ~16-19°C. Nevertheless, there are differences within the



Mediterranean. Thus, the mean annual precipitation can exceed 600 (and even 800 mm)
in the hilly areas of the northern Mediterranean (e.g. close to the eastern Pyrenees and in
the foothills of the Sierra Nevada in Spain, and in the Po Valley and the Apennines in
Italy), and the mean temperature is <15°C in the interior of the Iberian Peninsula, (~0°C
in January and February, with some days of freezing temperatures between November
and March/April). The precipitation regime also shows regional variation: In the
western Mediterranean, two small peaks of precipitation occur, in autumn and spring,
and a short dry period occurs in winter (January, February) in the western
Mediterranean, whereas winter is the wettest period in the rest of the study area. June to
September is a period of very low mean precipitation, although June can be relatively
wet in the northern sector, with occasional rainstorms (Gil-Olcina, 2007). In the
mountains, some of the features of the Mediterranean climate still persist (particularly
the precipitation regime, with the typical seasonal contrast), but a variable proportion of
the precipitation falls as snow, and temperatures are markedly lower. For this reason,
the highest Mediterranean mountains (the central and eastern Pyrenees, Iberian Range,
Central Range and Penibetics in Spain; the Apennines, Corsica and Sardinia in Italy; the
southern Alps in Provence, France; the Pindo Mountains in Greece; the Rif and Tell
mountains in Morocco and Algeria; and the Lebanon Mountains) have been defined as
sub-Mediterranean.

The low values for mean annual precipitation mask interannual variability,
which is a similarly important characteristic of the region, whereby humid years
alternate with very dry years that have <250 mm precipitation. This feature is critical
for the development of vegetation, particularly when periods of dry years occur in
cycles (Vicente-Serrano and Cuadrat-Prats, 2007). However, extremely intense
rainstorms can occur, with precipitation of >200 mm occurring in only a few hours
(Llasat and Puigcerver, 1992; Lopez-Bermudez and Romero-Diaz, 1993). Such events
sometimes trigger large floods (Poesen and Hooke, 1997; Wainwright and Thornes,
2004; Gaume et al., 2009) that change channel morphology and affect bridges, roads
and human lives, and have major geomorphological effects (Thornes, 1976; White and
Garcia-Ruiz, 1998; Gonzalez-Hidalgo et al., 2007; Nadal-Romero et al., 2012a;
Serrano-Muela et al., 2013). Gaume et al. (2009) noted that, in the context of Europe,
the most extreme flash floods occur in the Mediterranean region. Extreme floods in the
Mediterranean can exceed the mean discharge by more than a factor of 100, and change

the discharge from zero to several hundred cu meters (Belmonte and Beltran, 2001).



Scarcity and abundance characterize the Mediterranean, in this case because high
temperatures in the Mediterranean Sea at the end of summer coincide with the arrival of
cold air masses at high altitude (cutoff low systems), resulting in very active
thermodynamically unstable depressions (Nieto et al., 2005). These reach their greatest
intensity in the coastal areas of the Mediterranean, and are intensified by the steep
mountains that are common near the coast. Their effects tend to be reduced rapidly
towards the interior, especially in the Iberian Peninsula.

The interaction between relief and climate is of particular importance. Although
old, Hercynian mountains are present including in some sectors of the central and
eastern Pyrenees, the Sierra Nevada, the Iberian Range, and the Atlas Mountains, most
of the relief derives directly from Alpine tectonics, and has highly variable lithology.
This gives the Mediterranean landscape a peculiar roughness and energy, with steep
slopes and marked differences in height between the divides and the valley bottoms or
the coast. Even where the divides correspond to old erosion levels, the incision of the
fluvial network always gives the impression of rugged mountains. Some mountains
were raised in the latter stages of Alpine tectonics, only several millions years ago, and
are still seismically active. This is particularly the case for the Penibetic range in Spain,
the Apennines, and mountains of Greece and Turkey, where seismic activity has
induced landsliding and enhanced short- and long-term erosion processes through
raising of the relief and consequent incision by rivers (Maher and Harvey, 2008).

As noted above, the presence of rugged mountains close to the coastline
enhances the activity of Mediterranean lows pressure systems in autumn, and the energy
of floods flowing in very steep rivers and through ravines. The relief roughness and the
markedly varying insolation results in dramatic contrasts between north and south
facing slopes over very short distances (tens to hundreds of metres), and cause extreme
differences in soil humidity, evaporation rates, plant cover density and structure, and
soil erosion. This contributes to very distinct environments (steppe, dense shrub cover
and forest), occurring in close proximity.

The climatic characteristics of the Mediterranean region directly condition the
composition and structure of plant cover. Prior to the presence of permanent settlements,
most of the region was covered by dense forests of pines (Pinus halepensis, P. nigra, P.
peuce, P. leucodermis), evergreen oaks (Quercus ilex), cork trees (Q. suber) and cedars
(Cedrus atlantica), accompanied by a diverse undergrowth well adapted to droughts and

to the strong seasonality in soil humidity. These forests are adapted to the dry summer



period having deep root networks, and ceasing vegetative growth during summer. Other
types of oaks and pines, as well as deciduous trees, dominated the Mediterranean
mountains. In the driest areas (central Ebro Depression, south—east Spain and the edges
of the sub-desert) the forests were open or replaced by steppes. The complexity of the
relief and the contrasts between north and south facing slopes resulted in a mosaic of
vegetation having an exceptional species richness, amongst which many are endemic to
the Mediterranean region.

Thousands of years of human activity have strikingly transformed the vegetation
and landscape characteristics of the Mediterranean region. One of the most influential
features has been the long history of varying cultures and peoples. The Mediterranean
region is the origin of some of the most interesting and advanced cultures, which have
had a relatively strong capacity to disturb the landscape and extract benefit from the
natural resources. The expansion of agriculture and animal domestication from the
Fertile Crescent and Mesopotamia explains the early deforestation of some areas, the
use of fire as an instrument to control shrubs and forests, and the presence of sheep and
goat flocks. The development of permanent settlements was a critical threshold for the
triggering of soil erosion processes, leading to early records of many landscapes
showing signs of severe degradation more than 2000 years ago (Conacher and Conacher,
1998). The history of the Mediterranean peoples has been convoluted, with alternating
periods of war, stability, expansion and abandonment, resulting in changes in plant
cover, sediment yield, fluvial morphology, and wvalley bottoms and coastal
sedimentation. It is noteworthy that land management in the Mediterranean is typically
very complex. Societies depend on the stability of the system: the welfare of many
people is based on olive and almond orchards, or vineyards, which are labour-intensive
plants that are not immediately productive. Similarly, for irrigated lands the ditches and
water-distribution networks need to be maintained permanently, and for bench terraced
fields regular maintenance is required to repair landslides at the terrace borders. The
occurrence of wars or social conflicts has frequently resulted in the collapse of land
management systems and initiation of erosion processes, particularly where farmers
have used marginal areas for food production, even for a short term. It is typically very
expensive to undertake construction and land works in the Mediterranean landscape,
and even short-term crises can necessitate very expensive reconstruction. A simple
factor such as population growth can cause instability, necessitating increased crop

production at the expense of soil conservation works. Similarly, farmland abandonment



following a period of population emigration can result in the destruction of many
conservation structures, which become very difficult to repair decades or centuries later,
if population pressure returns.

The susceptibility of Mediterranean soils to erosion under changing conditions is
exacerbated by deforestation, frequent fires and the cultivation of steep slopes.
Generally, Mediterranean soils are considered as the “most fragile part” of the system
(Salvati and Bajocco, 2011) because of several factors: (i) The low soil organic matter
(SOM) content (frequently < 2%) is a consequence of high summer temperatures, which
stimulate rapid mineralization of fallen leaves; in many places fires and the dominance
of open shrubs in many sites also contribute to low SOM contents. This factor explains
poor soil structure and the susceptibility of the soil to raindrop impact (Cammeraat and
Imeson, 1998). (ii) The rate of formation of soils is usually slow, and the profiles are
thin and poorly developed (Conacher and Conacher, 1998). Poesen and Hooke (1997)
pointed out that Mediterranean soils have a low soil loss tolerance level (T-factor), that
is much lower than in soils under temperate humid climatic conditions. Many authors
consider that rate of soil formation in the Mediterranean area (probably < 1 t ha-! yr-1; A.
Cerda, pers. comm.) is less than the soil erosion rates where plant cover is disturbed.
Erosion rates measured in many Mediterranean environments suggest an imbalance
between soil formation and erosion (Poesen and Hooke, 1997). (iii) The removal of
vegetation by grazing and livestock trampling hinders plant recovery and soil
reconstruction, and results in the development of an impervious structural crust on the
soil surface, which reduces water infiltration capacity and decreases the production of
organic matter. Nevertheless, it is noteworthy that thin soils developed on metamorphic
rocks are subject to very low annual erosion rates (<2 t ha-! yr'!) (Sougnez et al., 2011),
confirming the controlling role of rock substratum.

Several studies have investigated the hydrogeomorphological role of rock
fragments in soil. The abundant presence of pebbles and cobbles is an established
characteristic of Mediterranean soils, and the proportion of these has increased because
of erosion of fine particles. Poesen and Ingelmo-Sanchez (1992) and Poesen and Lavee
(1994) confirmed that rock fragments tend to favour infiltration, reducing runoff and
soil loss. This is an important observation, indicating that soil erosion is regulated with
progressive reduction of sediment output as the proportion of rock fragments increases

(Ruiz-Flafio et al., 1992).



4. Soil erosion and landscape transformation: short-term and long-term changes

Soil erosion is a relatively slow phenomenon, although in some cases the effects
of erosion are highly visible, as in the case of some extreme events in the Mediterranean
region (rainstorms and floods corresponding to long return periods). Several extreme
events have been studied, including analysis of the characteristics of rainstorms, their
spatial distribution, and the consequences for hillslope and fluvial morphology (Benito
et al., 2008). The main consequences of floods include changes in sedimentary
structures of the fluvial channels, incision of first and second order channels, widening
of the alluvial plain, accumulation of blocks and boulders, talus erosion, destruction of
riparian vegetation, and landslides resulting from the undermining of stream banks, as
described by Marti-Bono and Puigdefabregas (1983) and Clotet et al. (1989) in the
central-eastern Pyrenees (events in November 1982), Ortega and Garzon Heydt (2009)
in central-western Spain, and Le Lay and Saulnier (2007) in Cevennes-Viverais, south—
east France. Landslides resulting from the undermining of stream banks are the main
and most immediate sediment sources during floods because of the arrival of large
amounts of heterogeneous materials, although the hillslopes can yield enormous
volumes of fine material and clasts resulting from the activation of gullies and the
development of ephemeral rills and shallow landslides that evolve into debris flows
(Bathurst et al., 2007). The occurrence of extreme rainstorms often results in the erosion
of the most fertile soil horizons from cultivated fields. Thus, De Alba et al. (1998)
estimated the soil loss from cultivated fields during a rainstorm event of 70 mm in 45
minutes in August 1995 at Rielves, central Spain, to >351 t ha-l, which is a factor of 48
more than the annual erosion rate from 1993—-1997 in experimental plots in the same
area.

The steep longitudinal gradients of streams, even in their lower courses,
markedly increases the destructive effects of floods, including the occurrence of
avulsions that change stream routes (e.g. Cariozza et al., 2012). Steep slopes in the basin,
and typically low infiltration rates in many cases (because of thin soils and the low
density of plant cover) explain the high concentration times of floods, which advance
rapidly through the channel with high destructive capacity. Nevertheless, the area
affected by the most extreme rainstorm events is sufficiently localized that large floods
occur infrequently. The consequent absence of hydrological memory among the
population leads to the construction of roads, streets, stalls, parking areas and houses in

the fluvial channel, increasing the catastrophic effects of some flood events (Mateu-



Bellés, 1988). The last two kilometres of the Aras ravine (Central Spanish Pyrenees) has
a longitudinal gradient of 20%, and following a flood with an estimated flow of 300 m3
sl on August 1996, 40 check-dams were destroyed, the stream was enlarged by several
metres and a campsite in the alluvial fan was devastated resulting in 89 casualties. The
exceptional magnitude of this event is evident when it is considered that the flood
occurred in a basin of only 18 km?2 (White et al., 1997).

Most changes in Mediterranean landscapes can only be detected over the long
term. Assessments of hillslopes and channels have confirmed that erosion has resulted
in new morphologies at various altitudinal belts. The occurrence of stony soils and
gullies with sparse vegetation is not the consequence of a few extreme rainstorms, but
the slowly developed effect of overland flow, sheet wash erosion and rilling. Many
landscapes in Crete, Cyprus, Turkey, Lebanon, Israel, northern Algeria, the Rif
Mountains in Morocco, and certain places in south—eastern France and central and
southern Spain have similar features, including the presence of shrubs interspersed with
open spaces in which soil is almost absent or the bedrock is at the surface. These are
landscapes with a long history of cultivation, recurrent use of fire, and grazing. In many
cases, rapid deforestation has been responsible for sudden increases in erosion rates, as
demonstrated in a study of sediment accumulated in lakes (Montserrat, 1972). A
consequence of deforestation in the landscape was the development of active torrential
headwaters, deeply incised parallel gullies, shallow landslides and a general
redistribution of the soil. In the long-term, such geomorphological changes result in the
development of infilled valley bottoms, braided rivers, alluvial fans and deltas.
Geoarchaeological and geomorphological studies have demonstrated the intensity and
rapidity of erosion and accumulation processes in historical times throughout the
Mediterranean basin, and the important role of human societies in these processes
(Bruckner, 1986; Van Andel et al., 1986).

Infilled valley bottoms are a very important part of Mediterranean landscapes in
lowland hilly areas where intense soil erosion processes have occurred in the past.
These valleys are identified by their flat topography, the low gradient in their
longitudinal profile, and the typical presence of a fine sediment infill of <20 m depth.
The infill usually forms an abrupt lateral connection with the hillslopes, which are
usually almost bare of vegetation, with a thin soil layer or no soil. Analysis of such
sediments revealed the presence of pottery and other archaeological remains, which

indicates that infilling (and erosion on the hillslopes) occurred in relatively recent times,



and suggests the interaction of Holocene climate fluctuations with human activity. Pefia
et al. (1995, 2000; Gutiérrez-Elorza and Pefia-Monné, 1998; Harvey and Gutiérrez-
Elorza, 2005; Casana, 2008; Constante et al., 2010). However, some authors have
suggested the importance of the geomorphological effects of the Little Ice Age (Vita
Finzi, 1969; Grove, 2001). In a study at Bardenas, Spain, Sancho et al. (2008)
investigated Holocene deposits on Miocene clays surrounded by structural platforms,
and identified four sedimentary units.

The development of alluvial fans is closely related to stages of erosion processes,
many of which correspond to Quaternary environmental changes. Other erosion
processes have been related to land use changes and deforestation in historical times.
Gomez-Villar et al. (2006) concluded that the presence or absence of alluvial fans in
basins of the Iberian Range, northern Spain, could be interpreted as a consequence of
human activity. Fans are always present in catchments affected by deforestation and
farming in the past.

This is similar to progradation of the coastal plain at many sites around the
Mediterranean. Thus, Grove and Rackham (2001) found that the mouth of the Andarax
River (south—east Spain) was an estuary ~2500 years ago. Deforestation and mining
activity from the middle of the 18th century was the likely cause of the formation of a 6
km? delta. Also in southern Spain, the estuary of the Vélez River was infilled during the
Upper Holocene as a consequence of deforestation linked to extractive metallurgy,
resulting in the development of a delta that has penetrated into the Mediterranean Sea at
a rate of 0.2-2 m per year since the 16th century (Lario et al. 1995). This has increased
with the expansion of vineyards and cereal crops on steep slopes. Malvarez et al. (1998)
and Ruiz and Carmona (2005) reported that this has been a common feature of the
evolution of many Mediterranean rivers. In some cases, this evolution in historical times
was spectacular, as occurred for the Ebro and Po river deltas since Roman times.
Although it is very difficult to establish cause and effect relationships in large basins
(thousands of km?) because of the presence of many sediment stores, it seems that the
Ebro Delta has advanced towards the Mediterranean Sea as deforestation progressed.
The period of maximum deltaic progradation occurred between the 15th and 19th
centuries, coinciding with a general expansion of sheep flocks and cereal cropping in
the Ebro basin, and continuous growth in population that resulted in increased
cultivation of marginal slopes. The concentration of certain industrial activities in the

Mediterranean mountain areas during the 18th and 19th centuries was associated with a



marked concentration of human population (Gémez-Urdaniez, 1986). This probably
explains the large expansion of cereal crops in steep slopes with the construction of
bench-terraced fields and the expansion of shifting agriculture. Nevertheless, this period
coincided with the Little Ice Age, which would have enhanced the activity of floods and

geomorphic processes.

5. Land—use intensification and extensification

The Mediterranean region is a place of marked environmental and socio—
economic contrasts at various spatial scales. Perhaps the most surprising characteristic
from a land management perspective is the presence of areas subjected to extreme land—
use intensification adjacent to areas in which extensification and abandonment of
productive activities are the most common features. Where similar processes have
occurred in many places worldwide, the intensity of the changes elsewhere is not
comparable with that of the northern area of the Mediterranean. This is a consequence
of the concentration of population, industry, wealth, initiative and investment in mainly
coastal areas and some cities in the interior (Wainwright and Thornes, 2004; Rico-
Amoros et al., 2009). In contrast, most areas of the Mediterranean region underwent a
process of economic and demographic stabilization or declined, with the abandonment
or extensification of farmland activities, ageing of the population, and the absence of
development initiatives. Both trends had crucial hydrological and geomorphological
consequences, although with different implications.

Land—use intensification in the Mediterranean region came with the introduction
of more intensive cropping systems, particularly the enlargement and modernization of
irrigated lands, and the growth of urban and industrial areas that resulted in enlargement
of sealed impervious surfaces.

Generally, irrigation does not produce any erosion problems in the short—term,
because of the smooth gradient of irrigated fields. For this reason, irrigated lands can
remain productive for centuries, providing that incorporation of organic matter
continues and water distribution is controlled. Nevertheless, under certain circumstances
problems have become evident. Irrigated soils having a high sodium content tend to be
affected by piping erosion because of the hydrological gradient caused by the presence
of small steps (<2 m) between fields, particularly in plots cultivated over several years
with alfalfa (Garcia-Ruiz et al., 1997). Water wastage in some irrigated lands led to

modernization, with changes towards more productive and also higher water-consuming



crops, plot concentration to enlarge the size of plots, and general use of sprinkling
irrigation. Plot concentration eliminates the steps between plots, resulting in local
increases in gradient and the development of rills and small gullies. However, the major
problems arise from the expansion of irrigated agriculture into marginal areas, where
the soils rapidly lost structure and become intensively eroded and later abandoned. In
south—east Spain, for example, some of the affected areas evolved into badlands (Cerda,
1997; Romero-Diaz et al., 2007). Cerda et al. (2012) observed that agricultural
intensification (expansion of citrus orchards) at the expense of abandoned fields leads to
accelerated soil erosion, exceeding by several orders of magnitude the erosion recorded
for abandoned fields and rainfed cultivated fields.

Urban growth and the consequent expansion of industrial areas have also
resulted in hydrological and geomorphological changes. In particular, coastal areas of
Spain, Italy and southern France have been subject to the growth of cities and villages,
and the development of urbanization related to tourism, in a process the intensity of
which has few rivals worldwide. In north—east Spain, Sala and Inbar (1992) confirmed
the occurrence of more frequent and larger floods because of the enlargement of
impervious areas since the 1960s. Flash floods in the City of Genova, Italy, have been
attributed to urban development on the hillslopes rising from the coast behind the City
(Conacher and Sala, 1998b). Gabert and Nicod (1982) noted that some of the most
dramatic floods in the vicinity of Marseille and Aix-en-Provence, France, were
exacerbated by the construction of many buildings and roads on flood plains. Clearly,
more floods result in more erosion, and in some cases incision and widening of rivers
and ravines.

For some decades many Mediterranean landscapes have been subject to a
progressive reduction in human activity, including farmland abandonment and
decreasing livestock pressure. The reasons for this extensification include declining
populations (with losses of ~80% of the inhabitants from some rural areas since the
beginning of the 20th century), the inability to use mechanized agriculture on many
cultivated hillslopes, and the ageing of the population and the consequent lack of
manpower to maintain sheep flocks and the traditional transhumance system. The result
has been abandonment of farming in hilly and mountainous areas, and the progressive
recolonization by shrubs and forests. This has had dramatic hydrological and
geomorphological effects, particularly in the Mediterranean region, where the greatest

farmland abandonment has been relatively recent (Garcia-Ruiz and Lana-Renault, 2011).



These authors concluded that plant recolonization has resulted in a decline in water
resources and decreased soil loss and sediment delivery, as well as a progressive
improvement in soil characteristics. Until 60—70 years ago a large proportion of the
Mediterranean mountains and semi—arid areas were cultivated with cereal crops, even
on steep slopes, stony soils and under extremely dry conditions. At present, most fields
in the mountains have been abandoned, with the exception of some areas in Andalusia,
Sicily, Calabria, Greece and North Africa. The replacement of cereal fields and
intervening fallow periods by shrubs and forests has produced changes in rainfall
infiltration, the spatial organization of saturation-prone areas, runoff generation
processes (Mohammad and Adam, 2010; Nadal-Romero et al., 2012b), rainfall
partitioning, evapotranspiration, the location of sediment sources, and the accessibility
of sediment to the fluvial network. Declining stream flows have been one of the major
consequences (Cosandey, 1990; Gallart and Llorens, 2004; Cosandey et al., 2005;
Moran-Tejeda et al., 2010; Garcia-Ruiz et al., 2011; Lana-Renault et al., 2011).

Begueria et al. (2003) analysed data from gauging stations located upstream of
reservoirs in the Spanish Pyrenees, and confirmed a change in the relationship between
precipitation and discharge; the latter has been declining since the beginning of the
1970s, and has coincided with generalized abandonment of farmland. In a European-
wide study, Stahl et al. (2010) concluded that there has been a negative trend in stream
flow in Mediterranean rivers over the period 1962-2004. Significant increases in SOM
content, aggregate stability, hydraulic conductivity and water holding capacity have
been observed throughout the Mediterranean region, including Spain (Trimble, 1990;
Martinez-Fernandez et al., 1995; Ruecker et al., 1998; Pardini and Gispert, 2006, 2012)
and Greece (Kosmas et al., 2000). At the scales considered, soil erosion generally
declined after abandonment, as well as the connectivity between sediment sources and
channels, with reduced sediment delivery (Hooke, 2006; Lana-Renault and Regiiés,
2009; Garcia-Ruiz et al., 2010; Quifionero-Rubio et al., 2013) and sedimentation in
reservoirs (Navas et al., 2011). An exception was some areas of pine reforestation on
bulldozed terraces in marly semi—arid areas of south—east Spain, where soil loss
increased by 1-2 orders of magnitude (Romero-Diaz et al., 2010).

Changes in sediment yield have also had consequences for Mediterranean rivers
(Hooke, 2006). Bed degradation and the development of bed armouring and channel
narrowing have been detected in several tributaries in the Rhone basin (Liébault and

Piégay, 2001, 2002), and in Pyrenean rivers (Begueria et al., 2006), whereas some



Italian rivers underwent a change from braiding toward single-thread channels (Surian
et al., 2010; Comiti et al., 2011), with extensive streambed degradation threatening the
stability of infrastructure, as has occurred in the Arno River (Billi and Rinaldi, 1997). In
the Dragonja River floodplain, south—west Slovenia, Keesstra et al. (2005) found an
incision of 1.5 m between 1945-1975, following farmland abandonment and natural
reforestation after 1945. Inactivation of alluvial fans in the areas most affected by
farmland abandonment was detected in the Sila Massif, southern Italy (Garfi et al.,
2007), and in the Pyrenees, where large alluvial fans showed reductions in the area
occupied by active areas and incision in historical sediments (Gémez-Villar and Garcia-
Ruiz, 2000). The construction of many check-dams in torrential rivers and ravines has
contributed to a reduction in sediment yield (Boix-Fayos et al., 2007), although a part of
the fluvial energy then erodes downstream of the dams (Boix-Fayos et al., 2008).
Mediterranean deltas have also been destabilized by the construction of large reservoirs,
which behave as sediment traps, reducing sediment transfer towards the sea (Tena et al.,
2011).

Farmland abandonment also occurred in semi—arid areas of south—east Spain,
because of the extremely low productivity of rainfed fields. However, plant colonization
has been difficult: the low volumes of annual precipitation and its irregular seasonal
distribution, including intense rainfall events occurring over very short time periods,
reduce the capacity of vegetation to recolonize the fields in a few years. In addition, the
soils are low in nutrients and SOM, constraining plant succession. This has limited the
capacity of old fields to produce organic matter and increase water infiltration, which
tends to be restricted because of the development of soil surface crusts (Ries and Langer,
2001). Lesschen et al. (2007) reported an increase in gully erosion in the Carcavo basin
(south—east Spain), following land abandonment, because of greater runoff caused by
soil crusting. Farmland abandonment is still an incipient process in North Africa, where
population pressure is leading to cultivation of all available areas, including steep slopes
(Maurer, 1992; Lahlou, 1996), and to degradation of rangelands by overgrazing
(Puigdefabregas and Mendizébal, 1998).

The evolution of abandoned bench-terraced fields has become one of the major
soil conservation problems in the Mediterranean region. Terraced fields are very
common close to the Mediterranean coast and in mountain areas in Spain, Italy, Greece,
Lebanon, Israel and North Africa. The construction of terraced fields has a history of

many centuries, although some terraces in Mediterranean mountain areas were probably



constructed during the periods of greatest population pressure in Mediterranean
mountain areas (18th and 19th centuries). They were originally one of the measures
used to preserve soil and facilitate agricultural practises based on animal labour. The
transformation of hillslopes to a series of flats and steps represented an enormous
investment of manpower devoted to avoiding the development of gullies, controlling
overland flow and improving infiltration, under conditions of intense rainstorms, steep
slopes and low levels of mean annual precipitation. Bench-terraced fields made soil
conservation possible and provided for relatively high crop productivity. However, the
stone walls needed to be repaired each year by the local populations, which explains
why magnificent landscapes are still possible on steep slopes after centuries of
cultivation. Nevertheless, such landscapes are now unsustainable, because mechanized
agriculture is not possible in most bench-terraced fields, and there is a generalized lack
of manpower. The consequence has been the abandonment of most bench-terraced
fields, except in North Africa, Caldea in Israel, the low versants of the Anti-Lebanon
mountains, and some hillslopes of the Alpujarras and Sierra Nevada in Andalusia, Spain.
In some Mediterranean countries the maintenance of terraces can be only justified by
their use for highly profitable or subsidized crops, such as olive trees, vineyards and
irrigated citrus.

The abandonment of bench-terraced fields leads to the development of small
mass movements in the steps, resulting in scars that can evolve into short gullies that are
impossible to repair in the present circumstances (Lasanta et al., 2001; Kizos and
Koulouri, 2006; Koulouri and Giourga, 2007). Lesschen et al. (2008) compared the
1984 and current versions of a Digital Elevation Model (DEM) to estimate soil losses
from bench terraces of south—east Spain, and concluded that average erosion rates are
~87 Mg ha! yr-l, which is comparable to rates reported in some semi—arid badlands.
Erosion problems have been exacerbated where re—organization of the drainage system
following abandonment has resulted in the incision of new channels and re-
establishment of the natural drainage network and connectivity (Gallart et al., 1994;
Oostwoud Wijdenes et al., 1999; Bellin et al., 2009; Gallart, 2009; Meerkerk et al.,
2009). However, Llorens et al. (1997) and Cammeraat et al. (2005) reported that plant
colonization was rapid and sufficiently dense to reduce landsliding in the Alcoy basin,
south—east Spain, and in the eastern Pyrenees. Some studies of the hydrological effects

of terrace abandonment have reported the development of saturated areas in the inner



parts of terraces during the wet season, thus favouring overland storm flow (Gallart et

al., 1994; Seeger and Ries, 2008).

6. The erosion consequences of changing agriculture

The Mediterranean region is fully integrated into a market economy where
subsidies are common. This explains the rapid adaptation of farmers to changes in price
and demand. Even farmers of northern Algeria, Tunisia and Morocco are adapted to
these changes, substituting crops or investing in the expansion of irrigated lands
(Badraoui et al., 1998). Agricultural adjustments are closely related to the advantages of
the Mediterranean climate, which enables cultivation of a large variety of crops from
cold temperate to sub-tropical climates. This provides many economic and technical
opportunities for farmers, although soil erosion can be an unexpected problem,
particularly where marginal lands are taken into cultivation, including fields that were
abandoned some decades ago.

It is not easy to reconcile cultivation and soil conservation in Mediterranean
environments. The occurrence of extreme rainstorm events reduces the effectiveness of
any conservation measure, and can result in short-term soil losses equal to the total
losses over many years. Nevertheless, some crops are more prone to soil erosion than
others. There is a paucity of quantitative information on soil erosion under various crops
in the Mediterranean, but the available data confirm that cereal cultivation can be
affected by rilling and gullying, even on smooth gradients (Casali et al., 1999; Kosmas
et al., 2002), with increasing soil loss as mean precipitation increases (Kosmas et al.,
1997; Jebari et al., 2010). In cereal cultivation the soil is bare during autumn and part of
winter, which coincides with one of the rainiest periods in the Mediterranean region and
the season having the most intense rainstorms, particularly in the western Mediterranean.
The introduction of no-tillage crop systems appears to offer the only possibility of
reducing soil erosion without a decrease in production.

Other typical Mediterranean crops are at risk of similar or greater erosion
problems. Kosmas et al. (1997), De Santisteban et al. (2006), Ramos and Martinez-
Casasnovas (2006a), Casali et al. (2009), Cerdan et al., (2010) and Novara et al. (2011)
reported that vineyards are subject to the highest erosion rates, which is of major
importance given that the area occupied by vineyards in 2010 was 1,172,797 ha in
Spain, 377,991 ha in south France (Langedoc-Roussillon, Provence and Rhone),

777,480 ha in Italy, 99,286 ha in Greece, and 73,000 ha in Algeria. Two of the most



important erosion problems in vineyards are: (i) the low level of plant cover (5-40%)
from November to April, particularly in the case of young vineyards, where plant cover
is almost completely absent for most of the year; and (ii) the steepness of vineyard
slopes. Thus, in La Rioja, northern Spain, almost 20% of vineyards are cultivated on
hillslopes having a gradient >10% (Ruiz-Flafio et al., 2006). This makes vineyards
particularly susceptible to heavy rainfall and soil erosion. Farmers attempt to combat
soil erosion with the use of herbicides in summer and limiting ploughing during the
remainder of the year (Blavet et al., 2009), although to overcome soil erosion more
efforts must be made to incorporate reduced tillage systems. Nevertheless, slope
steepness can be partially compensated for by the presence of many stones on the soil
surface (sometimes representing almost 100% of soil cover), which increases infiltration
and the soil moisture content (Arnéez et al., 2007). Even so, it is relatively common to
find rills on convex hillslopes following rainstorms in autumn or spring, and sediment
patches at the lower end of plots. Ruiz-Flafio et al. (2006) found that 40.8% of
vineyards are affected by sedimentation, 17.5% by sheet wash erosion, and 5.2% by
rilling, whereas 35.6% were unaffected by degradative geomorphic processes.

Ramos and Martinez-Casasnovas (2006b) analysed a recent interesting case of
enhanced soil erosion in a vineyard in the Penedes region, north—east Spain, which also
has implications for other areas in the Mediterranean region. The old bench-terraced
fields, which were separated by steps with stone walls, were recently transformed into
large terraces to enable the use of mechanization and the introduction of drip irrigation.
The resulting mixing of the fertile topsoil with the subsoil represented an
impoverishment of the soil, and a decrease in the stability of the steps against landslides,
because of their greater height. The infiltration capacity also decreased because of soil
sealing, mainly during the most intense rainstorms. This is an example of modern
landscape transformation done with the purpose of increasing incomes, but the
intensification resulted in increased soil erosion problems, exacerbating the
vulnerability of vineyards to intense rainstorms.

Similar problems have occurred in rainfed almond and olive orchards (Garcia-
Ruiz, 2010). Almond and olives are typical Mediterranean crops that are well adapted to
sparse and irregular precipitation, and both (particularly almond trees) are commonly
cultivated on hillslopes and marginal lands. Olive groves occupy large areas in Spain,
Italy, Greece, and to a lesser extent, North Africa. In some regions olive groves

represent a large proportion of the cultivated area (e.g. Andalusia, Spain), and have



become virtually the only crop on many farms and municipalities. For many centuries
olive groves have been cultivated on bench-terraced fields to avoid soil erosion (above
all in Mallorca Island, inner Catalonia, Aragdn, Sicily and Greece), forming stable
landscapes that have survived until the present. Nevertheless, erosion problems have
been accentuated by changes in land management and the availability of subsidies from
the EU. Thus, De Graaf and Eppink (1999) and Kosmas et al. (1997) concluded that the
practise of clean weeding under olive trees and the replacement of manure by fertilizers
has reduced infiltration capacity, enhancing runoff and rilling. Bienes et al. (2012)
stated that the most efficient land management factor controlling erosion in olive
orchards is the permanent presence of grasses. Subsidies have promoted the extension
of olive groves into marginal areas (Van Wesemael et al., 2006), rather than favouring
production quality, including environmental and soil conservation aspects. The situation
is similar for almond orchards, with the further difficulty that almond trees have
traditionally been cultivated on stony pediments that are not always bench-terraced.
Faulkner (1995) noted that large areas colonized by Mediterranean shrubs have been
replaced in the last two decades with almond trees, generally on steep slopes; this is a

trend that contrasts with the efforts of some countries to control soil erosion.

7. Badlands and forest fires: the face of the Mediterranean?

Two topics that have attracted particular attention from geomorphologists and,
to a lesser extent, ecologists, are badlands and forest fires, which are amongst the most
representative and important problems in the Mediterranean. Badlands areas have the
highest erosion rates in the world (Bryan and Yair, 1988), and generally have a high
level of connectivity with the fluvial network. This affects the suspended sediment load
and the development of sedimentary structures in rivers (Lopez-Tarazon et al., 2009),
and causes serious siltation in reservoirs (Nadal-Romero, 2011). Fires pose a serious
short-term risk of soil erosion, but can also result in land degradation and sometimes
desertification over the long—term. The presence of badlands and fires in the landscape
makes them the most impressive features in many Mediterranean areas. Not surprisingly,
in recent decades badlands and fires have been most extensively studied in Spain,
Portugal, Italy and Israel (Fig. 4), and are the first and fourth subjects of interest to
geomorphologists throughout Europe (Fig. 2).

Badlands occur in a wide range of Mediterranean environments, from humid and

sub-humid (mean precipitation ~800 mm per year) to semi-arid (<350 mm yr-!) areas



(Gallart et al., 2013). These develop in dramatic patches (from a few hectares to
hundreds or thousands of hectares) characterized by the almost total absence of
vegetation and a dense network of ephemeral ravines incising soft, erodible rocks.
Bedrock of lutite and marl are the most prone to the dynamic evolution of badlands,
although they can also occur on shale (Nadal-Romero et al., 2011, 2012d). Lutite and
marl are extremely common among the Neogene sediments that folded during the
Alpine tectonics or were deposited in post-tectonic times, as is the case of the lowlands
in the Apennines, Italy; the Betic Ranges and the Ebro Depression in southern and
northern Spain, respectively; and the Rif Mountains in northern Morocco. The presence
of these impervious rocks and the development of a highly impermeable regolith are
two factors explaining the development of badlands in the Mediterranean region,
together with a long history of human burning and cropping of steep slopes. This makes
plant recolonization very difficult after soil removal (Gallart et al., 2002) in a double
scenario: (i) rainfalls that erodes the regolith in the sub-humid badlands, and (i) intense
dryness in the semi-arid badlands.

A consequence is that few plants, if any, can tolerate the extreme conditions of
the badland soil surface, and consequently badlands can remain and enlarge for
hundreds or thousands of years, with little prospect of change in the short—term.
However, the development of small patches of herbs and shrubs is possible, providing
that they grow on soil remnants and accumulation areas having relatively low gradients.
Studies based on geoarchaeological and sedimentological evidence have reported that
some badlands pre-date human settlement and the development of agriculture and cattle
raising (Wise et al, 1982). In other cases, badland development seems to be
unequivocally related to farming and recurrent fires, particularly those that occur in
small areas close to villages and cultivated lands (Garcia-Ruiz and Lopez-Bermudez,
2009).

Most studies of Mediterranean badlands have focused on infiltration capacity,
spatial and seasonal variability of runoff and sediment yield, weathering factors, erosion
processes, piping, crust development, the protective role of lichens, interactions
between vegetation and erosion, and runoff and sediment response during rainfall
events. It is noteworthy that in the subhumid and humid badlands, which are generally
located in areas having cold winters, the number of frost days is a major factor
explaining regolith weathering, particularly on shaded landscapes, whereas the main

factor on sun-exposed aspects is the temporal contrast in regolith humidity (Nadal-



Romero et al.,, 2007). The latter is also a determining factor in the evolution of semi—
arid badlands. In both cases there is a disconnect among regolith weathering, erosion
and sediment export. Weathering tends to mainly occur in winter, which is the period
having most frequent freezing days and the deepest penetration of humidity. Erosion
and sediment outputs mainly occur in spring, when part of the weathered regolith is
washed from the slopes or affected by mudflows, and carried out to the channels where
it accumulates because of the extremely high sediment load. The channels are cleared
by summer and autumn rainstorms, at least in the humid and sub-humid badlands,
where the period of badland activity is longer than in the semi-arid badlands.

Badland areas produce the highest rates of sediment production in the
Mediterranean, particularly in humid and sub-humid environments, because of the deep
and intense weathering processes affecting the bedrock and the relatively high annual
precipitation. Sediment yields of hundreds of tonnes per square kilometre and per year
have been estimated (Mathys et al., 2005; Nadal-Romero et al., 2008a; Regiiés et al.,
2009; Lopez-Tarazon et al., 2012), although the area considered plays a major role in
determining the yield (Nadal-Romero et al., 2011, 2012d). In semi—arid and arid regions,
the dramatic badland landscapes also suggest the occurrence of high erosion rates,
although the low mean precipitation results in relatively low sediment yield (Cantén et
al., 2001; Gallart et al., 2002) For the arid badlands (i.e. in Near East including Turkey,
Syria, Lebanon, Israel and Jordan), the low level of erosion processes has led to the
conclusion that they may have been more humid areas in the past (Yair et al., 1980).

The other visible face of the Mediterranean is the occurrence of large forest fires,
which have immediate impacts on the future evolution of plant cover, because of their
significant effects on soil characteristics, runoff generation and soil erosion (Gimeno et
al., 2000; Wittenberg and Inbar, 2009; Shakesby, 2011). Fires resulting from both
natural and human-induced causes are a common feature of the Mediterranean region,
and explain some of the main adaptative features of the Mediterranean vegetation,
particularly its capacity for regeneration through survival of roots and bulbs. Lacustrine,
fluvial and colluvial sediments contain charcoal and ashes from thousands of years ago,
demonstrating the occurrence of natural forest fires throughout the Mediterranean
(Colombaroli et al., 2009; Gil-Romera et al., 2010; Rius et al., 2011; Vanniere et al.,
2011; Lasheras-Alvarez et al., 2013). Natural forest fires would have been caused by
lightning during ‘dry rainstorms’, which probably occurred relatively infrequently. The

frequency of such fires increased after Neolithic times and particularly from the Bronze



Age, as demonstrated by Rius et al. (2011) in the central French Pyrenees, and by
Vanniere et al. (2011) for the entire Mediterranean region. Following the Bronze Age,
fire frequency was driven by agro-pastoral activities and was used as an agent of
landscape management. For instance, the analysis of sediments from Tramacastilla Lake
in the central Spanish Pyrenees demonstrated the occurrence of fires of limited extent
~3500 yr BP, which were followed by relatively rapid forest recovery. A new period of
forest fires occurred ~1000 yr BP, when the subalpine forests were burnt to enlarge the
area occupied by grasslands to provide feed for livestock in summer (Montserrat, 1972).
The geomorphological consequences of these historical fires are well documented in the
sedimentary records, through dramatic increases (several orders of magnitude) in
sedimentation rates.

In traditional farming, fire was used to prepare the land for cultivation under
shifting agriculture, or to remove the remnants of previous crops (i.e. the cereal stubble).
Shepherds frequently used fire to remove thorny shrubs, which improved the quality of
grasslands (Enne et al., 2002). This mainly occurred immediately prior to spring,
favouring the growth of herbs and tender sprouts of shrubs. Margaris and Koutsidou
(2002) reported that fire could be beneficial if used every 10-20 years along with
controlled grazing, but problems occur if fire is used almost annually, probably because
of subsequent soil compaction, and increasing soil erosion and overland flow as a
consequence of livestock trampling, which progressively reduces soil quality and the
potential for rapid plant regeneration. In most Mediterranean countries the use of fire
was forbidden some decades ago.

The recent occurrence of forest fires has no historical precedent, as evidenced by
the number of fires and their extent in some Mediterranean countries. Thus, during 2009,
the areas burnt included 87,416 ha in Portugal, 100,783 ha in Spain, 73,355 ha in Italy,
35,443 ha in Greece and 134,720 ha in Morocco. For this reason, forest fires have
become a major research area from geomorphological, hydrological, pedological and
ecological perspectives, with the most frequently studied associated phenomena being
changes in infiltration capacity, soil structure, hydrophobicity, plant colonization,
overland flow, sediment yield and the effects of fire intensity (temperature of the soil
surface and subsurface).

The reasons for the recent increase in fire impacts are well known, and are
related to land management changes in rural environments, particularly in Spain,

southern France, Italy and Greece. The marked decrease in the rural population explains



the declining pressure on natural resources, related to a reduction in the number of
livestock, which in the past reduced the abundance of shrubs. The prohibition on the use
of controlled fires to manage grasslands has also enhanced the expansion of shrubs.
Finally, farmland abandonment has resulted in a complex process of plant
recolonization that has led to the expansion of dense shrubs and forests (Garcia-Ruiz
and Lana-Renault, 2011). Artificial reforestation was a policy for the restoration of
degraded areas, and to limit soil erosion and reservoir siltation. The consequence has
been that many Mediterranean areas evolved into simplified and continuous landscapes
with plenty of flammable wood (Ubeda et al., 2005). The absence of cultivated fields
and meadows, which can act as barriers to fire spread, has enhanced the occurrence of
fires affecting thousands of hectares. Negligent visitors to areas recolonized with natural
vegetation can trigger large wildfires, although the origin of many fires is the burning of
cereal stubble in fields located close to shrub or forest areas in the middle and at the end
of summer, coinciding with the period of maximum risk at the peak of the driest season.
Speculative purposes are not discarded in some cases, although they were probably
more important in the past. Thus, during recent decades, forest fires in the
Mediterranean region have changed significantly, with serious impacts on soil erosion:
traditionally, fires were of limited extent and commonly occurred in spring, whereas
present-day fires can affect thousands of hectares, mainly in summer.

The occurrence of fires has immediate consequences for soil erosion (e.g.
Shakesby and Doerr, 2006). The temporary removal of plant cover leaves the soil
unprotected, which enhances overland flow and soil erosion because of a decrease in
infiltration capacity (evidence of frequent hydrophobicity: Bodi et al., 2012) and the
direct impact of raindrops. Generally, ash is easily removed by overland flow and wind,
both of which limit the recycling of nutrients and contribute to water and air pollution.
However, it is noteworthy that in most cases plant recovery is rapid, with regrowth of
shrub and herbaceous cover again protecting the soil within several months (Cerda,
1998; Cerda and Lasanta, 2005; Gimeno-Garcia et al., 2007; Wittenberg and Inbar,
2007). Ruiz-Flano et al. (1992) have argued that the recurrence of forest fires, even to
the limited extent that occurred under traditional management systems, periodically
enhances soil erosion and progressively reduces the potential for plant recolonization,
leading to open shrub communities on stony soils. This explains the many degraded

Mediterranean landscapes in Spain, Italy, Greece and North Africa.



8. Challenges for the future

Land use changes and diverse forms of intensification and extensification reveal
the consequences of recent land management changes in the Mediterranean region.
These changes have been the consequence of new circumstances in the Mediterranean
landscape, with lower population numbers in rural areas and the need to rapidly increase
incomes to finance expenditure on farm improvements, and the purchase of new fields
and machinery. This has changed the relationship between the farmer (who can be
transformed into a manager with little connection to the land) and the landscape. The
new situation solves many erosion problems, as the replacement of cereal crops by
shrubs and forests in abandoned fields changes the relationships between precipitation
and hydrological responses (Begueria et al., 2003), and reduces sediment yield,
although other problems can become evident. New efforts must be made to combat soil
erosion and desertification with a holistic approach, particularly to reduce the size of
sediment sources and their accessibility to fluvial channels. Nevertheless, predictions
for the future indicate a major threat of erosion-induced productivity decline in southern
Europe (Bakker et al., 2007).

As a consequence of changes resulting from land management decisions,
geomorphologists now face new challenges and questions that have not yet been
adequately addressed (Boardman, 2006). It is time to define what we know and what we
need to know to enable greater efficiency and to avoid past mistakes. It is important to
know more about the traditional and current land uses to clarify how land use change
has influenced the hydrological behaviour of hillslopes and channels. Knowledge of the
spatial variability of soils, topography and climate will provide information on the
fluxes of water and sediment through hillslopes and will aid forecasting of the reaction
of the ecosystem to changes in plant cover, crops and conservation measures. Therefore,
the first challenge is to be more holistic; that is, to perceive soil erosion as a complex
system in which human activity and agricultural practises are the main drivers. The
main challenges, discussed in more detail below, for soil erosion scientists in the
Mediterranean region are: (i) to reduce the effects and extent of forest fires in a scenario
of increasing expansion of shrub and forest areas; (ii) to provide guidance for adapting
EU agricultural policy to the complexity and fragility of Mediterranean environments;
(111) to develop field methods and models to improve the identification of runoff and,
particularly, sediment contributing areas; (iv) to contribute to the conservation of

landscapes with high cultural and productive values; (v) to improve knowledge of the



hydrological and geomorphological functioning of badlands, with the aim of reducing
sediment yield and accessibility; (vi) to better understand the influence of climate
change on soil erosion in the Mediterranean; and (vii) to improve long-term quantitative
information on soil erosion.

(1) Forest fires. The evolution of forest fires in the Mediterranean region
indicates that the problem is far from solved. The most important factor is the
simplification of the landscape whereby thousands of hectares of continuous, easily
flammable shrubs and forests now occur throughout Spain, Portugal, Italy and Greece,
and to a lesser extent in the other Mediterranean countries. Plant colonization following
farmland abandonment has reduced peak flows, stream flow, and suspended sediment
and bed loads. Nevertheless, a wildfire can rapidly negate these positive effects,
exponentially increasing sediment yield and delivery for several months. The only
solution is to increase diversity, in particular by clearing abandoned fields located in the
most adequate topographic conditions, generally those on concave hillslopes with deep
soils and sufficient humidity to allow the development of grazing meadows (Lasanta et
al., 2009). The construction of complex land use mosaics with a variety of patches does
not avoid the occurrence of fires, but would reduce their extent. Geomorphologists have
to work jointly with specialists in landscape ecology and human geography to define a
conceptual and quantitative framework within which this task could be integrated.

(i1) EU agricultural policy. One of the most important environmental problems
is that the EU agricultural policy places more importance on the extent of cultivated
land rather than on crop yields. Thus, subsidies depend on the number of hectares
cultivated rather than on the yield produced. A consequence is that many farmers
enlarge their cultivated area, including shrub removal, to include marginal and steeper
lands with thin soils, rather than improving water and soil conservation measures.
Subsidies must require integration of productivity and soil conservation;
geomorphologists can contribute to this by providing knowledge on the erosion effects
of various land uses in the Mediterranean region. Models and experimental plots and
catchments can help to establish the environmental limits for subsidized crops.

(ii1) Field methods and models. 1t is well known that sediment exported from a
catchment comes from a small part of the territory, even if the catchment is affected by
intense erosion processes. Thus, a task for geomorphologists is to develop methods to
identify runoff and sediment source areas (“hot spots”, according to RECONDES,

2007), the location of water and sediment sinks, and accessibility to fluvial channels.



The following step is to understand how to reduce the connectivity between the most
eroded areas and channels, and how to promote new water and sediment sinks (Kirkby
et al., 2002; Latron et al., 2009). The purpose of this is to reduce sediment outputs, and
to take targeted action on selected hillslopes to progressively reduce the area of
sediment sources. A reduction in reservoir silting should be a major objective to extend
the useful life-span of reservoirs, given their financial, environmental and socio-
economic importance. It is important to take into account that soil erosion control
measures must also influence runoff generation and accessibility to the fluvial network.
Failure to do this will result in an imbalance in the relationships between water and
sediment, causing new problems in the fluvial bed. An issue that
hydrogeomorphologists should address is whether changes can be made to hillslopes to
maintain the balance between water and sediment at the catchment scale. This requires
that catchments (and the relationships between hillslopes and channels) must be
considered as systems in which any change affects the other elements of the system.
This approach will help scientists and technicians avoid making major but flawed
changes and investments and facilitate assessment of the key steps taken towards
increasing the efficiency of restoration programes (Cortina et al., 2011).

(iv) Conservation of landscapes. Farmers in historical times contributed to the
construction of magnificent landscapes based on their investment of enormous amounts
of energy. These landscapes are also the result of extensive empirical knowledge about
water and sediment fluxes. However, the conservation of these landscapes depends on
the continuous supply of energy. This was the case for bench-terraces, which covered
large areas mostly in the Mediterranean hills and mountains. These conserved huge
quantities of soil carried from neighbouring hillslopes or from the alluvial plains. When
such landscapes became unsustainable because of the declining and aging rural
population and their impractically for modern agricultural practices, they were
abandoned and the system collapsed. This resulted in the development of landslides at
the borders of terrace steps, and occasionally in gully development. The maintenance of
these outdated landscapes is a major task for the immediate future, because their
degradation will lead to an increase in sediment yield and to the degradation of a
cultural legacy that could be productive for diverse purposes: to feed livestock; to
produce, where appropriate, selected labour-intensive consumer crops; or to become

sites of high tourism value.



(v) Hydrological and geomorphological functioning. Understanding of the
hydrological and geomorphological dynamics of badlands has improved markedly in
recent decades. Badlands are the landform most studied by geomorphologists in the
Mediterranean region and they are also the most important sediment sources. More
information is needed on these areas with respect to the seasonality of sediment yield,
connectivity with the fluvial network, the relationships among runoff, erosion and
lichen colonization (Calvo-Cases et al.,, 1991; Lazaro et al.,, 2008), and the
hydromorphological functioning of badland borders. Such studies will aid
understanding of the evolution of badland ecotones (Alatorre and Begueria, 2009;
Nadal-Romero et al., 2012c). Large Mediterranean badland landscapes (including the
Bardenas, Monegros and Tabernas Desert, in Spain; the Crete Senesi of southern
Tuscany and Basilicata in Italy; Draix in France; and the Zin Valley in Israel) are
impressive and must be preserved as special geomorphological sites and as laboratories
for the study of geomorphic processes. Probably there is nothing that can be done to
prevent the transport of sediment from these large badlands to the main rivers, because
of the high sediment yield and the typical occurrence of flash floods, although future
studies can help to: (a) detect changes in badland areas related to climate and land use
changes (Nadal-Romero et al., 2012¢); (b) identify the factors and their seasonality that
contribute most to weathering of the bedrock; (c) improve understanding of the
relationships between hillslopes and channels, including the capacity of channels to
store sediment and to reduce the arrival of sediment from hillslopes; (d) identify the
relationships among weathering, erosion and sediment export in relation to varying
rainstorm events; (e) relate the geomorphic dynamics of badlands to the evolution of
other geomorphic landforms, including piedmonts, and to fluctuations in the incision
and sedimentation processes in ravines coming from badlands; and (f) explore the
interactions between vegetation and erosion processes under varying climatic conditions
(Maccherini et al., 2011).

(vi) Climate change. The relationships between climate change and erosion are
unclear, given the uncertainties about the future trajectories of temperature and
precipitation. Nevertheless, this is a key issue for land degradation and soil erosion
(Calvo-Cases and Harvey, 1996; De Luis et al., 2010). Factors that need to be studied in
view of their influence on the location of sediment source areas, splash effects, sediment
delivery to the fluvial network, and behaviour of sediment sinks include: the future

evolution of plant cover; possible changes in soil characteristics (infiltration capacity,



organic matter content, structure); water storage within soils (which is clearly related to
precipitation and evapotranspiration); the intensity and seasonality of heavy rainfall
events; and the redistribution of runoff generation areas.

(vil) Long-term quantitative information. One of the most frustrating aspects of
the study of soil erosion is the impression that published erosion rates are subject to
remarkable uncertainty. Erosion and sedimentation processes are scale-dependent (de
Vente and Poesen, 2005; de Vente et al., 2007), such that soil erosion rates measured at
one scale can be very different from those measured at a different scale. For this reason
a variety of erosion rates are reported for the different land cover/land uses (Fig. 8),
including those obtained from rainfall simulations, experimental plots and catchments.
Furthermore, the figures for sediment yield at the scale of small catchments can vary
enormously, depending on the accessibility of detached particles to channels, the
location of landslides in relation to the fluvial network, and the presence of topographic
irregularities that can behave as temporary sediment stores. In addition, it is very
difficult to know whether the period covered by any particular dataset included extreme
events. The usually short study time period for most geomorphological experiments
reduces the value of the data obtained. For this reason we did not include erosion rates
in this study. For the future, an agreement between scientists is necessary to standardize
methods and establish the temporal and spatial scales over which erosion rates can be

compared and their usefulness for assessing soil conservation measures.

9. Conclusions

The main purpose of this study was to provide a global perspective on the
factors that explain the spatial diversity of erosion processes and the complexity of
erosion-prone landscapes in the Mediterranean region. Intense erosion processes are
widespread in the area, particularly sheet wash erosion, rilling, gullying, shallow
landsliding and the development of active badlands in subhumid and semi—arid areas.
These processes are the consequence of complex interactions between environmental
and human-related factors. The complex mosaic that characterizes the Mediterranean
landscape is a product of the occurrence of intense rainstorms and prolonged droughts,
the presence of steep slopes, topographic diversity, high evapotranspiration, recent
tectonic activity, and the long history of human activity reflected in the recurrent use of
fire, overgrazing and farming. Such complexity explains why some areas are well

preserved, including those with dense plant cover and deep soils, whereas in other areas



most of the soil and plant cover has been lost, and they are now degraded, covered by
stones and affected by rilling and gullying. Wealth and poverty, and land management
intensification and extensification co-exist, resulting in a variety of hydrological and
geomorphological processes. Thus, widespread land abandonment has occurred in all
Mediterranean countries, particularly on the northern side of the basin. Affected areas
are large and characterized by shrub recolonization and reforestation, which reduces
runoff and sediment source areas, and thereby sediment yield and stream flow.
Nevertheless, plant recolonization over large areas has resulted in the occurrence of
extensive wildfires that can affect hundreds of thousands of hectares each year and can
have important erosion consequences. Other areas are affected by increasing erosion
because of land use intensification arising from expansion of cultivation areas in
response to population growth (North Africa), poorly targeted subsidies (vineyards,
almond and olive orchards), attempts to increase profits through irrigation, and the
expansion of urban areas into rural zones.

Many Mediterranean landscapes can be considered to be ‘man-made’ or human
and for this reason need the presence of a rural population if they are to be preserved.
This is the case for bench-terraced fields, which have a history of construction over
several centuries; these enabled cultivation on slopes and avoided soil erosion. Their
recent evolution has been dominated by landslides between the terraces and by gullying,
processes that have led to the degradation of these impressive cultural relics. In other
cases, population migration and EU Agrarian Policy have encouraged land use changes
that have not been considered in the context of their impact on infiltration rates, water
storage and the connectivity between hillslopes and channels. Many areas of the
Mediterranean appear to be degraded, while others have maintained their geoecological
functions. Efforts must be invested in understanding the hydromorphological
functioning of the former, even if they are poorly productive,. Both types of area need
to be considered as part of a delicate equilibrium between nature and the long history of
human occupation. In addressing erosion problems in the region, in most cases large-
scale ill-considered responses (large scale reforestations, use of expensive structures)

must be avoided.
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FIGURE CAPTIONS

Fig. 1. Distribution of soil erosion studies by country.

Fig. 2. Distribution of studies of soil erosion according to different study topics.

Fig. 3. Evolution of the most important study topics.

Fig. 4. The distribution of study topics by country.

Fig. 5. The methods used in the study of soil erosion in the Mediterranean region.

Fig. 6. The Mediterranean region in Europe, Near-East and North Africa.

Fig. 7. Mean temperature and precipitation for various weather stations in the
Mediterranean region.

Fig. 8. Variability of erosion rates for various land cover/land uses in the Mediterranean
region. Black dots correspond to erosion rates obtained from experimental plots, and

crosses from experimental catchments.
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