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Abstract: Large areas worldwide have been affected by farmland abandonment and subsequent
plant colonization with significant environmental consequences. Although the process of farmland
abandonment has slowed down, vegetation recovery in abandoned lands is far from complete.
In addition, agricultural areas and pasture lands with low-intensity activities could be abandoned
in the near future. In this foreword, we review current knowledge of the impacts of farmland
abandonment on water resources and soil conservation, and we highlight the open questions that
still persist, in particular regarding terraced landscapes, afforested areas, abandonment of woody
crops, traditional irrigated fields, solute yields, long-term trends in the response of abandoned areas,
and the management of abandoned farmland. This Special Issue includes seven contributions that
illustrate recent research into the hydrological, geomorphological, and edaphological consequences
of farmland abandonment.

Keywords: farmland abandonment; land-use change; revegetation; hydrological response; soil erosion

1. Introduction

Farmland abandonment is a major land-use change in many rural territories, particularly in
temperate, developed regions [1–3]. It usually affects less productive land that is less suitable
for industrial-scale production [4] and includes both crops and pastures. In some instances,
physical constraints (e.g., poor soils, scarce water resources, intense land degradation) have also
caused the abandonment of agricultural land [5]. Finally, farmland abandonment can be induced by
national or supranational policies, which regulate markets for particular products to the detriment of
others [6,7].

Campbell et al. (2008) [2] estimated that 385–472 million hectares of farmland was abandoned
worldwide between 1700 and 2000. 99% of this land abandonment occurred during the last 100 years
of this period. It affected all parts of the world, but was more intense in the United States, Europe,
and Australia. One of the first countries to experience farmland abandonment was the United
States [1]. In the middle of the 19th century the northeastern regions started to be abandoned due
to competition from agriculture in the Midwest and the Great Plains [8]. Waisanen and Bliss [9]
estimated that around 75% of the agricultural land in these regions had been abandoned between 1880
and 1997. In Europe, farmland abandonment occurred mainly in the 20th century, more intensely
after the 1950s [1]. Some regions, however, were already abandoned at the end of the 19th century.
In Switzerland, farmland abandonment has been observed for more than 150 years [10]. In the
Hérault region in France [11], abandonment of croplands at the end of the 19th century was detected.
Fuchs et al. (2012) [12] suggested that in Europe cropland decreased by almost 19% between 1950 and
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2010 and semi-natural grasslands by almost 6%. In some mountain regions, however the process of
land abandonment has been very intense, affecting for instance more than 80% of cultivated land in
the Spanish Pyrenees [13] and around 70% in the eastern Alps [14]. Recent abandonment has been
observed elsewhere: Eastern Europe, China, Australia and, to a lesser extent, Canada, South America
(e.g., Argentina, Brazil), northern Africa and India, have seen a decrease in farming since the end of the
20th century [1,2]. In the Loess Plateau (China), the Grain-for-Green programs was launched in 1999
by the Government in order to control intense soil degradation and has converted large areas of arable
land into artificial forests or into areas left to spontaneous plant colonization [15], with a total restored
area estimated at almost 5 million hectares [16]. Australia has one of the highest levels of pasture
abandonment, which started in the 1970s [2]. In Canada, the Lower Inventory for Tomorrow of 1970
promoted the withdrawal of cultivated land from production by offering financial compensation to
farmers [17]. In Europe, withdrawal of agricultural land has been induced by the Common Agricultural
Policy (CAP) since the 1990s, mainly in plains and piedmonts, in order to reduce food surpluses and to
limit the costs of agricultural subsidies [6]. In Eastern European countries, the extensive abandonment
of agricultural land occurred following the fall of the communist regimes in the 1990s. The subsequent
agrarian reforms and the change to a market-oriented economy caused the collapse of many collective
farms and the abandonment of agricultural practices [18]. For instance, Nikodemus et al. (2005) [19]
showed that in Latvia land abandonment was extensive, with 50% of croplands no longer cultivated
by 1999.

The process of farmland abandonment has slowed down in most developed countries [3].
The forecast surface subject to abandonment is highly variable, depending on the land-use model
employed and the scenarios considered, but there is general agreement that it will particularly affect
marginal areas with low-intensity activities [20,21]. Rural areas in developing countries might undergo
a similar process in the near future, with agricultural intensification in the more productive areas and a
decline in farming in the less productive ones. However, this trend is very uncertain due to the great
many economical, demographical and political factors that affect farmland abandonment [20]. For
instance, some relatively steep areas in Mediterranean piedmonts have been affected by increasing
pressure for re-cultivation due to favourable market conditions, e.g., vineyards and almond and olive
tree orchards, resulting in severe erosion problems [22].

In most cases, the abandonment of agricultural land leads to a process of natural vegetation
recovery [23] (Figures 1 and 2). Colonization by plants, also known as secondary succession, is very
complex in abandoned fields. It depends on both natural and human-induced factors, including
climate, topography, soil conditions, the distance and floristic composition of bordering vegetation,
the age of abandonment and management following the end of farming, particularly livestock grazing
and the occurrence of fires [24–26]. Research carried out worldwide has shown that vegetation recovery
in abandoned lands has significant implications for landscape, water resources, soil erosion and
biodiversity [4,5,17,27]. This Special Issue includes seven contributions that focus on the hydrological
and geomorphological consequences (soil hydraulic properties, runoff, soil erosion, solute export) of
farmland abandonment in different environments, including terraced landscapes, afforested areas,
abandoned land at different stages of succession and recent abandonment in irrigated land and
steep vineyards. In this foreword, we review briefly the main impacts of farmland abandonment
on water resources and soil conservation and identify the main questions that still need to be
addressed by scientists and land managers. Our main purpose is to highlight the environmental
relevance of abandoned agricultural land and to show that its management is a challenge that requires
immediate responses.
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Figure 1. Plant colonization in abandoned fields in a wet environment (Arnás catchment, Central
Spanish Pyrenees). Forest stands occupy the gentle slopes in the forefront whereas the steep slopes in
the background are colonized by shrubs. Photo by Jérôme Latron.

 
Figure 2. Abandoned terraces in the Upper Guadalentin basin in Murcia (southeast Spain).
Land abandonment and slow revegetation produce soil erosion processes. Photo by Estela Nadal-Romero.

2. Brief Review of the Main Impacts of Farmland Abandonment on Water Resources and
Soil Conservation

Vegetation expansion alters the water cycle and the partitioning of precipitation between
evapotranspiration, runoff and groundwater flows. Thus, water yields usually decrease following
revegetation due to increased rainfall interception and transpiration by forests and shrubs [28].
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However, the hydrological impact of these processes varies greatly as it depends on several
factors [29], such as climate conditions, the extent and spatial distribution of land-cover disturbance,
the characteristics and depth of the soils, and the type, age or physiology of the vegetation.

The hydrological consequences of vegetation recovery on formerly cultivated land have been
examined at different spatial scales. Several studies have reported declining river discharges and
negative trends in highflows as shrubs and forest expand at the headwaters (e.g. [30–33]). At the
small-catchment scale, studies worldwide have demonstrated that vegetation established after land
abandonment noticeably reduces runoff coefficients and is a major factor affecting flood control
(e.g. [34–38]). Some of these studies have shown that revegetation also affects flood hydrograph
characteristics, with lower peakflows, slower response times and slower recession limbs in forested
catchments [39,40]. These results have been supported by research carried out at a more detailed scale.
For instance, Nadal-Romero et al. (2013) [41] reported very low or no overland flow on abandoned
plots, especially on those covered by dense vegetation, when compared with plots covered by cereal
crops or fallow land. In arid and semi-arid environments, however, the effect of land abandonment
may be the opposite, as land abandonment may cause the formation of soil surface crusts that reduce
soil infiltration and favor overland flow [42,43]. An increase in vegetation cover also reduces soil water
content and aquifer recharge due to rainfall interception and high transpiration rates by trees; this effect
is much stronger under dry conditions or in dry environments [15,44]. Finally, several studies [45,46]
have shown that the expansion of forest may affect snow accumulation and distribution, as trees reduce
beneath-canopy snow accumulation and alter snow melting rates, mainly due to interception and
subsequent sublimation processes.

Land abandonment also has significant consequences for soil conservation and soil erosion [17].
Revegetation following land abandonment tends to improve soil properties in the long
term [47], usually showing increased soil organic matter and soil fertility [48], greater aggregate
stability [49], and higher infiltration capacity, water-holding capacity and hydraulic conductivity [50].
However, the evolution of these processes is conditioned by topography, soil quality prior to
abandonment and land management after abandonment, especially the occurrence of fires [48].

Studies worldwide have demonstrated that the expansion of vegetation cover decreases soil
erosion due to the protective role of vegetation against rainfall splash and reduces surface runoff.
In abandoned arable land, soil erosion can be significant during the first stages of plant colonization,
as shown by Ruiz-Flaño et al. (1992) [51] and by Cerdá et al. (2018) [52] for the Western Mediterranean
region, but it decreases over time as vegetation cover becomes denser. In some cases, signs of severe
erosion such as undermining of shrubs, rills or development of stone pavement have been detected
in the oldest fields [51,53]. This is because these fields were normally located in the worst positions
(e.g., steep slopes, stony soils) and were subject to recurrent burning for shifting agriculture [41], factors
that constrained the establishment of dense vegetation cover. In mountain pasture lands, abandonment
may initially trigger shallow landslides due to a change in plant communities, as shown by Tasser et
al. (2003) [54] in several sub-alpine and alpine meadows in Europe. When precipitation is scarce and
irregular, such as in arid and semi-arid regions, plant colonization is difficult and geomorphic activity
is more intense. Moreover, the formation of soil surface crusts that promote overland flow enhances
soil erosion, resulting in severe sheet wash erosion [55] and the development of rills and gullies [56].
In these environments, particular soil characteristics such as the presence of marls may accelerate soil
erosion processes (i.e. piping) due to the dispersion of clay minerals [56]. As a consequence of soil
erosion, abandoned fields may be subject to a significant loss of nutrients and organic matter, and a
decline in soil quality [17]. Finally, extensive revegetation on formerly cultivated lands has favored the
occurrence and propagation of wildfires (e.g. [57,58]), which usually cause intense soil erosion in the
first years following the fire due to greater overland flow [59].
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Likewise, the general expansion of vegetation implies a shrinkage of sediment sources [60] and a
decrease in sediment supply from the hillslopes to the channels [61,62]. In semi-arid areas, although
runoff and soil erosion can be locally high after farmland abandonment, vegetation tends to develop in
patches that act as water and sediment sinks, thus reducing sediment delivery to the stream [42,63].
As a result, the rate of sedimentation levels of reservoirs, rivers and coastal areas has declined [64,65]
and the morphology of rivers has changed, with the narrowing and incision of alluvial plains [66,67]
and subsequent environmental implications [68].

The effects of farmland abandonment on terraced landscapes are manifold due to the great
complexity of the hydrological and geomorphological processes that affect these man-made
constructions [69,70]. Farmland abandonment often leads to the collapse of terrace structures that
are no longer maintained. Soil saturation in the inner part of the terraces, usually caused by the
inefficiency of the drainage systems following abandonment [71], encourages wall instability and the
occurrence of mass movements. The failure of terrace risers results in scars that are frequently affected
by gullying or livestock trampling. Modeling exercises have shown that the formation of gullies
reactivates the original drainage network, so favoring hillslope-channel connections and increasing
peakflow discharges and sediment yield (e.g. [72,73]). On very steep slopes, debris slips and cascade
landslides have been observed under intense rainfall [74]. The development of vegetation cover tends
to reduce geomorphic activity on terraces (especially surface erosion processes), but often fails to
prevent terrace collapse [70]. In semi-arid fields with marl lithology, terrace abandonment enhances
intense surface erosion and favors piping, which may lead to deep gully incisions [75].

3. Open Questions

Although the consequences of farmland abandonment on water resources and soil conservation
have been extensively studied, unresolved questions persist and new scientific challenges have emerged.
For instance, traditional woody crops such as vineyards and fruit orchards in both rainfed and irrigated
areas have been abandoned in recent decades or could be abandoned in the near future [21,76].
Literature about the consequences of the abandonment of such traditional systems on soil conservation
and hydrology is still scarce [76,77].

There are still many open questions concerning the abandonment of terraced landscapes: what is
the frequency of terrace collapse and what are the temporal drivers [78]? To what extent and under
which conditions can the original drainage network be reinstalled? What are the downstream effects
of the degradation of terraced slopes? Some authors support the conservation and rehabilitation of
terraced structures because of their environmental, productive and aesthetic functions [79,80], but a
thorough assessment of such efforts is still lacking.

The published literature provides substantial information on how farmland abandonment affects
soil properties and soil erosion. However, limited information is available on how the abandonment of
agricultural land affects surface water quality and solute export [81]. This is important for understanding
changes in soil fertility in abandoned lands and the risk of soil degradation. Similarly, more work
has to be done on how much soils in abandoned fields are affected by water repellency [82], a
phenomenon that decreases infiltration capacity and may explain the high variability of runoff
responses in abandoned lands.

Although farmland abandonment is predicted to slow down, vegetation recovery in abandoned
lands is far from being complete. There are still large areas covered with shrubs that should evolve
into forest stands and large areas of high-altitude pastures that have been colonized by shrubs and
trees over the last few decades (Figure 3), enhanced by livestock decline (particularly sheep and
goats), a warming climate and the rise of atmospheric CO2 [83]. This means that vegetation in former
agricultural and pasture land will continue to expand in the coming decades, with increasing impacts
on water resources and soil conservation. Moreover, the evolution of vegetation in fields abandoned
for very long periods may give rise to new processes affecting the hydrological and geomorphological
dynamics of these areas. For instance, as well as improving soil quality, the higher input of organic
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matter due to vegetation favors soil development [84] and a consequent increase in long-term soil water
storage. There is evidence that transpiration of old trees is lower than that of young individuals [85],
suggesting that the impact of revegetation on runoffmay stabilize or even decrease over time. In some
cases, after decades of abandonment, degradation of shrub cover due to senescence has been observed,
indicating a possible increase in runoff and sediment yield in the long term [41]. All these questions
highlight the need for further research based on long-term data series in order to detect trends and
changes in the system response.

 
Figure 3. Recent colonization by P. Uncinata in the subalpine belt in the Spanish Pyrenees (Las Blancas),
as a consequence of a decline in livestock grazing (particularly sheep). The taller trees are 20 years old
and the small trees are 3–4 years old. Photo by José M. García-Ruiz.

Extensive afforestation programs have been established in formerly cultivated areas by national
forest services in order to improve the use of abandoned land as a resource and to control hydrological
and soil-erosion processes [86]. At present, though the time elapsed since the first plantations provides
sufficient perspective to assess their hydrological and geomorphological efficiency, there have been
few studies at the catchment scale (e.g. [62,87]).

One of the topics that currently arouses special interest is the management of abandoned land [88].
Till now, as most abandoned areas have been considered marginal in economic terms, they have lacked
any management intervention, leading to a process of “rewilding” or landscape naturalization [89].
As shown above, the recovery of vegetation may have important environmental benefits such as soil
conservation, moderation of the hydrological response (in the sense that peakflows are lower and are
delayed) and improved water quality. It also increases carbon sequestration [90,91]. For some authors,
it is the best option for nature conservation and biodiversity [92], although there are differing opinions
on the latter. Many authors argue that the effects of rewilding on biodiversity can be both positive and
negative, depending on the species considered [93]. Finally, the regeneration of forest may also enhance
the recreational value of the landscape [94]. However, land abandonment can also have negative
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impacts: as seen above, expansion of shrubs and forests decreases runoff and reduces river discharges
in many cases; the presence of dense, continuous forests favors the occurrence of large wildfires;
when vegetation succession is very slow or is interrupted, intense soil degradation may occur [17].
Additionally, landscape naturalization is often seen as a significant loss of traditional landscapes and
development opportunities for the local population [95]. Thus, for some authors, active management
of abandoned land is necessary in order to improve the ecosystem services these areas provide to
society [88]. They consider that forest intervention, including the recovery of degraded ecosystems and
the control of plant succession by light human activity (e.g., shrub clearing for extensive stockbreeding),
will benefit biodiversity, land productivity, water resources, soil conservation and wildfire risk [96].
At present, there is an intense debate regarding rewilding versus forest intervention and there is still no
clear consensus about the optimal strategy for the management of old agricultural areas.

4. Final Remarks

Abandoned agricultural areas deserve special attention because of their influence on the provision
of natural resources such as water and on soil conservation. However, benefits depend greatly on how
these areas are managed, which, at present, is a controversial topic with conflicting positions. In the
current context of degradation of natural resources and climate change projections, there is an urgent
need for scientists to provide knowledge to help decide on the best way to manage former agricultural
land. This would optimize the environmental services they can supply to society.

We would like to conclude this foreword by acknowledging the efforts of the authors and reviewers
of the articles presented in this Special Issue. We hope very much that these are useful and relevant to
the readers of Water.
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Abstract: A detailed knowledge of soil water repellency (SWR) and water infiltration capacity of soils
under different land uses is of fundamental importance in Mediterranean areas, since these areas
are prone to soil degradation risks (e.g., erosion, runoff of polluting compounds) as a response to
different hydrological processes. The present study evaluates the effects of land uses on SWR and
soil hydraulic conductivity (SHC) by direct measurements at the plot scale in three areas representing
(1) intensive agricultural use, (2) abandoned farmland, and (3) a forest ecosystem in Southern Spain
under Mediterranean climatic conditions. The physico-chemical properties and water content of the
experimental soils were also measured. Significant SWR and SHC differences were found among the
analyzed land uses. Forest soils showed high SWR and low SHC, while the reverse effects (that is, low
SWR and high SHC) were detected in soils subjected to intensive agriculture. Organic matter and bulk
density were important soil properties influencing SWR and SHC. The study, demonstrating how
land uses can have important effects on the hydrological characteristics of soils, give land managers
insights into the choice of the most suitable land use planning strategies in view of facing the high
runoff and erosion rates typical of the Mediterranean areas.

Keywords: soil water repellency; soil hydrological conductivity; soil physico-chemical properties;
vegetal cover; vegetation cover

1. Introduction

Mediterranean areas are very prone to soil degradation risks (e.g., surface runoff, erosion,
transport of nutrients and other polluting compounds): the soils are generally shallow with low levels
of organic matter, low aggregate stability, and nutrient content [1], and the climate is characterized
by frequent and intense rainstorms producing a high magnitude of flash floods with high erosive
power [2]. This combination of soil type and climate leads to a peculiar hydrological response with
high runoff rates that have high erosive power. This response is also affected by both land use and
soil cover and their temporal and spatial variability, which are considered the most important factors
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affecting the intensity and frequency of surface runoff and soil erosion [3,4]. Inappropriate land use or
a poor soil cover may accelerate water runoff and soil erosion dynamics [4,5], leading to unsustainable
land degradation processes. The main causes of such negative environmental impacts are agricultural
practices, deforestation, overgrazing, land abandonment, wildfires, and civil works [6,7]. For instance,
agriculture is thought to generate high erosion rates [4,8,9], and the use of land for intensive agriculture,
in general, may cause soil damage [10,11]. As well known, agriculture, particularly when intensive
and subject to frequent tillage operations, may strongly affect the physico-chemical properties of soil,
making it more prone to erosion and quality decay.

Erosion problems have also been associated with land abandonment of both agricultural and
marginal farmlands [1,12] with particular reference to the Mediterranean of Western Europe [9,13,14].
For instance, in SE Spain, where drastic human impacts were recorded in the second half of the
past century [15], anthropogenic land use changes have triggered soil erosion and led to severe land
degradation [1]. Here, since the mid-twentieth century, the use of land for intensive agriculture and
the gradual process of vegetation recovery of abandoned farmlands and marginal areas have been the
main causes of land degradation [10,11]. These land use changes, whose environmental impacts are
worsened by the specific climate and the soil fragility, make this region very prone to runoff generation
and soil erosion [3] with consequent pollution of water bodies, soil organic matter decline, devastating
floods, reservoir siltation, and mass failures [1,15].

In Mediterranean areas, the hydrological processes generating water runoff, soil erosion, and
transport of polluting compounds are dominated by the infiltration-excess mechanism [16]. In soils of
the semi-arid Mediterranean climate, exhibiting low hydraulic conductivity, surface runoff, and
soil erosion, can be high. Moreover, such soils could be expected to also be affected by water
repellency [17,18], further decreasing infiltration rates [19], which in turn leads to increased runoff and
erosion [20,21], to accelerated leaching of agrochemicals [22], and to a reduction in the vegetal cover of
soils, leaving the latter bare and thus prone to erosion [23,24]. Thus, depending on the water repellency
level, Mediterranean soils may have an infiltration rate of up to several orders of magnitude lower than
would be expected (e.g., [20,21,25,26]). It is thus evident how a detailed knowledge of the soil water
repellency (hereinafter SWR) and water infiltration capacity (in terms of soil hydraulic conductivity,
hereinafter SHC) under different land uses is of fundamental importance in Mediterranean areas to
control hydrological risks and other environmental impacts linked to these risks.

SWR has been studied worldwide [20,21], in both forest [27] and agricultural soils [24,28].
The agricultural soils are usually considered wettable [29] and thus a little subject to SWR, while
other studies have demonstrated that some management practices may induce SWR in cultivated
soils [30–32]. The attention paid to surface runoff and soil erosion rates in marginal and abandoned
lands (e.g., [33]) has highlighted sometimes contrasting results in the Mediterranean [34] and,
consequently, the difficulty to fully understand the effects of land abandonment on hydrological
response and soil erosion [9], as modified by both SWR and SHC. Therefore, it is important to know
about repellency and infiltration under typical land uses in the drier parts of the Mediterranean
basin [18]. A better comprehension of these fundamental soil parameters is important for both
agricultural production and protection of abandoned farmland from hydro-geological risks [24].

This study evaluates the effects of land use on SWR and SHC by direct measurements at the
plot scale in three areas representing (1) intensive agricultural use, (2) abandoned farmland, and
(3) a forest ecosystem in Southern Spain. In addition, the physico-chemical properties and water
content, which, as it is well known, can influence SWR and SHC, were also measured on these
representative Mediterranean soils. The objective of the study is to evaluate which of the analyzed
land uses (agriculture, abandoned farmland and forest) shows the highest SWR and lowest SHC
in the experimental conditions, also linking these properties to important soil characteristics. By
demonstrating how land uses can have important effects on the hydrological characteristics of soils,
we want to give land managers insights on the choice of the most suitable land use planning in view
of facing the high runoff and erosion rates typical of the Mediterranean areas.
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2. Materials and Methods

2.1. Study Area

The study area is located in the municipality of Villamalea (39.36422◦ N, −1.59689◦ E, Albacete,
SE Spain) (Figure 1). The climate is typically Mediterranean, “Csa”, according to the Köppen-Geiger
classification [35]. The average annual rainfall and temperature are 407 mm and 14 ◦C, respectively
(Figure 2). The rainfall is mainly distributed in spring and autumn, with a long drought in summer
that usually lasts from June–September.

Elevation of the studied plots ranges between 760 and 770 m a.s.l., a flat terrain, typical for the
Iberian Plateau (Meseta). The plateau is characterized by high elevated (>600 m a.s.l.) region with an
undulating (hilly) landscape that is prone to high erosion rates due to the dry climate conditions that
reduce the vegetation cover.

The study area is a traditional Mediterranean forest and agricultural land, where pine plantations,
natural forest, almonds, olive, cereals, and vineyards are widespread (Figure 1). The natural tree
vegetation of the study area mainly consists of Pinus pinea L. and Pinus halepensis M. The main shrubs
and herbaceous species found at the study site are Rosmarinus officinalis L., Brachypodium retusum (Pers.)
Beauv., Lavandula latifolia Medik., Thymus vulgaris L., Stipa tenacissima (L.), Quercus coccifera L. and
Plantago albicans L. Agriculture consists mainly of vineyards, olive orchards and maize crops, with vine
production providing the main agricultural income in the study region.

Figure 1. Location of the study area (A, Villamalea, Castilla La Mancha, SE Spain) with the typical land
uses (B: Forest; C: Intensive agriculture; D: Abandoned farmland).
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Figure 2. Annual precipitation (total P, mm) as well as mean maximum, average and minimum air
temperatures (Tmax, Tmed and Tmin) in the study area (Villamalea, Castilla La Mancha, SE Spain).

According to FAO-UNESCO [36] and the IUSS Working Group WRB [37], the soils of the study
area are classified as Calcic cambisols. Organic matter content is on average 1.1 g/m3, varying from
1.05–1.12 g/m3. The texture is sandy clay loam (60% sand, 10% silt, and 27% clay) over a limestone
parent material.

2.2. Experimental Design

2.2.1. Plot Description

In autumn 2018, nine 10 × 10 m2 plots were set up in each of the three land uses (27 plots in total)
of the same study area with the typical climate and soil characteristics described in Section 2.1. The
analyzed land uses were (1) intensive agriculture; (2) abandoned farmland; (3) natural forest. The plots
with similar slopes (1–5%) were distributed selecting certain site characteristics, slopes, and aspects to
ensure comparability among the 27 plots. Distances between plots were always over 500 m.

The land use related to intensive agriculture (hereinafter “IA”) consisted of an olive grove about
20 years old. Cropping operations follow the usual standards of the local farmers. The orchard is
tilled three times per year, scheduled depending on the soil moisture and weed removal needs. Tillage
is carried out just before or on the occasion of weed germination in order to keep the soil surface
clean and tidy and is refined by eliminating herbs near the trunk of each tree (in June or July) by hoes.
No fertilizers are used in the olive grove. Residues of pruning, operated in February or March, are
concentrated and burned at the margins of the grove, but not chipped, as usually made for other crops
(e.g., citrus and apricots).

The abandoned farmland (hereinafter “AF”) was an olive orchard, abandoned about 15 years ago
and now mainly covered by herbs and shrubs (mainly Rosmarinus officinalis L., Brachypodium retusum
(Pers.) Beauv., Lavandula latifolia Medik., Thymus vulgaris L., Macrochloa tenacissima L., Quercus coccifera
L., Plantago albicans L. Eryngium campestre L., and Pistacia lentiscus L.).

Forest plots (hereinafter “FO”) are covered by Pinus halepenis M., about 50 years old, with a
density of 560 trees per ha. Shrubs found underneath the trees are Quercus coccifera L. and Macrochloa
tenacissima L.

2.2.2. Soil Property Measurements

Herbal cover, rock fragments, dead woody matter, and bare soil covers were measured at three
5-m transects in each plot, measuring the percent cover of each property over a grid of 1 m × 1 m.
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Bulk density was calculated on triple samples per plot as the weight of soil in a given volume of the
core extracted by a small cylinder at a depth of 20–30 cm. Soil water content (SWC) was estimated
using a HOBOnet Soil Moisture Sensor, which integrates the field-proven ECH2O™ EC5 Sensor and
provides readings directly in volumetric water content. SWC was measured hourly for 24 h on the
occasion of the SWR and SHC surveys and the measures were then averaged.

The main topsoil properties (0–5 cm) were determined on six samples per plot. A total of
162 soil samples (6 samples × 9 plots × 3 land uses) were collected. Soil characterization was
carried out by measuring the following parameters: (i) texture (sand, silt and clay percentage)
following the methodology of Guitian and Carballas (1976) [38]; (ii) soil organic matter (OM),
estimated from organic carbon following the methodology proposed by Nelson and Sommers
(1996) [39]; (iii) electrical conductivity (EC) and pH, measured in deionized water (1:2.5 and 1:5
w:w, correspondingly) at 20 ◦C [40]; (iv) content of (total nitrogen, using the Kjeldahl method [41]) and
available phosphorus [42]); (v) content of potassium; magnesium; sodium; and calcium, exchangeable
cations measured using the barium-chloridetriethanolamine method [43]).

Based on the parameters above, the carbon-to-nitrogen ratio (C/N) and cation exchange capacity
(CEC) were calculated.

The water infiltration capacity of soils was estimated measuring SHC by a MiniDisk infiltrometer
(MDI). In more detail, first the measured cumulative infiltration values (I, [m]) were fitted against the
measurement intervals (t, [s]), both given by MDI, using Equation (1):

I = C1t + C2
√

t (1)

and the coefficients C1 [m/s] and C2 [m/s1/2] were estimated by interpolation. Coefficient C1 is
related to SHC, and C2 is the sorptivity [44]. Then, SHC (k, [mm/h]) was calculated using the
following equation:

k =
C1

A
(2)

where coefficient A is a value relating the Van Genuchten parameters (n and α) for a certain soil type
to the suction rate (h0) and the infiltrometer disk radius (2.25 cm). Entering the values of n, α, and h0

(assumed in this study to be equal to −2 cm) of the experimental soils in the table reported in the MDI
manual [44], a value of 2.8 was derived for A. Equations (1) and (2) were proposed by Reference [45].

SWR was measured as follows: 15 drops of distilled water were released, using a pipette, on the
soil surface of a 1-m transect, to homogenize the changing soil conditions; the time necessary for drops
to infiltrate completely into the soil was measured by a stopwatch. Before measurement, litter cover
was removed, and the soil surface was cleaned using a brush. The high number of replicates (ten
points per plot) assured the best reliability for this measurement. The method used is recognized as
one of the most appropriate for evaluating the SWR degree in field measurements [46].

2.3. Statistical Analysis

A one-way ANOVA (using land use as the independent factor) was applied to evaluate the
statistical significance of the variations in soil cover, physico-chemical properties, SWR and SHC.
All the plots were considered spatially independent. An independent Fisher’s minimum significant
difference test (LSD) was used for the post hoc analysis comparisons. A p < 0.05 level of significance
was adopted. It was not necessary to perform data transformations for the analysis. ANOVA assumes
normality and this assumption was checked using QQ-plots. All measured variables were used to
perform the principal component analysis (PCA), the latter being based on a Spearman rank correlation
matrix, to reduce the dimensionality of the data set. The statistical analysis was performed by version
3.24 of the R Project for Statistical Computing.
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3. Results

The soil physical characteristics as measured for the three land uses are shown in Table 1. The
texture of the experimental soils was statistically similar between AF and IA; the texture of the FO soil
was significantly different from the other land uses. In general, the soil was finer in the AF and IA land
uses (clay loam and loam, respectively) and coarser in FO. Soils subject to IA were more compacted
(mean bulk density of 1.25 g cm−3), while the FO soils had a lower bulk density (0.83 g cm−3) (Table 1).

Table 1. Soil physical characteristics (mean ± standard deviation) in the study area (Villamalea, Castilla
La Mancha, SE Spain). Different lower-case letters indicate statistically significant differences following
LSD test (P-value < 0.05).

Land
Use *

Sand
(%)

Silt
(%)

Clay
(%)

Bulk Density
(g cm−3)

Rock
(%)

Herbal Cover
(%)

Bare Soil
(%)

Dead Woody
Matter (%)

IA 46.0 ± 9.9 b 35.3 ± 8.7 a 18.7 ± 9.7 ab 1.25 ± 0.2 a 14.2 ± 2.9 a 1.0 ± 0.7 b 72.8 ± 3.8 a 33.3 ± 5.7 b

AF 32.9 ± 12.2 b 39.8 ± 7.9 a 27.7 ± 6.8 a 1.10 ± 0.3 b 3.1 ± 2.2 b 32.4 ± 4.9 a 31.1 ± 2.8 b 12.8 ± 5.7 c

FO 70.0 ± 10.1 a 19.5 ± 9.5 b 10.3 ± 6.7 b 0.83 ± 0.2 c 10.0 ± 2.2 ab 29.5 ± 5.5 a 1.3 ± 0.5 c 59.1 ± 6.6 a

* AF: Abandoned Farmland; IA: Intensive Agriculture; FO: Forest.

The IA showed the lowest vegetation cover (on average only 1% of the total sampled area). This
latter parameter was similar between the other land uses (about 30% and not significantly different
between abandoned farmland and FO). On average, only 1% of the soil in the FO plots was bare
against more than 70% in IA (Table 1). The percentage of dead woody matter (plant material less than
2 mm in diameter) was statistically significantly different for all land uses, being highest in FO plots,
followed by IA and AF soils.

The soil chemical characteristics as measured in the three land uses are shown in Table 2. The
values of pH (on average 8.5–8.7) and EC (0.21–0.24 mS cm−1) were not significantly different among
the investigated land uses. The OM content, in tune with the soil total carbon, was similar between
AF and FO (mean values between 1.3 and 1.5%), and significantly lower in IA (on average 0.6%). OM
was not correlated to dead woody matter, presumably due to the different mineralization levels of
the investigated soils, on which the previous and current tillage practices may have played a role.
Also, the contents of P, K, and cations (Na+, Ca++ and Mg++) were significantly different between land
uses. FO soils had the lowest concentrations (except for Ca++) and the AF the highest (except for P).
Conversely, there were no statistically significant differences in N content (on average 0.05–0.1%). Due
to this, the C/N ratio was quite similar among all the studied land uses (mean values between 11.9 and
16.3), in spite of the differences recorded in C mean contents (from 0.6% of IA to 1.5% of AF). Finally,
CEC was significantly higher in AF (on average 16.3 meq/100 g of soil), while FO soils showed the
lowest value (6.8 meq/100 g, this latter not significantly different from IA, 9.9 meq/100 g) (Table 2).

Table 2. Soil chemical characteristics (mean ± standard deviation) in the study area (Villamalea, Castilla
La Mancha, SE Spain). Different lower-case letters indicate statistically significant differences following
the LSD test (P-value < 0.05).

Land Use *
pH
(-)

OM
(%)

C
(%)

N
(%)

P
(ppm)

K
(meq/100 g)

Na
(meq/100 g)

IA 8.7 ± 0.7 a 0.98 ± 1.0 b 0.56 ± 0.2 b 0.05 ± 0.01 a 21.7 ± 6.3 a 0.5 ± 0.1 b 0.32 ± 0.11 a

AF 8.5 ± 0.7 a 2.7 ± 0.9 a 1.5 ± 0.5 a 0.10 ± 0.05 a 8.1 ± 2.1 b 0.8 ± 0.2 a 0.35 ± 0.10 a

FO 8.7 ± 0.6 a 2.2 ± 0.8 a 1.3 ± 0.5 a 0.08 ± 0.03 a 7.4 ± 1.1 b 0.2 ± 0.1 c 0.10 ± 0.05 b

Land Use *
Ca

(meq/100 g)
Mg

(meq/100 g)
C/N K/Mg Ca/Mg

CEC
(meq/100 g)

EC
(mS/cm)

IA 32.1 ± 5.9 b 1.3 ± 0.3 a 11.9 ± 3.7 a 0.3 ± 0.1 a 24.1 ± 5.9 b 9.9 ± 3.8 ab 0.21 ± 0.03 a

AF 41.5 ± 7.9 a 1.6 ± 0.3 a 14.2 ± 3.5 a 0.5 ± 0.1 a 25.8 ± 6.2 b 16.3 ± 5.3 a 0.21 ± 0.02 a

FO 32.2 ± 9.4 a 0.7 ± 0.2 b 16.3 ± 8.2 a 0.3 ± 0.1 a 43.9 ± 7.7 a 6.8 ± 3.8 b 0.24 ± 0.04 a

* AF: Abandoned Farmland; IA: Intensive Agriculture; FO: Forest; OM: Organic Matter; CEC: Cation Exchange
Capacity; EC: Electrical Conductivity; C: Total carbon; N: Total nitrogen.
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The analysis of the hydrological properties of the investigated soils showed much higher mean
SWR values on soil surface compared to measurements made at 2 cm below ground (4-fold, AF, and
20-fold, FO). Only in soils under IA, the surface, and below ground SWR were similar. Moreover, FO
soils had the highest SWR at both investigated depth (on average 74 s, on the soil surface and 3.5 s,
2 cm below the ground), while the lowest values were measured in IA (2.5 s) on soil surface, and AF
(2.0 s) at 2 cm below the ground. Soil water content was 10.0% for AF and FO and 15.2% for IA) at the
date of measurements (Figure 3a).

(a) 

(b) 

a      a               b    b              c      a 

 a     b              c     b             b     b 

Figure 3. Soil water repellency (SWR, measured on the soil surface and at 2 cm below ground, (a),
water content (SWC, b) and hydraulic conductivity (SHC, b) in the study area (Villamalea, Castilla La
Mancha, SE Spain). Different lower-case letters indicate statistically significant differences comparing
land uses for SWC and SHC following LSD test (P-value < 0.05).
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In soils under IA, the highest SHC was detected (on average 17 mm/h), while the FO soils showed
the lowest values (5 mm/h), similar (but significantly different) from SHC measured in the AF (mean
value of 7 mm/h) (Figure 3b and Table 3).

Table 3. Results of ANOVA applied to land uses (Abandoned Farmland; Intensive Agriculture; Forest)
for soil water content (SWC), repellency (SWR) and hydraulic conductivity (SHC) in the study area
(Villamalea, Castilla La Mancha, SE Spain).

Soil Parameter * Degree of Freedoms F-Ratio P-Value

SWC

2

28.9

<0.05
SWR (soil surface) 53.7

SWR (−2 cm) 34.7
SHC 10.5

* SWC = Soil Water Content; SWR = Soil Water Repellency; SHC = Soil Hydraulic Conductivity.

The PCA evidenced a clear clustering of the three investigated land uses with regard to the
properties of soils, assumed as original variables (Figure 4). The PC1 and PC2 explained 51% and
37% (in total 88%), respectively, of the total variance of the original variables (Table 4). EC, pH, CEC,
and nutrient contents were the variables with the higher loading factors on PC1, whereas plot % of
vegetation cover, bare soil, dead woody matter, total carbon content, and bulk density showed the
higher loadings on PC2.

Figure 4. Principal component analysis applied to properties of soils subject to different land uses (AF:
Abandoned Farmland; IA: Intensive Agriculture; FO: Forest) in the study area (Villamalea, Castilla La
Mancha, SE Spain) (the ellipses represent the evident clusters achieved by coupling ANOVA and PCA
and using land uses as factors).
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Table 4. Factor loadings on the first three principal components (PC) applied to properties of soils
subjected to different land uses in the study area (Villamalea, Castilla La Mancha, SE Spain).

Soil Properties
(Original Variables)

PCs

PC1 (51%) PC2 (37%)

Rock 0.111 0.113
Vegetation cover −0.102 −0.263

Bare soil 0.088 0.347
Dead woodymatter −0.070 −0.268

Bulk density 0.009 0.306
Sand content 0.269 −0.202
Silt content −0.244 0.245
Clay content −0.293 0.141

pH 0.311 0.054
Electrical conductivity −0.312 0.051

Organic matter −0.191 −0.304
Total nitrogen content −0.247 −0.237
Phosphorous content 0.097 0.365
Potassium content −0.307 0.089

Sodium content −0.230 0.264
Calcium content −0.311 −0.059

Magnesium content −0.263 0.214
Total carbon content −0.193 −0.303

Cation Exchange Capacity −0.310 0.070

Note: in parentheses the percentage of the total variance explained by each PC is reported.

4. Discussion

Many studies have demonstrated how and by what extent land uses influence the
physico-chemical and hydrological characteristics of soil (e.g., [4,11,16,34,47]). However, these
characteristics also depend on the specific soil properties, such as texture and vegetal cover. For
the investigated soils (sandy to clayey texture with variable vegetation cover), it has been shown that
some of the chemical characteristics (namely pH, EC, N content and the C/N ratio) were very similar
among the investigated land uses. Conversely, significant gradients in the OM content and CEC, two
very important soil properties regarding soil fertility and productivity, were noticed when comparing
AF (showing the highest values) to soils subject to IA. This soil depletion in OM and CEC may be
attributable to plant uptake, due to the crop growth [48]. Moreover, soil under IA has lower OM and
higher C/N ratio on average, although not optimal [49]; the other two land uses (AF and FO) have
much less favorable C/N ratio for plants.

The most important variations among the investigated land uses were noticed in the soil
hydrological properties: SWR and SHC varied significantly among the experimental land uses. More
specifically, the topsoil of forested land had a much higher SWR compared to the surface soils subject
to IA and AF. Even a slight SWR of FO soil may have noticeable effects on water infiltration rates,
generating more runoff—particularly in summer, when the soil is drier—and thus enhancing soil
erosion [27]. However, although it has been reported that SWR is particularly common under rangeland
or forestland such as permanent grassland and deciduous shrub and forest terrain [50–52], it can
also occur on agricultural land [27]. SWR affects both coarse and fine-textured soils [21,29,53] and
occurs at low to moderate water contents [26,54]. In particular, coarse-textured soils, as those of the
forestland analyzed in this study, are more prone to water repellency, even when they are permanently
vegetated [55]. The level of SWR depends on the soil particle fraction with a hydrophobic surface
coating [52] and is influenced by the surface area of the particles, which varies considerably with soil
texture [56]. Therefore, in the sandy soils of our forestland, which have the lowest surface area, a
hydrophobic surface impacts a larger proportion of particles than for a loamy or clayey soil where the
surface area is up to three orders of magnitude greater [56,57]. Moreover, the plant species surveyed in
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the forest of this study (eucalyptus and pines) are perennial trees with a considerable concentration
of resins, waxes or aromatic oils, which have commonly been associated with SWR [58–60]. Under
these conditions, it may be advisable to develop proper strategies to reduce SWR, such as a more
effective soil management, the addition of clays to increase particle surface area, tillage to break-up and
abrade hydrophobic surfaces and the use of chemical wetting agents [29,61]. Moreover, regions with
a Mediterranean climate with prolonged dry periods, such as southern Spain, could be particularly
affected by SWR and its hydrological impacts, which bring soils within a water content range in which
SWR is exhibited [18,62,63].

Conversely, SWR levels surveyed in the other two investigated land uses (IA and AF) are less
severe. In the soils previously subjected to agricultural activities, plant natural succession after land
abandonment helps to avoid or reduce SWR, contributing to water penetration into the deeper soil
layers, thanks to preferential flow paths via plant roots and stem flow [64]. Regarding the plots
subjected to IA, agricultural soils are usually considered wettable [29], even though some studies have
found that soil management practices can induce water repellency also in cropped areas [30–32]. In
general, tilled sites are virtually unaffected by SWR [55]; furthermore, cultivation promotes rainfall
infiltration, and, as a consequence, the runoff and erosion rates are significantly reduced [65]. However,
although runoff and erosion are mostly reduced after plowing, these processes may increase again
over time because of crusting, especially in silty soils [66].

Beside the low SWR levels, the reduced SHC of forestland detected in this study, compared to
soils subject to IA, deserves much attention. As a matter of fact, depending on the severity of SWR,
such soils may have water infiltration rates lower than would be expected on the basis of their pore
size distribution and SWC (e.g., [20,25]). The combination of a reduced wettability (due to high SWR)
and low SHC may enhance surface runoff (e.g., [26,67]). With this type of land use, the exposure of
soils to the highest and most erosive rainfalls in the experiment area during autumn/winter may
aggravate the erosive risks. However, this particular hydrological response of forest sandy soils can be
prevented by a proper ground cover and by natural vegetation, which, having a strong influence on
soil hydrological properties, reduces soil erosion rates [68].

Also, in the AF of this study, a lower SHC was detected (of the same order of magnitude as
FO), which may lead to the degradation of the ecosystem at least during the first 3–5 years after
abandonment [65]. This reduced SHC could be mainly due to the finer texture of AF soil compared
to IA, but also the land use may have had a role. However, it has been demonstrated that, after land
abandonment, the vegetation recovery should improve soil water-retention capacity and hydraulic
conductivity, thus increasing infiltration and decreasing runoff and erosion rates [65,69]. In such a way,
plant re-growth starts to control the hydrological and erosional soil response [64]. Moreover, the C/N
ratio of AF soils is less favorable than in agricultural soils (and this could be due to the absence of
fertilizer applications), which subsequently influenced plant succession (depending on the duration of
abandonment) [49].

Overall, the worse hydrological response of FO soils compared to IA and AF plots, detected in
this study, suggest that, although the forest tree planting by reforestation has been adopted as a viable
land management strategy in many parts of the Mediterranean basin, natural scrubland, similar as
those of revegetation processes in AF, may be more appropriate with regard to water use efficiency
and soil conservation measures, since they assure a lower SWR and a slightly higher SHC [18].

However, it must be understood that the SHC measurements of the tension infiltrometer carried
out in this study relate to the unsaturated soil. This parameter may be initially more important than
saturated hydraulic conductivity at the time scale of convective rainfall, which is typically short and
only lasts 20–60 min, common in many Mediterranean areas [70]. Since this investigation showed that
soils of forestland and AF are affected by a lower SHC compared to agricultural areas, these land uses
require caution in semi-arid or arid Mediterranean ecosystems, where runoff and soil erosion risks may
be high. As a matter of fact, given that in the soils typical of this climatic context (in particular, those of
prevalent sandy texture) the Hortonian (that is, infiltration-excess) overland flow type dominates over
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concentrated runoff, a reduction of SHC may worsen the hydrological behavior of soils subjected to
these land uses, with a possible increase of water runoff and soil erosion [71]. In fact, a lower water
infiltration rate increase reduces the water storage of soil during heavy storms, thus increasing the
share of precipitation, which generates surface runoff [16,47].

5. Conclusions

The effects of land use (abandoned farmland, intensive agriculture and natural forest) have been
evaluated at the plot scale with particular reference to the physico-chemical properties, water content
and repellency, and the hydraulic conductivity of soils. While most soil properties were not significantly
different between the land uses, the hydraulic properties of the investigated soils showed specific
responses to the different land uses or plant covers. Forest soils showed -high water repellency and
low infiltrability, which worsens their hydrological behavior under heavy and frequent storms typical
of the Mediterranean landscape. This behavior may increase the risks of soil erosion and pollutant
runoff downstream in sloping areas. Abandoned soils previously subjected to agriculture showed a
moderate water repellency, but their low hydraulic conductivity can cause serious problems in terms
of runoff and soil erosion. However, shrub vegetation recovery, resulting from plant succession, can
decrease this concern by increasing soil cover, which may reduce its erodibility. Compared to the
forestland and the abandoned land, the agricultural soils were less affected by water repellency and
low infiltrability, presumably due to the periodical tillage operations.

Overall, the main conclusion of this study is the important effect of land use on the hydrological
characteristics of soils, and indirectly on their different susceptibility to surface runoff and erosion.
This suggests paying attention to the specific land use and soil type under the Mediterranean climate
(namely, steep sandy soils of forest ecosystems and also in the context of the expected climate changes),
which may be affected by high runoff and erosion rates.
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Abstract: Due to the reduction in the prices of oranges on the market and social changes such as
the ageing of the population, traditional orange plantation abandonment in the Mediterranean is
taking place. Previous research on land abandonment impact on soil and water resources has focused
on rainfed agriculture abandonment, but there is no research on irrigated land abandonment. In
the Valencia Region—the largest producer of oranges in Europe—abandonment is resulting in a
quick vegetation recovery and changes in soil properties, and then in water erosion. Therefore,
we performed rainfall simulation experiments (0.28 m2; 38.8 mm h−1) to determine the soil losses
in naveline orange plantations with different ages of abandonment (1, 2, 3, 5, 7 and 10 years of
abandonment) which will allow for an understanding of the temporal changes in soil and water
losses after abandonment. Moreover, these results were also compared with an active plantation (0).
The results show that the soils of the active orange plantations have higher runoff discharges and
higher erosion rates due to the use of herbicides than the plots after abandonment. Once the soil is
abandoned for one year, the plant recovery reaches 33% of the cover and the erosion rate drops one
order of magnitude. This is related to the delay in the runoff generation and the increase in infiltration
rates. After 2, 3, 5, 7 and 10 years, the soil reduced bulk density, increase in organic matter, plant
cover, and soil erosion rates were found negligible. We conclude that the abandonment of orange
plantations reduces soil and water losses and can serve as a nature-based solution to restore the soil
services, goods, and resources. The reduction in the soil losses was exponential (from 607.4 g m−2 in
the active plot to 7.1 g m−2 in the 10-year abandoned one) but the water losses were linear (from 77.2
in active plantations till 12.8% in the 10-year abandoned ones).

Keywords: agricultural land management; irrigated fields; erosion; abandonment; soil properties

1. Introduction

Citrus plantations are widespread due to the increase in the fruit demand around the world [1,2].
The traditional citrus production regions such as Valencia face a crisis due to production in other
regions [3]. A social and economic change is taking place in traditional citrus production areas due to
the ageing of the population, the competition of the large farms managed by companies, and social
and economic changes [4]. The small size of traditional farms is also a key concern for the viability of
production [5]. Citrus production in Valencia is facing technical modernization in large farms, with
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drip irrigation and highly mechanized systems where labor is reduced [6] but the soil and water losses
are enhanced (Keesstra et al., 2019). In front, we have traditional small size farms, with flood irrigation
and high labor costs that result in low income for the farmers. Moreover, in the Valencia region, the
ageing of the farmers and the social changes (to be a farmer is not attractive for the new generation)
and low income associated with farming results in farmland abandonment [7].

Land abandonment has been widely researched in the last 50 years [8,9]. This is a consequence
of the changes in the economy of developed countries rather than triggered different drivers [10,11].
From an environmental point of view, abandonment results in an increase in the infiltration rates [12]
due to vegetation recovery [13]. Soil erosion is also reduced by the effect of the vegetation cover and
the recovery of organic matter [14].

The research carried out on recent land abandonment was done in rainfed land. This is due
to the fact that the abandonment took place in rainfed land that did not evolve to irrigation [15].
The intensification of the agriculture contributed to increasing the land irrigated; meanwhile, the
one that was less productive, usually the rainfed one, was abandoned. The research carried out on
irrigated land is recent and focuses mainly on socioeconomic issues [16]. The abandonment provides
ecosystems services such as carbon sequestration, water storage, soil properties, and seed bank fate
improvements [17]. This response to land abandonment is widespread around the world [18–20].

Research on the abandonment of traditional irrigation farms was restricted until now to the
historical, archaeological, and ecological approach [21–23]. There is no information about the changes
in soil hydrology and soil erosion once the abandonment takes place in traditional flood irrigated
land. This paper is the first approach to understand the effect of irrigated farmland abandonment on
soil erosion and runoff discharge. Our main goal is to determine how the soil and water resources
change once abandonment takes place and how to evolve along a decade with the use of plots in use
or abandoned for 1, 2, 3, 5, 7 and 10 years.

2. Materials and Methods

2.1. Study Area

The research presented in this paper was carried out in the Canyoles River watershed, in the
fluvial terraces (145 m a.s.l.) in the municipality of Canals (Valencia, Spain), a representative zone of
the Mediterranean citrus plantation that was established along the 1960s. The farm properties are
small in size in this region, and usually, all the farms are smaller than 1 ha and the average at the study
site is 0.45 ha. The active field is flood irrigated and herbicide (Glyphosate) is applied any time the
weeds germinate, which results in a bare soil surface. Once abandonment takes place there is a quick
recovery of the vegetation. The climate is typically Mediterranean with a mean annual precipitation of
532 mm and a mean annual temperature of 16.2 ◦C. The soil is an Anthrosol [24] and the texture of the
soil is clay-loam: 21% clay, 39% silt, and 40% sand. The planting pattern is 5 m × 4 m, the usual pattern
for citrus in this agricultural area. The farm was flood-irrigated with freshwater from the Riu de Sants,
which flows from the Massís del Caroig aquifer. The slope is negligible due to the land flattering
and the effects of the floods on the fields. The soils are basic in pH (7.9). The observed soil profiles
were very homogeneous as a consequence of tillage practices for centuries and land levelling. The
study area was selected in the Pleistocene fluvial terrace of the Canyoles River (near the hamlet of
Aiacor) and show 22% gravel content. The irrigation system (Sèquia de Ranes) flows from the nearby
Riu de Sants spring. Irrigation takes place every 2 weeks in the summer and does not take place
once the fields are abandoned. The management up until the time of abandonment was similar in all
plots: herbicide (Glyphosate (N-(phosphonomethyl)glycine) and inorganic fertilizers (NPK—nitrogen,
phosphorus, and potassium—0.8 Mg ha−1 per year). Once the plots are abandoned, neither irrigation
nor fertilization takes place.
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2.2. Experimental Design

The experimental design was based on the fact that the study area has suffered since 2000 a
progressive abandonment due to the low income in such small parcels, the dropping of the prices
of the oranges, and the ageing of the landowners. Then we selected a farm that was active and the
neighbouring farms that had been abandoned for 1, 2, 3, 5, 7 and 10 years (Figure 1A). At each farm,
we selected 10 representative 1-m2 plot where sampling and simulated rainfall experiments on 0.28-m2

plots were carried out (Figure 1B). All the plots have Citrus sinensis plantations with Naveline variety
and “Carrizo” rootstock.

Figure 1. Scheme of the study plots (A), localization of the experimental fields (B), ring plot in the
active farm (C), and field campaign (D).
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2.3. Soil Sampling

The seven experimental fields show different ages of abandonment. Age 0 is the active field with no
weed cover due to the use of herbicides, and 1, 2, 3, 5, 7, and 10 years are the fields that were abandoned
along the last decade. The soil sampling took place in August 2014 during the Mediterranean summer
drought. Ten soil samples were taken from the top 6 cm of the soil using a 100 cm3 steel cylinder. We
measured gravimetric soil water content (SWC) and bulk density (BD). Moreover, soil samples were
weighed, oven dried at 105 ◦C during 24 h, and weighed at room temperature to estimate organic
matter by the dichromate method [25]. Also, grain size distribution was calculated by the pipette
method. Vegetation cover, stones, and soil crusts were estimated using 100 pins evenly distributed in
the rainfall simulation plot.

2.4. Rainfall Simulation Experiments

Seventy experiments (10 repetitions × 7 plots) during 1 h for the active and 1, 2, 3, 5, 7, and 10
years of abandonment were carried out at 38.8 mm h−1 rainfall intensity on the circular paired ring
plot (0.28 m2; Figure 1C,D). These rainfall events are characterised by a return period around 2 years in
the eastern Iberian Peninsula and have been used widely in rainfall simulation experiments [26]. All
experiments were carried out when the soil moisture was low during the last week of July 2014 with
no rainfall events to avoid variability among plots. Runoff was collected each 1-min interval and total
water loss was calculated. Then, the runoff coefficient was obtained by means of the percentage of
rainfall water flowing through the ring plot. In the laboratory, runoff samples were desiccated (105 ◦C,
24 h) and soil loss was obtained based on the weight basis per area and time (g m2 h−1). Furthermore,
it was also possible to quantify time to ponding (time required for 40% of the surface to be ponded;
Tp, s), time to runoff initiation (Tr, s), and time required by runoff to reach the outlet (Tro, s). Those
parameters show how the runoff initiation takes place and how ponding is transformed into runoff
and how the runoff reaches the runoff outlet.

2.5. Statistical Analysis

Descriptive statistics were calculated (mean, median, maximum, and minimum) and used for
further statistical analysis. Soil properties were represented in linear graphs in order to show their
evolutions during the studied period using Excel software (Windows, Redmond, Washington, DC,
USA). The number of points used for each analysis corresponded to all measurements done at each
location. Then, the hydrological response was represented as polar graphs dividing by intervals
(natural breaks) the obtained results. Finally, soil erosion results were depicted in scatterplots using
SigmaPlot 12.0 (Systat, Chicago, IL, USA). Statistical differences were evaluated performing an ANOVA
one-way test to check the statistically significant differences among years of abandonment. If the
normality test failed (Shapiro–Wilk), a Tukey test was conducted when the homogeneity variance fails
(Levene´s test). Finally, a Spearman rank correlation coefficient was carried out in order to assess the
possible connection between environmental plot characteristics and soil erosion results.

3. Results

3.1. Soil Properties

The soils of the seven study sites affected by different times since abandonment show changes
that can shed light into the evolution of the soil properties upon abandonment (Figure 2). Antecedent
soil moisture is reduced from 14% to 5.1% in ten years of abandonment. Bulk density does not show
significative changes after 1 year of abandonment (from 1.38 to 1.37 g cm−3), but after that, the values
decrease to 1.15 g cm−3 in the tenth year of abandonment. On the contrary, organic matter and plant
cover quickly increased after the abandonment, showing changes from 0.93 to 1.79% and from 1.1 to
90.3%, respectively. The cover of rock fragments varies among plots, reaching the maximum values in
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the plots after 1, 2, and 3 years of abandonment. Finally, the development of soil crusts also shows a
drastic decrease from the active plot (83.4%) to the 10 years abandoned plot (3.4%).

Figure 2. Variation of soil properties over different time periods since abandonment. (A) Antecentt soil
moisture; (B); Bulk density; (C); Organic matter; (D); Plants; (E) Rock fragments; (F) Crust.

3.2. Hydrological Response

Figure 3 shows the time to ponding, time to runoff generation, and time to runoff in the outlet
(seconds) represented in polar graphs. Table 1 shows the results of the Tukey test applied to all the seven
study sites. The results show that among plots, there exists a clear statistically significant difference
after the abandonment (p < 0.001). Time to ponding moves from 25.9 to 238.1 seconds, respectively,
from the active plot to the 10 years abandoned one. Time to ponding was much delayed after seven
years of abandonment. Runoff was generated after 47.2 seconds in the cultivated plot and after the
runoffwas delayed by 477.8 seconds. There was a clear trend that showed a progressive delay in the
ponding and runoff initiation once the abandonment took place. Moreover, a clear variance among the
10 repetitions in each plot was also relevant, which could be affected by the uneven distribution of the
plant recovery. The time to a runoff in the outlet was faster (88.3 s) in the active plot and delayed after
the abandoned. The 10-year abandoned plot needed 917 s to achieve runoff at the outlet.
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Figure 3. Hydrological response depending on the period of abandonment (360◦ = range of values).
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Table 1. Statistical differences of hydrological responses and soil erosion results among periods of
abandonment. Tp: time to ponding; Tr: time to runoff generation; Tro: time to runoff in outlet; Rc:
runoff coefficient; SC: sediment concentration; SL: soil loss.

Years Tp Tr Tro Rc SL SC

0 vs. 1 <0.001 <0.001 <0.001 0.536 0.005 <0.001

0 vs. 2 <0.001 <0.001 <0.001 0.007 <0.001 <0.001

0 vs. 3 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

0 vs. 5 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

0 vs. 7 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

0 vs. 10 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

1 vs. 2 <0.001 <0.001 <0.001 0.036 <0.001 0.338

1 vs. 3 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

1 vs. 5 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

1 vs. 7 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

1 vs. 10 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

2 vs. 3 <0.001 <0.001 <0.001 0.205 <0.001 0.002

2 vs. 5 <0.001 <0.001 <0.001 0.014 <0.001 <0.001

2 vs. 7 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

2 vs. 10 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

3 vs. 5 0.002 <0.001 <0.001 <0.001 0.002 0.048

3 vs. 7 <0.001 <0.001 <0.001 <0.001 <0.001 0.014

3 vs. 10 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

5 vs. 7 <0.001 <0.001 <0.001 <0.001 <0.001 0.400

5 vs. 10 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

7 vs. 10 <0.001 <0.001 <0.001 0.005 <0.001 0.003

3.3. Runoff, Soil Loss, and Sediment Concentration

In Figure 4, runoff coefficient, sediment concentration, and soil loss are depicted in box plots.
The runoff coefficient shows the highest rates in the active plot, reaching average values of 77.2% of
the rainfall, with maximum ones of 96.3%. On the contrary, in the other plots, the average runoff
coefficient descends to 71.8, 51, 42.3, 32.3, 22.3, and 12.8% for 1, 2, 3, 5, 7- and 10-years of abandonment,
respectively. The highest variability can be observed after the second year of abandonment. In Table 1, it
is possible to observe values with non-statistically significant differences in runoff coefficients between
0–1 year and 2–3-years after abandonment. Sediment concentration also shows a drastic decrease
from the active plot to the 10-year abandoned field, obtaining values from 14.7 (maximum values of
20.4 g L−1) to 1 g L−1 (maximum values of 1.02 g L−1). Table 2 shows that all the plots have significant
differences in this parameter. The soil loss parameter also shows a decrease: from 607.4 (active plot),
271.4 (1 year), 150.3 (2 years), 62.8 (3 years), 33.46 (5 years), 19.7 (7 years) till 7.1 g m−2 (10 years).
Table 1 shows that between 1–2 years and 5–7 years of abandonment, no differences can be observed,
but there are differences in other years.
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Figure 4. Evolution of the runoff coefficient, sediment concentration, and soil loss along the
abandonment time from active plantations to 10-years old abandonment. Dotted line: average
(n = 10). (a) Runoff coefficient; (b) Sediment concentration; (c) Soil loss.

Table 2. Spearman rank coefficient between environmental factors, hydrological responses, and soil
erosion. SM: antecedent soil moisture; BD: bulk density; OM: organic matter; Plants: plant cover; Rock:
rock fragment cover; Crust: soil crust; Tp: time to ponding; Tr: time to runoff generation; Tro: time to
runoff in outlet; Rc: runoff coefficient; SC: sediment concentration; SL: soil loss.

Variables Tp Tr Tro Rc SC SL

SM −0.84 −0.84 −0.85 0.77 0.80 0.77
BD −0.85 −0.86 −0.85 0.80 0.81 0.75
OM 0.82 0.83 0.83 −0.77 −0.76 −0.70

Plants 0.95 0.95 0.95 −0.87 −0.88 −0.84
Rock −0.56 −0.54 −0.54 0.59 0.49 0.49
Crust −0.93 −0.93 −0.93 0.85 0.85 0.81
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In Table 2, it can be observed that only the rock fragment cover does not show a high correlation
with the hydrological responses and soil erosion results. On the other hand, the highest Spearman
rank coefficient values were obtained between the development of a high plant cover and the positive
relationship with Tp (0.95), Tr (0.95), and Tro (0.95), and the negative one with Rc (−0.87), SSC (−0.88),
and SL (−0.84). Moreover, high positive correlations were observed with the OM contents. On the
contrary, higher values of antecedent soil moisture, bulk density, and soil crust were highly correlated
with Tp, Tro, and Tro, and Rc, Sc, and SL.

4. Discussion

The use of developing countries as food producers, an increase in agricultural productivity, and
the use of fossil fuels that reduce the need for animal traction and then for food production for them
has reduced the need to use part of the agriculture land [27,28]. This abandonment has environmental
consequences such as changes in water resources, vegetation cover and floristic composition, fauna, and
soil properties, which will affect also earth system functioning as they will control the biogeochemical
cycles [29–33]. Agriculture land abandonment is not a new issue from a social, economic, and
environmental point of view [34], but what is new is the agriculture technology that was developed
after War World II which has led to the widespread abandonment and contributed to the restoration of
the vegetation and fauna and the reduction in the soil losses in many parts of the world [35,36].

The research on the impact of abandonment of agriculture on environmental issues focused on
rainfed land [37], as the irrigated land used to be intensified [38,39]. Our research contributes to
new data generated in flood irrigated land that is being abandoned due to socioeconomic changes.
The findings demonstrated that the soils are able to recover plant cover and soil organic matter once
abandoned as other authors demonstrated in other types of agricultural land [17,40]. The changes
in plant cover will affect fauna such as has been demonstrated by other colleagues [41–43] and soil
properties. The non-utilisation of irrigation has generated soils which contain a lower amount of
water (antecedent soil moisture), which could affect some other pedological processes such as organic
matter development or aggregate stability [44,45]. Considering these changes, the diminution of soil
bulk density is also a relevant factor that could affect soil erosion activation [46]. As Bienes et al. [47]
observed in Central Spain, significant changes in bulk density used to appear after the abandonment
took place due to plant recolonization because of the root development and organic matter increase. In
our study area, weeds, grass, and small shrubs were distributed in little patches that directly affect
these pedological changes.

The plant cover (weeds) was mainly Paretaria Judaica, Conyza sumatrensis, Amarathus hibridus L., and
Chenopodium album. Once abandoned, the cover of Paretaria Judaica increased, but other plants appeared
such as Avena fatua, Asparragus sp., and Rubus ulmifolius that finally became the dominant species.

Once the land was abandoned, we also observed a significant difference in the rock fragment
cover. Possibly, the surface wash and tillage could remove the fine material and more rock fragments
were visible on the surface [48,49]. However, after the third year of abandonment, the vegetation
cover reduced neither the crust nor the rock fragments in the soil surface. This would also be an
interesting topic for research in the future because of its direct impacts on soil erosion processes and
biogeological systems.

Our research confirms that after the abandonment there was a sudden reduction in overland
flows that is shown in delayed ponding and runoff generation. This means that more water infiltrates.
However, our measurements also demonstrate that the amount of water flowing through and on the
soil is also reduced after the abandonment takes place. This can be due to the reduction in the effective
rainfall as the interception increases with the growth of the vegetation and the development of a litter
layer [50,51]. The impact of the litter was researched by the pioneer study of Facelli and Pickett [52]
and found that litter plays a key role in the water balance. Rainfall interception in abandoned fields is
related to the vegetation recovery, and the higher the biomass means a lower the net precipitation on
the soil [53].
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The loss of water reaching the soil after the abandonment of land changes the hydrological
cycle, such as Hou et al. [54] found in the Loess hillslopes in China, Šraj et al. [50] in Slovenia, and
Otero et al. [55] in Catalonia (Spain), where a loss of stream biodiversity and water availability was
found. Those findings are highlighted by García-Ruiz and Lana-Renault [13] along with their review
on the hydrological and erosive consequences of farmland abandonment in Europe. The impact of
abandonment shows less water availability and more water used by the vegetation. This results in a river
discharge reduction such as was demonstrated in the Central Spanish Pyrenees by Beguería et al. [56]
or in Slovenia where the Dragonja River reduced the sediment delivery due to the loss of the runoff
discharge as a consequence of the natural afforestation [57]. The use of water by the vegetation
(transpiration) also resulted in the loss of water available by plants such as Moreira et al. [58] found in
the Amazon on abandoned pastures, Rambousková et al. [59] in the abandoned fields in the Bohemian
Karst, and Farrick and Price [60] in the Sphagnum restoration in peatlands.

Our research at the Canals municipality demonstrated that the reduction in the water yield was
efficient as a consequence of the abandonment (from 77.2% in the active orange plantation to 12.8% in
the 10-years abandoned plots), but the reduction shows a linear correlation (0.91; Figure 4a). However,
for the sediment concentration and soil loss, the reduction followed a negative exponential trend with
an adjustment of 0.97 and 0.95, respectively (Figure 4b,c). This trend in the reduction of soil and water
losses were also found in previous literature. Ruecker et al. [61]; Koulouri and Giourga [62], and
Lesschen et al. [63] found this trend in abandoned Mediterranean terraces, Cerdà [12] in southeastern
Spain in a semi-arid landscape, Liu et al. [64] in the Loess Plateau, and Arnáez et al. [65] in the La Rioja
region, wherein the Camero Viejo district they found that abandonment controlled the soil erosion
rates and landscape evolution. Land abandonment is a recurrent topic in the Mediterranean, and
Portuguese examples confirm our findings here: control of soil losses by vegetation recovery [66].

Abandonment could be seen as a nature-based solution such as the use of straw in forest fire
affected land [66,67] to the high erosion rates found in agricultural land [68], and could be used as
a strategy to balance the carbon cycle [69] and rehabilitate the soils under the millennia-old use of
agriculture [70]. The research carried out at the Canals Municipality shows that abandonment could be
positive from an environmental point of view, but there is also the risk of a forest fire as the vegetation
could be very flammable during the Mediterranean summer drought [71]. Thus, the next essential
step of research is to find the optimal management of the abandoned orchards, and maybe it can
be used as a recreation area for nearby urban citizens [72]. This could be a successful solution in
the Mediterranean where agriculture land abandonment in the last decade also takes place in the
surroundings of city areas due to the economic crisis [69] and for which similar responses have been
shown in other developed countries [73]. How urban changes occur is related in one way to the
environmental conditions [74] but also to the cultural impact of humans [75].

Once the fields are abandoned, the vegetation recovery takes places as a mosaic of plants and this
response results in an increase in the spatial variability such as other authors found along climatological
gradients [76]. We found this increase in the spatial distribution due to the formation of tussocks, or
bare and plant covered patches, which is a clear factor in soil erosion, but with more intensity after the
second year of abandonment [77]. Our findings are based on a local survey and should be used to
supply basic information to develop proper models of water balance and soil erosion [78] that will
shed light onto the effect of other management systems such as organic farming, land abandonment or
cover crops and mulches [79,80].

5. Conclusions

Citrus plantation abandonment results in a recovery of the vegetation cover and soil organic
matter, and a reduction in the soil bulk density drought and soil moisture. Plant recovery is the key
factor that determined a linear reduction in the runoff discharge (from 72 till 13% of the rainfall) over
ten years of abandonment. The soil losses dropped from 607.4 g m−2 in the active plot to 7.1 g m−2 in
the 10 years after abandonment took place. We conclude that the abandonment of orange plantations
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could reduce soil and water losses if there is a proper plant recovery, which allows it to be considered
as a potential nature-based solution to restore the soil services, goods, and resources.
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Abstract: Water availability and quality in Mediterranean environments are largely related to the
spatial organisation of land uses in mountain areas, where most water resources are generated.
However, there is scant data available on the potential effects of land use changes on surface water
chemistry in the Mediterranean mountain region. In order to address this gap in the research, this
study investigates the effects of various mountain Mediterranean land covers/land uses on runoff
water yielded and water chemistry (solute concentrations and loads) using data from the Aísa Valley
Experimental Station (Central Pyrenees) for a long-term period (1991–2011). Nine land covers have
been reproduced in closed plots, including dense shrub cover, grazing meadows, cereal, fallow land,
abandoned field, shifting agriculture (active and abandoned) and 2 burned plots (one burned in
1991 and the second one burned twice in 1993 and 2001). Results show that all solute concentrations
differed among land uses, with agricultural activity producing significantly higher solute loads
and concentrations than the other types. Two groups have been identified: (i) the lowest solute
concentrations and the smallest quantities of solute loads are recorded in the dense shrub cover, the
plot burned once (at present well colonized with shrubs), meadows and abandoned field plots; (ii) the
plot burned twice registered moderate values and the highest solute concentrations and loads are
found in cereal, fallow land and shifting agriculture plots. Water chemistry is clearly dominated by
Ca2+ and HCO3

− concentrations, whereas other solutes are exported in very low quantities due to the
poor nutrient content of the soil. These results complete the information published previously on soil
erosion under different land uses in this experimental station and help to explain the evolution of land
cover as a consequence of shifting agriculture, cereal farming on steep slopes and the use of recurrent
fires to favour seasonal grazing. They also suggest that promoting the development of grazing and
cutting meadows is a good strategy to reduce not only soil erosion but also the loss of nutrients.

Keywords: solutes; land uses; soil erosion; water quality; Central Pyrenees

1. Introduction

The quality and availability of water resources constitute one the most important environmental
problems in many countries of the world (i.e., [1]). In the Mediterranean basin, water availability is
scarce, with strong seasonal contrasts and most of the flows are produced in mountain rivers [2,3], while
water demand is constantly increasing, especially in the lowlands, due to the growth in population
and urbanization, the expansion of irrigated areas and greater water consumption of the industrial
and tourism sectors [4–6]. García-Ruiz et al. [7] indicated that Mediterranean countries are among
the most under threat worldwide for water stress, due to high inter-annual and seasonal rainfall
variability, revegetation processes and a predicted decrease in river flows in the coming decades.

Water 2019, 11, 976; doi:10.3390/w11050976 www.mdpi.com/journal/water
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Giorgi [8] considered, on a global scale, the Mediterranean basin as a “hot spot” due to the limitation
of water resources.

Furthermore, it is well known, that the evolution of surface water resources is controlled by two
groups of environmental factors that are variable on a temporal scale: climate and land uses and land
covers (hereafter, LULC). In the Mediterranean basin, future scenarios suggest that water resources will
decrease as temperatures and evapotranspiration increase, while snow cover decreases [7,9,10]. On the
other hand, LULC show an increase in vegetation cover due to the advance of shrubs and forests in
abandoned lands [11,12]. The increase in vegetation cover implies a greater evapotranspiration and
interception [13,14] and higher water consumption by vegetation [15], thus reducing the surface flows
of Mediterranean rivers and the water for filling reservoirs [16].

Revegetation processes in European Mediterranean mountain areas constitute an important
problem for land managers, not only for their implications in the decrease of water resources [15–17]
but also for the increase in fires [18], landscape homogenization, with less biodiversity and aesthetic
quality [19,20], degradation and loss of grazing resources [21,22] and ecosystem services [23,24]. To
reduce the negative effects of revegetation processes, land managers have implemented public policies
that try to control the revegetation process: prescribed fires [22,25] and shrub clearings [26–28].

On the other hand, in Southern and Eastern Mediterranean countries, agriculture is still practiced
in many mountain areas to supply local population or for export, cultivating marginal areas (with low
soil fertility and steep slopes) and in extreme cases, even using shifting agriculture systems. However,
in other mountains, a process of land abandonment has started and is expected to intensify in the
coming decades [29,30]. Most of the research related to land abandonment and revegetation processes
in Mediterranean areas has focused on changes in the soil properties [31,32] and biodiversity and
vegetation cover [33] and much less work has been done on soil erosion over the long-term [17,34].
Despite being generally accepted that solute outputs can be as important as other forms of surface
erosion [35], studies that address the potential effects of land use changes on surface water chemistry
and quality have been carried out to a lesser extent in the Mediterranean mountain region.

The loss of nutrients from different land uses (cultivated or uncultivated soils) contributes to
a decrease in soil productivity and encourages soil erosion processes and other signs of ecosystem
deterioration [36]. Many authors confirmed the extreme importance of LULC management in explaining
the loss of nutrients and water quality (i.e., [37]) and changes in water chemistry associated with land
use conversion have been demonstrated worldwide [38–40]. Most of these studies were carried out at
catchment scale [41–43] and very little data are available at plot scale (which provides better knowledge
on the effects from different land uses and a comparison with the same environmental conditions).
For example, Oliveira et al. [44] and Ferreira et al. [45] observed an increase in solute loads due to
anthropogenic-related land covers (agricultural and urban land). Likewise, Merchán et al. [46] showed
that agricultural land use tends to increase the concentration of both solutes and suspended sediment.
Nevertheless, the study of solute sources encounters many difficulties in anthropogenically-disturbed
areas, in great part due to the wide range of LULC at catchment scale and the difficulty of directly
observing the origin and pathways of solutes. One possible strategy is to reproduce different land uses
in experimental plots and to measure runoff and sediment outputs during each storm event, while
soil and gradient remains fixed. We are aware that the use of plots poses significant methodological
problems and that an upscaling approach would be needed to interpret solute and suspended sediment
values and sources at a catchment scale.

One of the great challenges for the future is to ensure sufficient water resources (quantity and
quality), through the sustainable management of mountain areas [47]. To address this research gap, the
present study aimed at providing further insights into solute concentration and total solute loads in nine
different land uses and land covers (representing traditional and present LULC) in a Mediterranean
mountain area (dense shrub cover, grazing meadows, cereal, fallow land, abandoned field, shifting
agriculture (active and abandoned) and two burned plots). We hypothesized that different land uses
conditioned water chemistry, solute concentration and export rates, with traditional agricultural uses
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recording the highest solute concentrations and loads. To improve our knowledge of the influence
of land uses and land management on water chemistry, we analysed the information obtained from
overland flow (surface runoff) in the Aísa Valley Experimental Station for 20 years (1991–2011), allowing
us to define the solute patterns in both the traditional and present management systems.

2. Materials and Methods

2.1. The Aísa Valley Experimental Station (1991–2011)

The Aísa Valley Experimental Station (hereafter AVES) was installed in a representative slope
located on a field abandoned 30 years ago. It is located at 1149 m a.s.l. on a south-facing slope
completely covered by a dense shrubland of Genista scorpius L. and Rosa gr. canina L. The parent
material is Eocene Flysch (alternate thin layers of sandstones and marls), at a 30% slope gradient.
The climate is sub-Mediterranean with mountain characteristics. The average annual precipitation is
1100 mm and the average annual temperature is 10 ◦C (for more details see [17]).

Nine closed plots (3 m width × 10 m length, with the same slope morphology, soil type and
topographic conditions) were installed, including at the lower end a Gerlach trap and a system of
tipping buckets connected to data loggers in order to record the runoff of each plot continuously. A
pluviometer was also connected to a data logger. In the lowest part, a plastic collector to store runoff
and sediment during rainfall events was installed in each plot. After each rainfall, a representative
sample (about 2 L) was collected and analysed in the laboratory for suspended sediment concentration,
total solute concentration and solute composition (mean number of runoff events in the study period
equals to 354 (per plot) and mean number of runoff events per year and plot equals to 18 ± 8).
Chemical water analysis for a set of relevant elements was carried out (Na+, K+, Ca2+, Mg2+, HCO3

−,
Cl, SO4

2−, NO3
−, SiO2, N-NO3

−, N-NO2
−

, N-NH4
− and PO4

3−) over twenty years by means of ion
chromatography (Metrohm 861 Advanced Compact IC) at the Laboratory of the Instituto Pirenaico de
Ecología (IPE-CSIC).

Plots reproduced nine LULC (Figure 1) from traditional and present management systems in
Mediterranean areas: (i) dense shrub cover (DS) (with the unaltered and original vegetation growing
after land abandonment decades ago), (ii) grazing meadows (GM) (a regularly grazed field with
manual annual harvest), (iii) cereal plot (C) (adding chemical fertilizers and alternating with the
fallow land plot), (iv) fallow land (FL) (alternating with the cereal plot), (v) abandoned field (AF)
(it was cultivated in the first year and then abandoned to initiate natural revegetation), (vi) shifting
agriculture (SA) (traditionally only fertilized with ashes), (vii) abandoned shifting agriculture (ASA) (a
cultivated shifting field that was abandoned after 4 years of cultivation to initiate natural revegetation),
(viii) burned plot 1 (B1) (burned in 1991) and (ix) burned plot 2 (B2) (burned twice in 1993 and 2001)
(Figure 2). Both burned plots were affected by plant recolonization following the fire.

In the cereal plot, chemical fertilizer was added annually with N-NH4 (30 kg ha−1), P2O5

(60 kg ha−1) and K2O (20 kg ha−1) as the main constituents, with very small quantities of Mg2+, S and
Fe. Given that the fallow land plot alternated yearly with the cereal plot, its soil was also enriched with
chemical fertilizer each two years. The abandoned plot (previously cultivated with cereal) received
similar quantities of chemical fertilizer as the cereal plot during the years it was cultivated.

In addition, 5 top soil samples (1991, non-disturbed due to experimentation) were taken spatially
distributed in the slope where the AVES was located and physico-chemical analyses were made,
including texture, pH, organic matter and nitrogen, CaCO3 and P, K, Mg content.
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Figure 1. Study area and Aísa Valley Experimental Station scheme and overview of the station.

Figure 2. Plant cover evolution in the different land uses in two different stages.

2.2. Statistical Analysis

Data from each plot were analysed statistically to provide annual averages (mean, median and
standard deviation). Likewise, box plots were used to provide a representation of the annual average
solute concentration data variability.

As the assumption of normal distribution could not be met for most variables, as checked by a
Shapiro-Wilk normality test, the non-parametric Kruskal-Wallis one-way analysis was used to identify
which LULC differ statistically from each other. Correlations between parameters were checked and
tested by the Spearman’s rank correlation test. In all cases, differences were taken to be statistically
significant at p < 0.05. Principal component analysis (PCA) was also performed to determine first
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correlations among the measured variables and to elucidate major variation patterns in terms of
land uses.

3. Results

3.1. Soil Properties and Land Cover Evolution

Physical and chemical soil properties were analysed in 1991 for the original hillslope where the
experimental station was located (revegetated area after some decades of land abandonment) (Table 1).
Grain size distributions showed a predominance of sand fraction (loam texture): 40.5% was sand,
34.4% was silt and 25.1% was clay. Chemical soil analysis demonstrated that the soils in the study
area had very poor contents of P, K and Mg, whilst they were abundant in N owing to the presence of
leguminous plants (G. scorpius). Organic matter content was 2.3%. Conversely, the soils showed a very
high carbonate content (32.9%) corresponding to soils developed on a calcareous substratum.

Table 1. Mean and standard deviation values of the studied soil parameters in 1991.

Soil Parameters (1991) Mean and Standard Deviation

pH 7.9 ± 0.3

% CaCO3 32.9 ± 6.2

% N 1.8 ± 0.7

% Organic matter 2.3 ± 1.1

C/N ratio 7.1 ± 0.7

P (ppm) 4.4 ± 3.7

K (ppm) 1.3 ± 0.5

Mg (ppm) 0.8 ± 0.2

% Sand 40.5 ± 2.7

% Silt 34.4 ± 4.9

% Clay 25.1 ± 5.9

Figure 2 presents the evolution of plant cover in the different plots during the study period, with
some remarkable results: (i) surprisingly, the dense shrub cover plot gradually evolved with open
spaces due to the senescence of the shrub (together with a higher herbaceous cover) (Figure 2). In
addition, partial replacement of G. scorpius by Juniperus communis was observed; (ii) the abandoned
cereal plot was rapidly revegetated (first by a dense herbaceous cover and later with shrubs) and
tended to be similar to that of the dense shrub cover at the end of the study period thanks to the
fertilizer added when it was cultivated (Figure 2); (iii) the abandoned shifting agriculture evolved
much slower than the abandoned cereal plot due to the differences observed in soil properties and
fertilizers, confirming soil deterioration in slopes cultivated under slash-and-burn practices; this plot
showed a rapid herbaceous recovery, although shrubs found severe problems in colonizing the plot;
and (iv) in the burned plots a rapid recovery of vegetation was observed in the first few years after the
fire. Interestingly, during the study period, the vegetation cover was lower in the plot burned twice
(1993 and 2001) than in the plot that was burned only once in 1991 (Figure 2). In any case, the burned
plot 2 also shows a positive trend in vegetation recovery after each fire. As expected, plant cover in the
fallow land, meadow, cereal and shifting agriculture plots did not change throughout the study period
and only changes due to vegetative cycle of the crop were observed (Figure 2).

3.2. Runoff and Suspended Sediment Concentration Updating

Mean annual rainfall value for the study period was 1181 mm. Data on runoff response for the
period 1996–2009 and for only 7 plots has already been presented in Nadal-Romero et al. [17]. Table 2
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presents an update of these values with data relating to the full period (1991–2011 with small variations)
and 9 LULC. Concerning runoff water yielded, three groups of plots were differentiated: (i) the lowest
runoff values were recorded in the dense shrub cover (63.5 L m−2), burned 1 (burned in 1991, with
dense vegetation cover) (68.4 L m−2) and grazing meadow (89.2 L m−2) plots, (ii) moderate values
were recorded in the abandoned field (137.1 L m−2), abandoned shifting agriculture (146.2 L m−2)
and burned 2 (158.3 L m−2) plots; and (iii) the third group includes the plots related to agricultural
activities showing the highest values: fallow land (181.0 L m−2), cereal (237.5 L m−2) and active shifting
agriculture (239.0 L m−2) plots. Table 2 also refers to suspended sediment and solute concentration,
as well as to the total sediment yields and the percentage of solutes to total sediment production.
Suspended sediment concentration (mg L−1) tends to behave in a similar way to runoff, although some
differences must be noted: (i) in the first group, with low values of suspended sediment concentration,
the abandoned field plot (37.8 mg L−1) adds to the dense shrub cover (26.5 mg L−1), the burned 1
(28.3 mg L−1) and the grazing meadow (35.2 mg L−1) plots; (ii) in the second group, the cereal plot
(138.6 mg L−1) recorded similar values to that of abandoned shifting agriculture (118.2 mg L−1); and
(iii) the third group comprises burned 2 (151.5 mg L−1), the active shifting agriculture (223.1 mg L−1)
and the fallow land (298.6 mg L−1) plots. Information on the standard deviation for the suspended
sediment concentration reveals an extremely high variability, particularly in the case of the plots with
greatest erosion (fallow land and shifting agriculture plots followed by the burned plot 2).

3.3. Solute Water Chemistry and Total Sediment Production

Data on solute concentrations can be found in Table 2, with significant differences among LULC.
In this case, the statistical analyses indicated that only two groups of land uses can be distinguished
with small differences in respect of those identified for water and annual sediment production:

(i) The lowest solute concentration values were recorded in the grazing meadow (115.6 mg L−1)
and dense shrub cover (118.1 mg L−1) plots, where agricultural activity was absent during all
the study period and a dense plant cover was recorded. Mid-range values were obtained in the
abandoned cereal field (133.1 mg L−1) and the two burned plots (1 and 2) (130.6 and 136.2 mg L−1,
respectively).

(ii) The highest values were recorded in the cereal plot (192.6 mg L−1), fallow (196.1 mg L−1) and
shifting agriculture (active and abandoned) (159.7 and 181.9 mg L−1 respectively), where chemical
fertilizer or ash were added.

The total sediment yield for the nine plots (g m−2) appear in Table 2, providing a general perspective
of the influence of different LULC on sediment losses. Two groups of plots were also distinguishable:
(i) the dense shrub cover plot produced the lowest mean annual sediment yield (9.8 g m−2), followed
by burned 1 (13.3 g m−2), the grazing meadow plot (16.2 g m−2) and the abandoned field (27.2 g m−2).
(ii) Intermediate yields (already two-three fold higher than the previous values) were found for the
plot burned twice (64.5 g m−2) and the cereal plot (81.6 g m−2), followed by the highest yields that were
found for the fallow land (100.9 g m−2), the abandoned shifting agriculture (102.7 g m−2) and the active
shifting agriculture (143.8 g m−2) plots. The proportion of solutes in relation to the total sediment
output varied significantly, showing that plots with low values of sediment exportation have a greater
loss of solutes than those of suspended sediment: dense shrub cover, grazing meadow, abandoned
field and burned plot 1, where solutes represent more than 63% of the total sediment outputs.
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Finally, Table 2 also shows that there is more variability (higher standard deviations) in the case of
suspended sediment concentrations than in solutes.

Table 3 presents the relationship among chemical water variables and solute concentrations.
Concentrations of cations were, in general, positively related to each other. Negative correlations
were found between HCO3

− and Cl− concentrations and SIO2 and electrical conductivity, HCO3
−, Cl−,

SO4
2−, Na+, PO4

3−, N-NO3
− and N-NO2

−. No statistical correlations were found between Cl− and
SO4

2− concentrations. In addition, significant correlation between N-NO3
− and SO4

2− was observed.
Figure 3 presents box plots to summarize water quality responses at the nine LULC (solute

concentration, mg L−1) and Table 4 informs on the total losses of the most representative solutes for
each LULC (g m−2). The most significant solute outputs were in the form of HCO3

−, with losses close
to 20 g m−2 from cereal, shifting agriculture and fallow land. Obviously Ca2+ was also carried out in
high quantities (values between 5–8.5 g m−2 in the same plots cited above), while the rest of solutes
showed lower values, especially Na+ and Mg2+ (due to the low content in the soil). Figure 4 illustrated
the Ca2+-HCO3

− dominance of the solute losses. It is noteworthy that in the LULC generally affected
by low solute outputs (dense shrub cover, grazing meadow, abandoned field and abandoned shifting
agricultural plots) HCO3

− represents more than 90% of total anions exported (see Figure 4).
Annual outputs of each of the solutes were significantly higher from the cereal, fallow land and

shifting agriculture plots than from the other LULC (Table 4). For example, the production of HCO3-,
was 3-fold higher in traditional and current agricultural uses than in dense shrub cover and grazing
meadows. Similar differences were recorded in most of the solute export rates. Annual yield from
vegetated plots (dense shrub cover and grazing meadow) was very low.

The relative contributions of dissolved inorganic nitrogen forms (Figure 5) differed among the
LULC, with N-NO3

− being predominant in all land uses (concentrations in N-NO3
− were one order

of magnitude higher than in the other nitrogen forms). Lower values were measured in the shifting
agriculture and vegetated plots and the average yield was double in cereal and fallow land than in the
other land uses. The most important result is that outputs of inorganic nitrogen forms are higher in
the plots with active agriculture. Moreover, N-NH4

+ is mainly yielded from the abandoned shifting
agriculture and the burned plot 2s. The cereal and fallow land plots, as well as the burned plot 2, also
lost relatively high quantities of organic phosphorous, particularly compared with the dense shrub
cover, the grazing meadow and the active shifting agriculture plots.

To confirm and summarize all this information, a principal component analysis (PCA) was carried
out with all the values related to solute concentrations (runoff, pH, CE, cations, anions and nitrogen
forms). Figure 6 shows a plot of the eigenvector in the plane of the first two components together with
the PC scores in the plane of PC1 and PC2. On the first component, which explained 21.686% of the
variance, CE, runoff and all the cations and anions are positive. The second component explained
12.846% of the variance: it has large positive eigenvector values mainly for the main nitrogen forms
and pH. The different LULC were successfully distinguished in the plane of PC1 and PC2: (i) dense
shrub cover and grazing meadow plots (both located in the negative side of the components) and
moderate plots: the two burned plots and the abandoned field plot; and (ii) conversely, the cereal and
fallow plots were located in the positive side of the components, close to the active and abandoned
shifting agriculture plots (indicating high values).
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Figure 3. Solute concentrations (mg L−1) from various land uses for the period 1991–2011 (red dotted
line: mean value; black line: median values; black points: outliers; borders of the box are 25 and 75
percentiles; and borders of the box plot are the 10 and 90 percentiles). DS: Dense shrub cover; B1:
burned plot 1; GM: grazing meadows; AF: abandoned field; B2: burned plot 2; C: Cereal; FL: fallow
land; ASA: abandoned shifting agriculture; AS: active shifting. Means with the different lower-case
letter within are significantly different at the 0.05 level of significance (p < 0.05).
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Figure 4. Piper diagram with mean solute losses from various land uses for the period 1991-2011.

Figure 5. Nitrogen and phosphorus concentrations (mg L−1) from various land uses for the period
1991–2011 (red dotted line: mean value; black line: median values; black points: outliers; borders
of the box are 25 and 75 percentiles; and borders of the box plot are the 10 and 90 percentiles). DS:
Dense shrub cover; B1: burned plot 1; GM: grazing meadows; AF: abandoned field; B2: burned plot 2;
C: Cereal; FL: fallow land; ASA: abandoned shifting agriculture; AS: active shifting. Means with the
different lower-case letter within are significantly different at the 0.05 level of significance (p < 0.05).
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Figure 6. Eigenvectors from the principal component analysis (PCA) and PC scores plotted in the plane
of the first two components.

4. Discussion

This study confirms the hypothesis that different LULC conditioned runoff erosion and solute
concentration and yield. Nevertheless, it should be highlighted that the use of experimental plots
for estimating runoff, suspended sediment and solutes has many limitations [48]. In our study, the
characteristics of the plots, especially the size (30 m2), limit the validity of the data (since within-ground
water cannot be included). A different limitation is related to the sediment exhaustion due to the system
of closed plots. Although this fact has not been analysed in the study, Nadal-Romero et al. [17] observed
a negative trend in sediment yield in some plots suggesting that sediment exhaustion occurred several
years after initiation of the experiment. This negative trend in some cases could be related to vegetation
recovery (followed by a stabilization) but in other cases (as cereal and fallow land) a clear decrease
is observed during the first years of study, suggesting sediment exhaustion related to the specific
conditions of the station. For this reason, the authors considered to terminate the experiment avoiding
the analysis of the last two years on the database. Nevertheless, the plots enable different LULC to be
studied individually and the results are good indicators of the relative differences among these LULC
for comparative purposes. Likewise, our results are consistent with other studies in the Mediterranean
region carried out at catchment scale [41,46].

Previous studies in this experimental station already confirmed that LULC controls runoff and
suspended sediment production [17]. In the case of solute concentrations and loads, the results obtained
in this study demonstrate that there are highly significant differences between the LULC with little soil
and plant cover disturbances (i.e., dense shrub cover or grazing meadows) and those greatly disturbed
by human activities (i.e., cereal or shifting agriculture). In the AVES, the agriculture plots (cereal, fallow
and shifting agriculture) produced significantly higher solute concentrations than vegetated areas.
These results are in line with previously published studies [37,39,45]. Risking et al. [49] indicated
that intensive cropland agriculture commonly increases water solute concentrations and export rates.
Other authors have also reported higher concentrations in agricultural than in non-agricultural areas
under similar geological and climatological conditions [46]. Indeed, agriculture is a major source of
contamination for water bodies worldwide (i.e., [50]) due to the use of nutrients (most studies only
focus on N and P), agrochemicals and the agricultural activity, increasing runoff production, erosion
rates and the export of solutes and changing water chemistry. Moreover, the removal (ploughing) of
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the soil year by year in the agricultural plots causes the renewal of surface soil characteristics and, as a
consequence, new nutrients are available to be carried out of the plot.

It is also interesting to note the solute behaviour observed in the burned plots. Numerous studies
evaluating the effects of fire on solute losses have been published in the last decades (e.g., [51–53]), all
of which confirmed that solute losses were much higher on burned areas compared with dense shrub
cover, although these differences can be limited to the first two months after the fire (i.e., [54]). Our
results, indicated that these differences in the long-term have been declining in the plot burned once in
1991 (recover with vegetation) and that major differences exist in the case of the plot burned twice (in
1993 and 2001), suggesting that the high occurrence of fires hampers the recovery of a dense shrub
cover, producing higher losses of suspended and solute sediments. In that respect, Ruiz-Flaño et al. [55]
indicated that fire reiterations, to remove shrublands and regenerate pasturelands in the Pyrenees,
caused the loss of the fertile soil layer due to soil erosion and increased rock cover on the soil’s surface.

The results of our study highlight that runoff volumes and soil losses are low in uncultivated
plots, due to the high vegetation cover (see Figure 2). It is well known that vegetation reduces surface
runoff and soil erosion (due to the protection to splash) and indirectly improves soil quality (increasing
fertility, porosity and the number and stability of the aggregates) which favours water infiltration and
decreases surface runoff [12,17,43]. Nevertheless, it should be remembered that plant succession after
land abandonment is often a very slow process due to low rainfall values, soil depletion during the
cultivation period [56] or human disturbances after land abandonment (overgrazing and fires) [55].
In these cases, soil losses are very high due to soil erosion processes (rills, gullies), producing an
irreversible period of soil degradation, which is only possible to solve with expensive restorations
measures [57].

In this study, carbonate dissolution is relevant for water chemistry in all land uses, as illustrated by
the dominance of Ca2+ and HCO3

− outputs (Figure 4). This result is related to the lithology of the study
area (Eocene Flysch), dominated by carbonate rocks and is consistent with other studies in mainly
limestone catchments (i.e., [58]). In fact, Walling & Webb [59] noted that Ca2+ and HCO3

− represent
the prevailing cations and anions in most waters of the world (see also [60]). Notwithstanding, one of
the most relevant results is that the proportion of Ca2+ and HCO3

− greatly increases in the runoff of
the lower exporting LULC, thus demonstrating that the most important soil nutrients (Mg2+, K+, Na+)
are strongly controlled by dense shrub cover (dense shrub and abandoned field plots) and grazed
grasslands. Furthermore, the relative contributions of dissolved inorganic nitrogen forms differ among
LULC, with N-NO3 being the predominant inorganic nitrogen forms in all land uses, especially in
agricultural plots because of the addition of chemical fertilizer, the factor that also explains the losses
of organic phosphorous. In any case, the higher presence of phosphorous within the solute outputs in
the LULC particularly affected by soil erosion is probably due to the prevailing sheet wash erosion
recorded in the experimental plots, since phosphates are strongly attached to soil particles and are
carried away with them by overland flow. In fact, soil analyses performed in the same study area by
Ruiz-Flaño [61] demonstrated that soil samples taken from the lower part of the fields have a higher P
content than those taken from the upper part. This result is also consistent with those obtained in other
studies (i.e., [62]).

Standard deviations illustrate the distinct behaviour of solutes and suspended sediment. The
former shows very low standard deviations, much lower than those from suspended sediment. This
suggests that solutes are always present in the runoff with similar values, regardless of the volume of
overland flow, whereas suspended sediment is affected by extremely high variability, given its close
dependency on the intensity and volume of precipitation and runoff. Furthermore, the small range in
the values of solute concentration than in suspended sediment concentration (Table 2) also suggests the
limitations of experimental plots to study solute outputs, since they do not record the decisive effect of
rainfall infiltration within the soil; therefore, only the effects of soil surface dissolution processes are
included, so that the differences in solute concentration among LULC are relatively low.
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Implications for Land Management

Both suspended and solute concentrations, as well as the total outputs, provide relevant
information for land management in degraded areas with steep land. The analysis of suspended
sediment yield from the AVES reveals that cultivation of steep slopes contributes heavily to soil erosion,
with higher soil losses from the cereal, fallow land and active shifting agriculture plots [17,56,63].
In particular, shifting agriculture yielded very high quantities of suspended sediment, explaining
why a stone paving completely covered the soil surface in the areas that were cultivated in the past
with slash-and-burn practices and the general landscape disturbance in the most marginal mountain
areas [62,64]. Conversely, sediment yield from scarcely disturbed areas showed very low erosion
rates. These results roughly coincide with the solute losses presented in this study, with a progressive
gradation from the less disturbed plots to the cereal and fallow land plots, confirming that annual
ploughing and fertilizing are critical factors for solute losses. Those plots that were disturbed in the past
and now are affected by plant colonization (burned 1 and abandoned field plots) also show relatively
low solute losses, followed by burned plot 2, indicating the positive effects of a dense herbaceous and
shrub cover. The burned plot 2 shows a high suspended sediment concentration in the long term (due
to the double occurrence of fires), although the progressive plant recovery following the fires and the
absence of soil removal tend to record relatively low solute concentrations.

For land management purposes, the results obtained recommend (i) avoiding cultivation on
steep slopes and encouraging the abandonment of farmland to enhance recolonization of the soil with
herbs and shrubs; this is particularly important in the case of shifting agriculture; (ii) promoting the
presence of dense shrub or tree cover in order to control runoff and solute and suspended sediment
concentrations; (iii) promoting clearing of gentle and concave hillslopes in order to generate high
quality water resources and create a complex mosaic with alternating grazing meadows and shrub
areas, enabling extensive stockbreeding and landscape heterogeneity; and (iv) avoiding recurrent
fires that contribute to temporarily increase solute and suspended sediment losses and deteriorate
the capacity of soils for rapid plant recolonization [65]. These results, together with others on various
spatial scales, should help to program land abandonment in areas where cropland withdrawal is
expected in the coming decades [66].

5. Conclusions

Runoff water, suspended sediment and solute concentration and loads were monitored in the
AVES in nine 30 m2 experimental plots that represent distinct LULC over a 20-year study period
(1991–2011). The results confirm the hypothesis that solute concentrations and loads from traditional
and present-day agricultural activities is greater than from dense vegetated areas: dense shrub cover
and grazing meadows clearly reduce runoff, sediment yield and solute concentrations and loads. The
contrary occurs with agricultural activities (cereal fields, fallow land and shifting agriculture). In
addition, the results indicate that the plot burned only once presents high solute losses in the short-term,
due to the rapid recovery of vegetation, whereas the plot burned twice showed higher solute loads
during the whole study period.

Significant differences among LULC were observed and two groups have been identified related
to solute concentration and total sediment yield: (i) in the first group, dense shrub cover, grazing
meadow, the plot burned once several years ago (and at present densely colonized with shrubs) and
abandoned field record the lowest solute concentrations and export small quantities of dissolved
solids and sediment; and (ii) in an intermediate position, the plot burned twice several years ago
registered moderate values due to the positive influence of relatively rapid plant colonization and
cereal, fallow land and both shifting agriculture (active and abandoned) plots record the highest solute
concentrations and yield large quantities of solutes, because of ploughing and poor plant cover. Thus,
for solute concentration the ranking of LULC ranges from the less disturbed plots to those where
cropping is still fully functioning. These results confirm that farmland abandonment represents a
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decrease in solute outputs (as in suspended sediment) in areas of steep land and that abandoned fields
tend to record similar values to those with dense shrub cover.
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Abstract: This paper presents a quantitative multi-temporal analysis performed in a GIS environment
and based on different spatial information sources. The research is aimed at investigating the land
use transformations that occurred in a small coastal terraced basin of Eastern Liguria from the early
1950s to 2011. The degree of abandonment of cultivated terraced slopes together with its influence on
the distribution, abundance, and magnitude of rainfall-induced shallow landslides were accurately
analysed. The analysis showed that a large portion of terraced area (77.4%) has been abandoned
over approximately sixty years. This land use transformation has played a crucial role in influencing
the hydro-geomorphological processes triggered by a very intense rainstorm that occurred in 2011.
The outcomes of the analysis revealed that terraces abandoned for a short time showed the highest
landslide susceptibility and that slope failures affecting cultivated zones were characterized by a
lower magnitude than those which occurred on abandoned terraced slopes. Furthermore, this study
highlights the usefulness of cadastral data in understanding the impact of rainfall-induced landslides
due to both a high spatial and thematic accuracy. The obtained results represent a solid basis for the
investigation of erosion and the shallow landslide susceptibility of terraced slopes by means of a
simulation of land use change scenarios.

Keywords: agricultural terraces; cadastral map; cadastral register; farmland abandonment; GIS; land
use changes; shallow landslides; terraced slopes

1. Introduction

Temporal variation in land use and land cover (LULC) represents one of the main environmental
factors controlling the occurrence of natural phenomena like landslides [1,2] and floods [3–6]. In
particular, LULC can influence the distribution, abundance, and magnitude of the hydrological
processes of shallow landsliding. In the last twenty years, numerous studies have considered the
effects of changing land use scenarios in the analysis of landslide susceptibility [7–12], hazard [13,14],
and risk [15,16].

LULC modifications directly or indirectly induced by human activity, such as extensive
deforestation practices or road and constructions built in hazardous zones, often produce the most severe
landslide-related consequences. For instance, forest logging can decrease the positive hydro-mechanical
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effects of vegetation (e.g., soil reinforcements by roots, reduction of rainfall infiltration and pore water
pressure by evapotranspiration processes) [17,18], causing an increase in the proneness of slopes to
erosion phenomena like mass movements and runoff [19,20]. Among the indirect human-related
land use modifications, the abandonment of farming areas can be considered by far one of the most
relevant [21–27]. In Europe, due to the significant social and economic changes which occurred
after the Second World War [28], many hilly and mountainous regions have experienced severe and
accelerated slope degradation issues led by farmland abandonment [29–34]. Slope degradation in
conjunction with extreme rainfall can produce a significant growth in susceptibility to erosion and
landslide phenomena [35–42]. Moreover, abandoned slopes may become source of risk scenarios when
located in the proximity of urban areas [43,44].

The negative effect of farmland abandonment on slope stability can be especially important in
terraced landscapes. It is widely known from technical literature that terraces concur to improve slope
stability by reducing the overall slope gradient and by regulating water infiltration and runoff [45–50].
However, due to agricultural abandonment, the basic components of terraced systems, namely
dry-stone walls and complementary drainage structures, are no longer adequately maintained and
managed, causing the efficiency of the hydrological and retaining functions to decrease. Accordingly,
agricultural terraces become more vulnerable and therefore highly susceptible to collapses and
failures [51–55]. Many studies addressed that the degree of abandonment is a crucial factor in
regulating the susceptibility of terraced slopes to be affected by rainfall-induced landslides [11,56–59].

Unlike other environmental landslide predisposing factors like geology, geomorphology or soil
types, LULC is not a static factor since it may undergo significant variations over time [1]. Consequently,
for landslide hazard and risk assessment purposes this causal factor should be regularly updated
according to LULC changes in a specific area. The analysis of past land use settings and modifications
is therefore essential to assess landslide susceptibility of an area as well as to estimate the future
occurrence of slope failures. As reported by some authors [15,60], in order to perform a reliable
analysis of land use changes it is essential to correctly determine where these modifications occurred
and their rates. Nowadays, the availability of digital tools for managing spatial information such as
geographical information systems (GIS) together with remote sensing techniques represents a very
useful way of investigating LULC changes over large areas. These methods allow for the production of
multi-temporal LULC maps and LULC change maps that are fundamental data sets in the framework
of both landslide zoning and GIS-based modelling of landslide susceptibility and hazard [1,2]. In
order to create past LULC thematic maps of an area, the interpretation of historical aerial photos is
usually performed. However, also ancillary data can be a precious data source. Old cadastral maps,
for example, are often the only available source of information about past land use setting. Cadastral
data can cover several time frames often providing information at a very detailed scale. There are
several examples about the use of cadastral maps to analyse spatial and temporal variation in land use.
Nevertheless, these studies are usually focused on analysing socioeconomic or political factors behind
land use changes and their consequences on landscape, ecology and biodiversity [61–66]. Moreover,
cadastral databases frequently represent basic elements in landslide risk analysis [1], even though very
few researches [67] have used cadastral data to understand the impact of landslides in response to
land use transformations.

Terraced slopes are one of the most relevant morphological features of the Ligurian landscape
(north-western Italy). This region is predominantly hilly and mountainous and since the early centuries
of the Middle Ages wide extensions of natural slopes were terraced to allow cultivation practices.
Nowadays, a significant percentage of traditional agricultural terraces is currently abandoned due to
accelerated socioeconomic transformations occurred during the last century [68,69].

This paper describes the use of different multitemporal spatial information aimed at quantifying
land use modifications affecting agricultural terraced slopes in a small coastal catchment located
within the Cinque Terre National Park (eastern Liguria, north-western Italy). The selected study area
is indicative of the farmland abandonment spread throughout the entire Liguria region. Historical
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LULC maps were derived from old cadastral maps and aerial photographs of the study area and they
were compared with the current land use conditions to make an accurate estimate of the degree of
abandonment of terraces over the last sixty years. Subsequently, the current spatial pattern of the
land use conditions of terraced slopes was analysed with respect to the distribution of the shallow
landslides triggered by a very intense rainfall event occurred on 25 October 2011 [11,70]. The objective
of this study is twofold. On the one hand, the aim is to verify the usefulness of cadastral data in
understanding the impact of rainfall-induced landslides on terraced slopes. On the other hand, the aim
is to further improve the knowledge about the relationship between land abandonment and shallow
landslide processes.

2. General Setting of the Study Area

The study area is located on the easternmost sector of Liguria (northwestern Italy) and corresponds
to the Vernazza catchment, the widest of several small coastal basins of the Cinque Terre area (Figure 1a).
The study catchment extends for approximately 5.8 km2 and from a geological point of view it is
included within a segment of the Northern Apennine that is characterized by sedimentary rocks
belonging to three tectonic units (bottom to top): Tuscan Nappe, Marra unit, and Canetolo complex [71].
The Marra Unit and the Canetolo complex entirely crop out along a NW-SE oriented stretch of land that
occupies the middle portion of the basin (Figure 1b). The first one is prevalently composed of marls and
siltstones (Pignone Marls Fm.) while the second one respectively includes assemblages of prevailing
shales with subordinate limestones and silty sandstones (Canetolo Shales and Limestones Fm.), marly
limestones and calcarenitic turbidites (Groppo del Vescovo Limestones Fm.) and fine-grained sandstone
turbidites (Ponte Bratica Sandstones Fm.). On the other hand, the Tuscan Nappe crops out in the
majority of the basin area and chiefly consists of typical turbidites made up of sandstones and siltstones
(Macigno Fm.). Overall, rock formations are arranged in a complex structural setting characterized by a
large, SW-verging, overturned antiform fold and by multiple sets of tectonic discontinuities associated
to the Apennine orogeny and to the Plio-Quaternary tectonic up lift [72,73].

As a result of the peculiar geo-structural setting, the study area shows the typical morphology of
mountainous regions, in spite of the proximity to the sea [74]. The elevations increase rapidly moving
from the coastline to the inland territory. The maximum altitudes are widespread all around the main
watershed and are represented by the peaks of Mt. S. Croce (622 m), Mt. Gaginara (772 m) and Mt.
Malpertuso (815 m) (Figure 1b). The inner territory of the basin is carved by numerous small and
narrow V-shaped valleys drained by a dense dendritic channel network with steep profile while the
shoreline is mostly characterized by rocky cliffs [73–75]. Generally, the streams are short and show
an ephemeral hydrological regime. The final reach of the main stream was diverted in the past and
currently it flows partly culverted and partly through a tunnel for a total length of over 150 m. The
small V-shaped valleys are limited by steep to very steep slopes (Figure 1c,d) covered by thin veneers
(thicknesses ranging between 1 and 2.5 m on average) of eluvial-colluvial deposits [11,76] that in the
past were largely reworked by local inhabitants in order to build agricultural terraces, mainly cultivated
with vineyards and olive groves [74,77]. The resulting terraced landscape is now a worldwide-known
tourist attraction declared since 1997 as “UNESCO World Heritage” for its high scenic and cultural
value and since 1999 as a national park due to its environmental and naturalistic relevance.
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Figure 1. (a) Location of the study area; (b) Geologic map of the Vernazza basin (redrawn and modified
from [71]): 1, Vernazza catchment divide; 2, downstream-most limit of the investigated catchment 3,
Ponte Bratica sandstones Fm.; 4, Groppo del Vescovo limestones Fm.; 5, Canetolo shales and limestones
Fm.; 6, T. Pignone marls Fm.; 7 Macigno Fm.; 8, main tectonic features (e.g., direct and reverse faults,
overthrusts); 9, hydrographic network; 10, tunnelled reach of the main stream; (c) slope map of
the Vernazza basin; (d) aspect map of the Vernazza basin (derived from 5 m cell-size DEM, source:
Geoportale Regione Liguria).

The current land use setting was analyzed through recent researches [78]. Natural areas, prevalently
including woods and scrub, cover approximately 50% of the study area and are mostly distributed
along the upper portions of the catchment. The remaining 50% of the basin, encompassing the middle
and lower zones of the catchment, is entirely covered by terraced slopes characterized by different
land uses and degrees of abandonment. However, it is relevant to note that only about 8% of terraced
slopes is still cultivated at present time [78]. Urban areas represent a very small portion of the basin
and they mainly coincide with the Vernazza village, which is settled on the downstream portion of the
valley floor.
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The morphological features deeply influence the local climate setting. The orientation of the main
watershed parallel and very close (approximately 3 km) to the coastline produces a topographic effect
that locally increases the effects of the typical Mediterranean climate. The average annual temperature
is about 15 ◦C while the average annual precipitation is around 1000 mm [35]. Generally, summers are
warm and dry whereas winters are somewhat mild. Rainfalls are on average more abundant between
the end of summer and the beginning of winter, when very intense and strongly localized rainstorms
can often affect this coastal sector of the Liguria Region [35,79]. On 25 October 2011, one of these
extreme rainfall events seriously hit the western sector of the Cinque Terre area and especially the
Vernazza catchment. Widespread erosion processes were triggered together with several hundred
shallow landslides often evolving rapidly into flow-like ones [11].

3. Materials and Methods

This research consists of a quantitative multi-temporal analysis performed in a GIS environment.
This work has been carried out in three steps (Figure 2). In the first step, historical and recent
aerial photos have been used as mapping basis to obtain LULC data of the study area in 1954 and
2011, respectively.

 

Figure 2. Workflow sketch summarizing the considered data sources and the sequence of performed
methodological phases. The dotted lines refer to the data sources and indicate which of them are
involved in each phase. Blue- and green-highlighted elements in Phase 1 refer to the Phase 2 components;
LULC, land use and land cover; AGR, agricultural area.

In the second step, the 1954 LULC map and the cadastral maps dating back to the early 1950s
were brought into comparison to analyze whether cadastral data were geometrically accurate and
thematically comparable. Subsequently, an overlay analysis among the 1954 LULC map and the recent
land use setting have been performed to investigate the farmland abandonment of terraced slopes. These
analyses did not take into account the downstream-most small portion of the catchment corresponding
to the historical center of Vernazza since already totally urbanized in the 1950s. Eventually, in the third
step the spatial distribution of the shallow landslides triggered by the 25 October 2011 rainstorm was
analysed with respect to LULC changes occurred in agricultural areas of 1954.

3.1. Data Sources

This research is based on several types of data sources providing information on both past and
recent LULC settings and hydro-geomorphological processes that affected the study area (Figure 2). To
map the past LULC, the aerial photographs from the “GAI flight” were integrated in a GIS environment
through a georeferencing procedure. This data, approximately at 1:60,000 scale and dating back
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to 14 September 1954, represents the first stereoscopic photographs depiction covering the whole
Italian territory.

To analyze recent LULC, high-resolution orthophotos (ground resolution varying between 3 cm
and 50 cm, according to elevation) were used: the original aerial photos were taken by the Air Service
of Remote Sensing and Monitoring of Civil Protection of Friuli Venezia Giulia Regional Administration
(11 November 2011 flight) just a few days after the catastrophic rainfall event occurred on 25 October
2011. Furthermore, land use information deriving from cadastral maps dating back to early 1950s were
considered. These maps were drawn at large scale (from 1:2000 up to 1:500) in order to provide a very
detailed spatial information since the associated database reported the classification in terms of LULC
for each land parcel. In particular, we used a vector layer made up of polygons representing land
parcels which was provided by the Cinque Terre National Park and derived from old cadastral maps.

Lastly, a detailed inventory of rainfall-induced shallow landslides prepared by Cevasco et al. [78]
after the 25 October 2011 event was used. It is relevant to point out that in this study only shallow
landslides that affected terraced slopes cultivated in 1954 were selected.

3.2. Land Use Mapping

In a GIS environment, the polygons representing land use units were manually mapped at 1:2500
scale through aerial-photos interpretation to obtain the map of the Vernazza catchment depicting the
LULC conditions in 1954 (Figure 2). Three main land use classes were visually identified: urban areas
(URB), natural and semi-natural areas (NAT) and agricultural areas (AGR). NAT include woodlands,
shrubs and zones occupied by herbaceous vegetation. Considering the morphological features of the
study area, AGR can be assumed as the extent of the cultivated terraced slopes in 1954.

Subsequently, we produced a land use map using cadastral data temporally referring to the
early 1950s. The land use categories used for this second map were the same as the ones adopted in
the interpretation of historical aerial photos. Therefore, land use information related to every parcel
was reclassified according to the aforementioned three major land use classes, in order to compare
heterogeneous data. In detail, the following cadastral parcels were considered as agricultural areas:
orchards, arable lands, vineyards, olive groves, pastures and meadows. All patches reported as tall
forests and coppice woods were instead included into natural and semi-natural areas while buildings
and rural buildings were grouped as urban areas. The parcels belonging to the same class were then
dissolved and the areas not covered by parcels (ND), substantially corresponding to state-owned plots
of land, were extracted.

Eventually, by using the 2011 high-resolution aerial orthophotos, 1954 agricultural areas (1954
AGR) were classified into three major LULC categories reflecting their recent land use conditions:
urban areas, abandoned terraced areas and cultivated terraced areas (Figure 2). In this phase, a
number of sub-categories were also defined in order to perform a more detailed analysis. In particular,
following the classification adopted by Cevasco et al. [78], abandoned terraced slopes were subdivided
into abandoned terraced slopes with poor (ATP) and dense cover (ATD) according to the degree of
vegetation development [78]. The former show herbaceous cover or shrubs and can be assumed
as abandoned for a short time (less than 25–30 years). The latter have been abandoned for longer
time (more than 25–30 years) resulting prevalently occupied by forest tree species. Furthermore,
the cultivated zones were divided into two land use sub-classes labelled as areas mostly presenting
vineyards (CTV) and olive groves (CTO), respectively.

3.3. Data Processing

The 1954 and the cadastral-based LULC maps were first compared through an overlapping
procedure in order to quantify the differences and subsequently to validate the land use information
attached to cadastral data. Afterward, to quantify and locate precisely the land use transformations
affecting the agricultural areas dated 1954, land use data referred to the 2011 were analyzed by
computing the extent of each land use class and sub-class (Figure 3).
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Figure 3. Data sources and derived land use and land cover (LULC) maps: (a) Aerial photograph dated
1954; (b) Orthophoto dated 2011; (c) 1954 LULC map; (d) 2011 LULC map in 1954 agricultural area;
(e) Location of (a) to (d) sketch maps; (f,g) examples of landslides triggered on 25 October 2011. The
white dashed line in (a) separates agricultural and natural and semi-natural area. The white transparent
polygons in (b) represent natural and semi-natural areas in 1954. The red lines in (f,g) highlight the
perimeter of landslides triggered on abandoned and cultivated terraced slopes, respectively. AGR,
agricultural area; NAT, natural and semi-natural area; 1, natural and semi-natural areas in 1954; 2, 2011
landslide sources; ATD, abandoned terraced slope with dense cover; ATP, abandoned terraced slope
with poor cover; CTO, cultivated olive grove; CTV, cultivated vineyard; URB, urban area.

Through the last step of the analysis, we investigated the relationships between the outlined
land use changes that affected agricultural lands over the last 60 years and the distribution of shallow
landslides triggered by the 25 October 2011 rainstorm. Landslide polygons were superimposed on
the 2011 land use map and for each LULC category the area affected by landslides was calculated.
Furthermore, we digitized a point at the center of every landslide crown to compute the number of
slope instability processes that were triggered in each land use category.

Lastly, the landslide area related to each land use class was divided to the total area of that land
use type to assess the landslide index (LI).
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4. Results

4.1. Land Use Changes Analysis

The LULC map produced through the interpretation of aerial photos shows that in 1954 59.1% of
the total basin area (5.8 km2) was made up of natural and semi-natural areas, followed by cultivated
agricultural lands (40.8%) and urban areas (0.1%) (Table 1; Figure 4). The majority of NAT lands almost
totally covered the upper portion of the catchment, approximately starting from 400 m of altitude
depending on slope aspect, while the remaining ones prevalently extended over the middle portions
placed close to the main watershed (Figure 4a). On the other hand, farmland areas (i.e., AGR) diffusely
covered the middle part of the catchment whereas they predominated in the lower part. Eventually,
the urban areas mainly consisted of the man-made structures belonging to the Vernazza hamlet.

Table 1. Summary of historical land use/land cover (LULC) setting of the Vernazza catchment (AGR,
agricultural area; NAT, natural and semi-natural area; URB, urban area; ND, no data).

LULC
1954—From Aerial Photos Early 1950s—From Cadastral Data

% km2 % km2

NAT 59.1 3.40 59.7 3.44
AGR 40.8 2.35 36.4 2.10
URB 0.1 0.01 0.90 0.05
ND - - 3.0 0.17

 

Figure 4. 1954 land use/land cover (LULC) setting of the Vernazza catchment. (a) LULC map derived
from the 1954 aerial photographs; (b) Area in percentage for each LULC class. Colored columns are
referred to (a) while grey columns indicate the cadastral-derived area for each LULC class; AGR,
agricultural area; NAT; natural and semi-natural area; URB, urban area; ND, no data.

The results of the cadastral-based land use mapping lead to a very similar LULC setting (Table 1).
In fact, the study catchment showed a prevalence of NAT (59.7%), followed by AGR (36.4%) and
lastly by urban areas (0.9%) while a remaining 3% of the basin resulted substantially occupied by
state-owned areas (ND) (Table 1; Figure 4b). By comparing the 1954 LULC map with the one obtained
through cadastral data, a very slight difference was detected as highlighted by an overlapping degree of
approximately 96%. Moreover, it is interesting to note that cadastral maps showed a high land-property
fragmentation within the study basin, where approximately 7200 parcels were identified with an
average parcel size of about 775 m2. However, the density of cadastral parcels resulted further higher
in agricultural areas, where the average parcel size was 430 m2. Therefore, cadastral data allow to
obtain spatial information at higher detail, greatly improving land use information obtained from
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aerial-photo interpretation. In fact, according to cadastral database, natural and seminatural areas can
be mainly subdivided into tall forests (71%) and coppice woods (29%). On the other hand, agricultural
lands consist of pastures and meadows (13%), orchards/arable lands (23.5%), olive groves (24%) and
vineyards (39.5%). These results highlight the importance of agriculture activities in the early 1950s
and they make possible analysis of both the distribution and extent of cultivated terraced slopes in the
study area.

The main changes experienced between 1954 and 2011 by agricultural areas are summarized
in Table 2 and Figure 5. It is relevant to note that over approximately sixty years a large portion
of agricultural terraced slopes (77.4%) has been abandoned while only a small percentage (21.1%)
remained cultivated. In detail, 19% of cultivated terraced slopes have become ATP while 58.4% turned
into ATD (Table 2; Figure 5b). Terraced slopes that have been kept cultivated mainly consist of CTV
(15.3%) and CTO (5.8%) whereas URB category (1.5%) includes anthropic structures due to urban
sprawl of the Vernazza hamlet together with the main rural building settlements distributed in the
inland portions of the catchment. It is interesting to point out that cultivated terraces correspond to
about 9% of the whole study basin. Currently, such agricultural lands are scattered in small patches,
often located in the proximity of roads and/or rural settlements.

Table 2. Summary of land use/land cover (LULC) setting of the 1954 agricultural area in 2011 (ATD,
abandoned terraced slope with dense cover; ATP, abandoned terraced slope with poor cover; CTO,
cultivated olive grove; CTV, cultivated vineyard; URB, urban area).

LULC
2011—From Aerial Photos

% km2

ATD 58.4 1.38
ATP 19.0 0.45
CTO 5.8 0.14
CTV 15.3 0.36
URB 1.5 0.03

 

Figure 5. Land use/land cover (LULC) setting of the 1954 agricultural area in 2011. (a) LULC map.
(b) Area in percentage of each LULC class; ATD, abandoned terraced slope with dense cover; ATP,
abandoned terraced slope with poor cover; CTO, cultivated olive grove; CTV, cultivated vineyard; URB,
urban area.

4.2. Relationship between Rainfall-Induced Shallow Landslides and Farmland Abandonment

After the disastrous rainstorm occurred on 25 October 2011, 364 shallow landslides were mapped
by Cevasco et al. [78] through visual analysis of aerial orthophotographs and geomorphological surveys.
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Overall, GIS analysis revealed that 295 of these rainfall-induced landslides have been triggered over
agricultural terraced areas dated 1954 while nine landslides run-out through them from neighboring
zones. The smallest slope failure covered a surface of a few square meters, the largest one covered
5376 m2 while the average landslide size was estimated to be 216 m2. The corresponding total area
affected by landslides is 6.48 × 10−2 km2, representing 2.75% and 1.12% of AGR 1954 and of the entire
Vernazza catchment, respectively. Considering that the extent of 1954 cultivated slopes was about
2.35 km2, the average landslide density in this land use class is 125 landslides/km2. Generally, in
2011 the highest amount of rainfall-induced instability phenomena (68.8%) occurred on abandoned
agricultural lands, which are the most represented land cover class (77.4%), while 31.2% of slope
instabilities affected still cultivated terraced slopes (21.1%). In particular, as can be seen in Figure 6,
most of the landslide crowns (39%) affected ATD while a lower percentage (29.8%) of the landslides
has been triggered on ATP, representing 58.4% and 19.0% of 1954 agricultural areas, respectively. An
important amount of landslide crowns was also detected in CTV (23.7%), while considerably lower
landslide scars affected CTO (7.5%), which represent 15.3% and 5.8% of the areas that were cultivated
in 1954, respectively. Furthermore, it was observed that landslides triggered on cultivated areas are
generally lower in magnitude than those occurred on abandoned ones. In detail, the average extent
of landslides that occurred on CT (70 m2) is about half of those that occurred on ATP (140 m2) and
ATD (145 m2). The most important observations come from the analysis of the landslide index, which
represents the landslide area in each land use class in relation to the area of the considered land use
class. The highest LI value was obtained for ATP (5.5%). Significant LI values were also associated to
CTV (2.85%) and CTO (2.67%) whereas it was significantly lower for ATD (1.85%).

Figure 6. Histograms showing the relationships between the percentage of landslide crowns and of the
Landslide Index with respect to land use/land cover of 2011 (LULC 2011); ATP, abandoned terraced
slopes with poor cover; ATD, abandoned terraced slopes with dense cover; CTO cultivated olive groves;
CTV, cultivated vineyards; URB, urban areas.

5. Discussion

The most important landscape transformations experienced by the Cinque Terre territory are
directly or indirectly related to human action. Due to an impressive work of deforestation, reworking
of eluvial-colluvial deposits, and building of dry-stone masonries, which has been carried out since the
early centuries of the Middle Ages, terraced slopes have become the leading morphological peculiarity
of the local landscape. During this time frame, farmland terraces have played a crucial role both as
a source of livelihoods and as a regulating factor of hydro-geomorphological processes. According
to Terranova et al. [80], the maximum extent of cultivated terraced slopes can be dated back to the
second half of the 19th century. Starting from this period, terrace cultivation and maintenance have
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suffered from the first interruptions, which were mainly driven by scarce agricultural incomes that in
turn led to the initiation of the earliest depopulation trends. However, the major decline of farmland
started after the Second World War [80–82]. This period represents the so-called “Italian economic
boom” that was the main cause of the largest exodus from agricultural lands [28]. On the other hand,
the first decade of the new millennium can be assumed as the maximum expression of farmland
abandonment of hilly and mountainous zones. Therefore, in this study these two periods were selected
since they can be considered of crucial relevance in analyzing the effect of farmland abandonment on
the hydro-geomorphological dynamics of slopes.

The results of this research revealed that approximately 40% of the Vernazza catchment was
occupied by cultivated, that is terraced, areas in the early 1950s, denoting that farming activities were
still an important driving force of the local economy. However, it should be noted that the extent of
such areas cannot be considered as the actual total surface of the basin characterized by terraced slopes.
In fact, an unknown portion of the investigated basin could have been abandoned before the early
1950s, causing it to look like a natural and/or semi-natural area in 1954 due to the presence of a dense
vegetation cover. This is confirmed by the results provided by Terranova et al. [80] obtained through
field surveys and analysis of historical aerial photos older than early 1950s, estimating that 51% of the
whole Vernazza municipality territory (extending about 12 km2) could be considered as occupied by
terraces, both cultivated and characterized by different levels of abandonment.

This study also showed a very high agreement between the outcomes of land use mapping based
on the interpretation of aerial photos and those obtained through cadastral data, confirming that these
data sources are well comparable from both a geometric and a thematic point of view. These evidences
are consistent with numerous researches reported in literature about the usefulness of old cadastral
maps as a reliable reference about past LULC settings [62,65]. However, we have highlighted the
remarkable spatial accuracy characterizing the considered cadastral maps, which is mainly related
to the high density of cadastral parcels. This is a peculiar feature of Ligurian cadastral maps which
strongly depend on the high fragmentation of land ownerships among numerous smallholders together
with the rugged morphology of this region. This aspect is particularly relevant in the Cinque Terre
area [79], where cadastral parcels can be very small in size, sometimes hardly representable due to
scale. In addition, the more detailed LULC information associated to cadastral data allowed to better
refine the land use setting through the identification of the different types of crop. These aspects testify
that old cadastral data may be very useful to address question on farmland abandonment in historical
time. For example, such data could represent effective tools to recognize the location and the extent of
terraces at a very detailed scale, also where they have been covered by dense vegetation or disrupted
by geomorphological processes. In this regard, cadastral-based spatial information may be coupled
with high-resolution remote sensing techniques such as light detection and ranging (LiDAR) [83].

The LULC change detection pointed out a loss of cultivated areas amounting to 77.4% over
approximately sixty years. As a result, such land use changes severely influenced the effects of
hydro-geomorphological phenomena in these areas, as evidenced by the rainfall-induced ground
effects of the 25 October 2011 event. This research showed that 1954 agricultural areas were strongly
affected by landslides both in terms of number and magnitude (Figure 7). As can be seen in Figure 7b,
rainfall-induced landslides triggered on 1954 agricultural areas were more numerous (295—81%)
with respect to those triggered outside of them (69—19%). Moreover, in terms of the area covered
by landslides (Figure 7c), considering that the percentage of the overall basin area affected by slope
failures was about 1.5% [11], 75.2% of the total landslide area is referred to 1954 agricultural areas.
These observations testify that terraced areas are highly susceptible to slope instabilities in case of
extreme rainfall. This is in agreement with the evidences reported by other researches performed both
in the study area [11,59,84–90] and in other terraced environments around the world [58,91–93]. As
reported in technical literature, several factors can influence the occurrence of slope instabilities in
terraced systems [58]. Some of these factors are related to the geometrical features of terraced slopes
(e.g., height of dry-stone walls and slope steepness) [23] while in other cases they are directly associated
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to the hydrological functions of terraces. For example, the development of groundwater flows in
response to the major water infiltration can lead to the saturation of backfill soils that in turn can cause
a dangerous increase of pore water pressure with negative consequences on soil strength [32,91–93].
Other researchers outlined the disfunctions of the drainage systems (e.g., channels and ditches) [58] or
the disturbance of dry-stone walls due to root growth as an important landslide predisposing agent.
As reported by Cevasco et al. [11], within the study area the mass movements may have been favored
by the permeability contrast between backfill soil and underlying bedrock that in turn may have
promoted the formation of perched groundwater tables and seepage processes parallel to slope or
upward directed. In this stratigraphic layout, sliding surfaces are often set at the interface between the
retained soil and the bedrock [11,57,93]. The higher landslide susceptibility of terraced areas can be
also attributed to the degree of maintenance of dry-stone masonries [53]. In the study area, the lack of
maintenance can affect abandoned areas and to some extent also cultivated terraces [11].

 
Figure 7. (a) Percentage of basin area affected by shallow landslides; (b) Percentage of landslides
triggered in and out of AGR 1954; (c) Percentage of landslide area in and out of AGR 1954; (d) Percentage
of landslides triggered in CT, ATP and ATD in 2011; (e) Percentage of landslide area in CT, ATP and
ATD in 2011; LN, landslide number; LA, landslide area; AGR 1954, agricultural area of 1954; CT,
cultivated terraced slopes; ATP, abandoned terraced slopes with poor cover; ATD, abandoned terraced
slopes with dense cover.

This research clearly highlighted the negative role of farmland abandonment on rainfall-induced
effects. The highest number of failure phenomena (68.8%) was triggered on abandoned agricultural
lands (Figure 7d). However, the landslide index values reveal that ATP are characterized by higher
landslide susceptibility than cultivated terraced slopes and ATD, respectively. Therefore, these outcomes
further strengthen the findings of previous researches indicating that abandoned slopes become more
stable when colonized by dense vegetation and thus after longer time of abandonment [59,94,95].
Conversely, since recently abandoned terraces are poorly colonized by forest tree species, they do not
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benefit from the stabilizing effects of vegetation (e.g., contribution of anchorage by root systems of
forest tree species), so landslides processes are more intense [59,96–98]. Therefore, the phase between
the initiation of terrace abandonment and the development of the dense vegetation represents the most
hazardous scenario. Interestingly, the percentage of landslide area in CT is considerably lower than
one-third of the total landslide area while it is approximately half of the landslide area in ATP and
ATD. By comparing Figure 7d with Figure 7e it can be inferred that despite the number of triggered
landslides being significant also in CT (31.2%, or 92 landslides), the corresponding landslide area
(21.6%) is smaller than ATD (39.7%) and ATP (38.7%), respectively. In this regard, this research showed
that shallow landslides triggered on CT were on average characterized by lower magnitude than those
occurred on ATP and ATD. This outcome is consistent with similar studies [59] and testifies the negative
consequences induced by the cessation of terrace cultivation and maintenance on slope stability. It
should be noted, however, that in the study area the high fragmentation of land ownerships can make
difficult the maintenance of dry-stone walls. In this regard, cultivated areas can be often placed near or
surrounded by abandoned properties, making the maintenance works on border dry-stone walls not
possible to be carried out (Figure 8).

 

Figure 8. Comparison between the cadastral map and the 2011 orthophoto (a) and the 2011 LULC map
(b). It can be noted the high fragmentation of land ownerships as well as the spatial accuracy of old
cadastral data. 1, Boundary between the agricultural areas and the natural areas dated 1954; 2, parcel
border; 3, abandoned terraced slope with dense cover (ATD); 4, cultivated vineyard (CTV); 5, natural
and semi-natural area (NAT).

6. Conclusions

Farmland abandonment is a typical land use change commonly affecting hilly and mountainous
zones worldwide. Terraced landscapes are extremely vulnerable territories, where crop abandonment
can have extensive implications on the effects of hydrological and geomorphological processes,
particularly in case of extreme rainfall events. In these peculiar landscapes, such effects represent a
threat to slope stability and constitute an important source of risk when located in the proximity of
urbanised areas.

This paper presented a quantitative multi-temporal analysis, performed in a GIS environment
using different spatial information sources, aimed at investigating the LULC transformations that
affected agricultural terraced slopes in a small coastal catchment and accurately estimating the degree
of abandonment of terraces. In addition to this, the implications of such LULC modifications on the
distribution, abundance, and magnitude of rainfall induced shallow landslides triggered by an intense
rainstorm that occurred in 2011 were analysed.

It was observed that over the last sixty years extensive portions of agricultural terraced slopes
have been abandoned and this has severely influenced the effects of shallow landsliding, producing
negative consequences on slope stability. Since the selected study area is representative of farmland
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abandonment experienced by many rural territories of the entire Liguria region, our observations can
support the scheduling of effective land management strategies. In this sense, we highlighted the
usefulness of old cadastral data because of both the high spatial accuracy and thematic completeness
of the associated database.

Eventually, the results of this research can be useful for future studies that address soil erosion
and the shallow landslide susceptibility of terraced slopes by means of simulations of land use
change scenarios.
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Abstract: The Mosel Wine region has suffered during the last decades a decrease in productive area,
mostly on steep sloping vineyards. To avoid the spread of diseases, the extraction of grapevines on
abandoned vineyards is mandatory in Rhineland-Palatinate. At the same time, the organic production
of wine is growing slowly, but well established in the area. We assess in this paper the degree of the
land-use changes, as well as their effect on runoff generation and sediment production, depending on
the age of the abandonment, as well as the type and age of the land management, whether organic or
conventional. Land use data were obtained to identify land-use change dynamics. For assessment of
runoff generation and soil erosion, we applied rainfall simulation experiments on the different types
of vineyard management. These were organically managed, conventionally managed and abandoned
ones, all of varying ages. During the last decades of the last century, a decrease of around 30% of
vineyard surface could be observed in Germany’s Mosel Wine Region, affecting mostly the steep
sloping vineyards. Despite a high variability within the types of vineyard management, the results
show higher runoff generation, and soil erosion associated with recently installed or abandoned
vineyards when compared to organic management of the vineyards, where erosion reached only
12%. In organic management, runoff and erosion are also reduced considerably, less than 16%, after a
decade or more. Thus, organic vineyard management practices show to be very efficient for reduction
of runoff and erosion. Consequently, we recommend to adopt as far as possible these soil management
practices for sustainable land management of steep sloping vineyards. In addition, soil protection
measures are highly recommended for vineyard abandonment according to the law.

Keywords: steep sloping vineyards; Mosel Wine Region; land abandonment; runoff; soil erosion;
rainfall simulation experiments

1. Introduction

At least beginning with the Neolithic age, human impact has caused dramatic changes in landscape
dynamics [1–3]. In Central Europe, and all over the globe, increased soil erosion has been directly linked
to the intensification of agricultural land use at different stages of human culture [4–7]. Contrasting
with a simplistic view on the geomorphological dynamics, model applications revealed at the landscape
level that significant spatiotemporal interactions have to be considered to understand the overall
sediment export [8], and thus to interpret landscape evolution [9].

In Mediterranean environments, García-Ruiz et al., as well as others, have identified extensification
of agricultural practices as the reason for higher soil erosion rates [10–14]. Nevertheless, the runoff
and sediment dynamics decreased substantially with increasing time after abandonment [11,15,16].
Later, Ries and others confirmed the high complexity of the processes, depending on the development
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or degradation status of the soils and landscape [17–21]. In Spain, land abandonment has been
studied intensively in different landscapes of the Ebro Basin, Central Iberian Meseta, Southern and
Eastern Peninsula. The studies confirmed that divergent dynamics of vegetation cover, soils and
geomorphodynamics are affected by prior land use management practices such as the intensive use of
herbicides, machinery, or amendments to increase the productivity [14,20–23]. Vineyard abandonment
has been also in the focus of more recent research in the Mediterranean, emphasizing the effect
of abandonment on terraced slopes [24–26]. Most of the authors highlight the necessity of land
management measures after abandonment for reducing the negative effects due to soil erosion and
terrace failure.

In contrast, there is only limited information on soil erosion intensity and rates based on
measurements in Central Europe [27,28]. It is especially the Mosel region where the longest records
on soil erosion in Germany are available [29–32]. During 25 years of monitoring by Gerold Richter
in Mertesdorf in the Ruwer Valley, starting in the early 1970s, a scaled plot system showed that soil
erosion relates mainly to the occurrence of heavy rainfall events. The average yearly erosion is quite
low (~0.3 t ha−1 y−1), but summer thunderstorms may cause erosion rates 10 times higher than the
yearly average. The Mertesdorf experimental plot station has also contributed to setting the standards
of soil protection in vineyards, proposing reduced tillage and intense mulching for soil protection.
The data also gave clear hints on the highly negative effects of traditional deep ploughing on soil
erodibility [32].

Experimental approaches are a common tool to understand geomorphodynamic surface processes,
such as runoff generation and erosion at different scales and process intensities [33–36], to understand
patterns of transport of solid and dissolved matter [37,38] and even for assessment of land use
planning [39,40] and model parametrization [41]. Especially in Mediterranean and semi-arid landscapes,
a vast collection of data has been generated with rainfall simulations on different surfaces and with
different simulators (e.g., [35–42]). Unfortunately, in Central Europe, there has been little experimental
research with rainfall simulators available to help understand runoff generation in the low mountain
ranges of Eifel and Hunsrück in the western part of Germany. Hümann et al. [42] showed that
compaction of soils due to heavy machinery such as harvesters was a major source of runoffwithin
forest environments. Rainfall simulation experiments also showed the effect of water repellency on
runoff generation: Butzen et al. [43] demonstrated that this effect is also present in temperate forests,
mainly under coniferous trees, but also, depending on drought conditions, on soils under deciduous
trees. In addition, Zemke [44] confirmed that forest roads have a high impact on runoff generation
and routing in forest environments. Alpine runoff and erosion have also been recently in the focus
of experimental research with rainfall simulation experiments [45–47]. Nevertheless, the results of
rainfall simulation experiments have contributed substantially to our knowledge of fundamental soil
physical processes [48–50], and of the effect of organic farming [51,52].

Land abandonment has complex interactions within the landscape that has been cultivated for
centuries. On one hand, it may affect landscape dynamics on a large scale, such as reducing water
resources [53], and on the other, changing the landscape’s visual characteristics is a detriment for
tourism [54]. The abandonment, or non-cultivation of vineyards, leads to very specific problems
of dissemination of diseases such as black rot and phylloxera [55–57]. Thus, a consequent clearing
is recommended [57] and has been mandatory in Rhineland-Palatinate since 28 November 1997
(Drieschenverordnung) for vineyards remaining unmanaged for more than 2 years. The clearing has to
guarantee that no further growth is possible from the stumps. This is only possible by mechanically
removing the root systems of the grapevines, which is labour intensive and expensive. In addition,
some areas are too steep for the use of machinery. For the management of abandoned areas, especially
the steep sloping ones, grazing with sheep and goats has been introduced. The objective is to suppress
the massive proliferation of shrubs and the re-sprouting of grapevines.

With this paper, our purpose is to focus on the effects of vineyard management and abandonment
on the intensities of runoff and soil erosion in one of the most emblematic viticultural areas in Western
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Germany. We compare conventional and organic vineyard management practices with vineyard
abandonment and examine the effect of time on runoff generation and soil erosion. In addition, as land
abandonment has been investigated mainly as a Mediterranean problem, we want to glance at the
dimension of the problem in the Mosel wine region.

2. Materials and Methods

2.1. Study Area

The Mosel viticultural region (Germany) comprises the Mosel Valley and the lower valley of the
southern tributaries Saar and Ruwer (see Figure 1). In these valleys, the research sites can be found:
Waldrach (Ruwer valley, UTM32 338144/5512279) and Kanzem (Saar valley, UTM32, 324616/5502957).

Figure 1. Location of the study sites Kanzem (K) and Waldrach (W). Management types: abold:
abandoned old; abyoung: abandoned young; coold: conventional old; coyoung: conventional young;
ecold: organic old; ecyoung: organic young.

The conventional old (coold) and young (coyoung) vineyards, and abandoned ones (abold and
abyoung for the old and young, respectively) are situated in the village of Waldrach. They are cultivated
in hill slopes with average elevations from 200 m to 400 m a.s.l. The main parent materials are Devonian
greywackes, slates, and quartzites, which are in contact with Pleistocene fine materials transported by
the Ruwer River, an affluent of the Moselle River [29]. Climate data is not available within the entire
Ruwer Valley, but it is available close by (Station Avelsbach, 248 m a.s.l.). Within the last 10 years, the
average temperature reached 10.2 ◦C, and the average annual rainfall was 732 mm.

According to IUSS-WRB-classification, soils are classified as Terric Anthrosols [58]. The active
plantations are composed of 40-year-old (coold) and 5-year-old plants (coyoung, replanted 2012),
and were cultivated at the summit of hillslopes. The old abandoned vineyard was cultivated since
1970 following a similar soil management system characterized by tillage, and was abandoned in
1990. Nowadays, this area is recolonized by spontaneous vegetation such as Rubus sp., Achillea
millefolium agg. The young abandoned vineyard (abyoung) is located close to the conventional
young one (coyoung). Grapevines were extracted in January 2008, and the slope was not managed
any more for the following 4 years. Consequently, it was also recolonized with spontaneous pioneer
herbaceous vegetation.
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Conventional vineyard management keeps the herbaceous cover of the inter-rows in a changing
mode every 2nd year. For weed control, the in that should be kept clear are harrowed at least once a year.
Weed control directly below the grapevines takes place by mechanical weeding and the application of
herbicides. For nutrient management, mineral fertilizer is applied, and also grape pomace is spread on
the soils.

The plots are exposed SW-W and mean inclinations range from 15–25◦ although maximum values
of 30◦ are reached in the backslope of the young conventionally managed vineyards. The annual total
average rainfall is about 765 mm, and mean annual temperatures approximately 9 ◦C [59]. Soils are
characterized by a thin organo-mineral horizon (nearly 2 cm deep) with high alteration induced by
tillage and compaction (Ap). The horizon boundaries in Ap and B/C are abrupt (2–5 cm) and nearly
plane in the compacted layers, and irregular in the rocky layer. However, in some parts, for example at
the footslopes, one unique compacted and decapitate horizon can be found because of the depletion,
trampling and tractor passes. In the old abandoned plot, soil profiles have a deep-rooted organic soil
horizon (litter horizon O) from 0 to 4 cm, where no remains of any Ap horizon and large (>2 mm) soil
aggregates are found. The boundaries with underlying soil horizons are also abrupt. Underneath, a B/C
horizon characterized by tilled and compacted mineral soil can be observed with high rock fragment
contents, and a weak soil structure characterized by prismatic and crumb forms of 20–50 mm size.

The other study area is within the municipality of Kanzem, at a vineyard location called Sonnenberg.
The average annual temperature of the last 10 years is 11.3 ◦C, and the total annual rainfall 730 mm
(Agrarmeteorologischer Dienst RLP—Agronomic-meteorological Service, www.am.rlp.de). The parent
material, similar to that found in Waldrach, is based on Devonian slates, but at the toeslope it is
intermixed with Pleistocene fluvial deposits, leading to soils with moderate to a high content of rock
fragments. The soil texture is characterized by high silt content (40.4%). and organic matter (5.4%).
They are classified as Terric Anthrosols according to the IUSS-WRB soil classification [58]

Here, between 165 and 195 m a.s.l., we can find next to each other an old, conventionally managed
vineyard (coold), which was planted about 3 decades ago, and two organically managed vineyards,
one young (ecyoung, 5 years) and one old (ecold, 55 years). All grapevines are variety Riesling. The
abandoned vineyard (abold), located directly above the other ones and reaching an altitude of 230 m
a.s.l., was removed from production in 1996. The slopes range between 20◦ and 35◦.

The conventional plantation follows the same soil management system as the plots located in
Waldrach. The organic vineyard management follows the standards set by the European Convention
(regulation–EU-No 203/2012) and is certified yearly by independent surveyors. Tillage (harrowing,
mulching and grubbing) between the grapevine rows, is mainly applied by machine from the end
of March until May as well as in summer before the harvest. Nevertheless, a permanent cover with
herbaceous species is kept throughout the year all over the vineyards. Hoeing for weed control under
the rows and grass cutting is done by hand or with a brush cutter. The supply with nutrients is ensured
by the application of compost, grape pomace, and horn shavings.

2.2. Data Sources and Methods

For understanding and quantifying the spatial and temporal dynamics of vineyard abandonment,
we analysed the data gained and delivered by the Rhineland-Palatinate Statistical Office (Statistisches
Landesamt Rheinland-Pfalz). The data is gathered in detail on all agricultural lands, also recording
the type of grape cultivated. We used the data on the surface covered by vineyards (in ha) of the
complete federal state Rhineland-Palatinate, for the Mosel viticultural region and the five districts
within the region (Bernkastel, Obermosel, Burg Cochem, Ruwertal, Saar) on a yearly basis since 1999,
and some data starting from 1964. In addition, we obtained data from the state agricultural agency
(Landwirtschaftskammer Rheinland-Pfalz) for the years 1998, 2004, 2010, and 2015, indicating the
surface area of vineyards on areas steeper than 30%. The recording on steep sloping vine growing
surface has been stopped 2015, thus no newer data is available any more.
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2.3. Rainfall Simulation Experiments

The dynamics of runoff and erosion by splash and shallow sheet flow were quantified by means
of rainfall simulation experiments and conducted at different research periods (2008, 2015, and 2016).
The small portable rainfall simulators (Figure 2) used as well as the standardized procedure have
been described widely in [19,35,60]. The general pattern of the experiment was to apply a defined
rainfall quantity, generated by pumping the water with a pump through a spraying nozzle (Lechler
460608), during 30 min on a small round plot (plot size 0.28 m2, 60 cm diameter). The targeted intensity
is 40 mm h−1, which corresponds to approximately 5.7 L for each experiment. The runoff from the
plot is collected completely in plastic bottles, subdividing the experiment into six different 5-min
intervals from the beginning of the rainfall. Rainfall is controlled manually by a valve and a flow meter.
The calibration of the rainfall intensity is done before and after the experiment to ensure a constant
simulation quality collecting the complete runoff of the plot.

Figure 2. Rainfall simulation experiment: Pump is submerged in a blue water reservoir. Flow control
by flow-meter and manometer. The image in the upper left corner shows circular plot. (Images by J.
Rodrigo-Comino).

The amount of runoff and sediments is determined gravimetrically. The discharged water is
filtered with Whatman filters No. 595 (pore size ~4 μm), and the filters weighted after drying at 105 ◦C
for at least 24 h. Data on runoff and erosion is generated in 5-min intervals for each simulation as
total runoff (Q (L)) and suspended sediment yield (SY (g)). In this case, only the overall sum for
the entire simulation event was used. In addition, we calculated the specific runoff (spQ (L m−2),
specific sediment yield (spSY (g m−2)), suspended sediment concentration (SSC (g L−1), and the runoff
coefficient (RC [–]) for each of the experiments.

We differentiated three management types: Conventional, organic and abandoned. In addition,
we characterized them by age: Young and old ones. Conventional and organic young vineyards have
been installed 5 years ago or less, whilst the young abandoned vineyards were treated according to the
law (extraction of the grapevines) less than 1 year before our testing. The old management types were
managed or abandoned at least 15 years ago.
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In total, we performed 82 rainfall simulation experiments on active or abandoned vineyards at
the two study sites (see Table 1), 37 in Waldrach and 45 in Kanzem. 36 simulations were conducted on
abandoned vineyards (Kanzem 14, Waldrach 22), and 46 on cultivated ones (Kanzem 31, Waldrach 15).
Vineyards with organic management were located only in the Kanzem site, where 20 rainfall simulation
experiments were performed.

Table 1. Distribution of management types and amount of rainfall simulations in both research sites.
Management types: abold: abandoned old; abyoung: abandoned young; coold: conventional old;
coyoung: conventional young; ecold: organic old; ecyoung: organic young.

Site Management Group RS Experiments

Kanzem

abold 14
coold 11
ecold 11

ecyoung 9

Waldrach

abold 13
abyoung 9

coold 9
coyoung 6

2.4. Data Analysis

Statistical analysis of the data was performed with with IBM SPSS Statistics 26 package [61]. Using
the management categories of abandoned, conventional and organic combined with the age categories
“young” and “old”, we generated six different groups, including both test sites, Waldrach and Kanzem.
Here, a simple explorative analysis was processed. The similarity of both study areas (Waldrach and
Kanzem) was tested by means of two-tailed t-test. For understanding the differences between the
management and age groups, we applied a Kruskal–Wallis test.

3. Results

3.1. Evolution of Wine-Growing Surface

The spatial and temporal development of vine growing during the last six decades shows opposing
trends within the federal state of Rhineland-Palatinate (Figure 3). After a period of the apparently
constant increase until the beginning of the 1990s, reaching a maximum (67,414 ha), recorded in 1997.
For the last 10 years, the area covered by vineyards has stabilized at around 64,000 ha. In the Mosel
Wine Region, the vineyards covered at the end of the eighties (1989) 12,509 ha, but decreased within
two decades to around 8700 ha, stabilizing during the last 10 years at that level. The subareas of the
Mosel Wine Region, where the test sites can be found, have therefore had a general decrease of the
surface devoted to wine production, but with varying dynamics: The Ruwer Valley has experienced,
after reaching a maximum of 252 ha of vineyards in 1997, a reduction of around 20%. The Saar valley
lost more than 30% of the vineyards between 1979 (1194 ha) and 2006 (723 ha) but has experienced a
slight increase of productive surface in the last decade.

Although there is only little data available on the cultivation of steep sloping vineyards, the
obtained data shows the substantial reduction of these surfaces during the last decades. More than 30%
of the steep sloping vineyards were lost, reducing their proportion of the total surface in the Mosel
Wine Region from around 45% to around 40%. Thus, steep sloping vineyards are more affected by
land abandonment than other vineyard surfaces.
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Figure 3. Surface covered by vineyard between 1964 and 2018. The total surface grown in
Rhineland-Palatinate (RLP) is depicted, as well as the total area cultivated in the Mosel Wine Region,
with details of all sub-sectors of the region. In addition, the surface of area cultivated on slopes >30◦ is
given for 4 years between 1998 and 2015.

3.2. Surface Dynamics

The runoff dynamics of both areas, Kanzem and Waldrach, are quite similar (see Table 2), being
higher in the latter area. Both areas show very high standard deviations on all parameters describing
the initiation of runoff and erosion processes. This shows the high variability of the soils’ key physical
parameters because of cultivation due to spatially different intensities of compaction by wheel traffic,
loosening by tillage, etc. In the Waldrach vineyards, maximum values for erosion parameters are
substantially higher than in Kanzem. Nevertheless, the t-test shows a significant similarity between
the two areas.

Table 2. Main descriptive values (avg: average; stddev: standard deviation; min: minimum; max:
maximum) for the specific runoff (spQ (L m−2)), specific sediment yield (spSY (g m−2), suspended
sediment concentration (SSC (g L−1) and runoff coefficient (RC (%)) for both test areas. The significance
level of the t-test for each of the parameters is included.

Variables
Area

Kanzem Waldrach t-Test

avg stddev min max avg stddev min max Sig. (2-tailed)

spQ 2.3 3.9 0 16.9 3.4 5.3 0 25.9 0.29
RC 11.6 19.2 0 82.8 17.2 23.5 0 88.9 0.24

spSY 10.1 21.5 0 95.9 23.3 66.6 0 373.2 0.21
SSC 1.6 2.9 0 10.9 2.9 5.5 0 25.2 0.17

A look at the data subdivided by management type and age shows clear differences. Median
specific runoff (see Table 3, Figure 4) is the highest in both the recently installed conventional vineyard
(coyoung: 6.3 L m−2) and the recently abandoned vineyard (abyoung: 6.1 L m−2). In contrast, the
lowest median runoffwas recorded on the old organically managed vineyard (ecold: 0.0 L m−2) and
on the old abandoned one. In fact, more than half of the rainfall simulation experiments produced
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no runoff on these surfaces, and consequently no erosion. The average specific runoff is considerably
higher on the old abandoned vineyards (abold: 1.2 L m−2). In general, a higher specific runoff is found
on established or recently abandoned vineyards. The variability of runoff generation is also higher on
younger vineyards than on the older ones. It is striking that the young abandoned and conventionally
managed vineyards show on all simulations some runoff (0.6 L m−2 and 0.2 L m−2, respectively), while
on all other areas some rainfall simulation experiments showed no runoff generation.

Table 3. Runoff parameters of the different management types. spQ: specific runoff (L m−2); RC:
runoff coefficient (%); des. par: descriptive parameters; avg: average; stdev: standard deviation; min:
minimum; max: maximum. Management types: abold: abandoned old; abyoung: abandoned young;
coold: conventional old; coyoung: conventional young; ecold: organic old; ecyoung: organic young.

des. par.
spQ RC

abold abyoung coold coyoung ecold ecyoung abold abyoung coold coyoung ecold ecyoung

avg 1.2 6.4 3.1 9.0 0.5 2.4 5.9 35.2 15.3 40.7 2.4 11.8
median 0.0 6.1 0.9 6.3 0.0 0.9 0.0 32.7 5.3 39.1 0.0 4.3
stdev 2.8 4.0 4.5 9.2 1.6 3.0 13.9 21.2 22.1 31.2 8.0 14.7
min 0.0 0.6 0.0 0.2 0.0 0.0 0.0 3.3 0.0 1.0 0.0 0.0
max 12.9 14.8 16.9 25.9 5.3 8.2 63.5 78.3 82.8 88.9 26.4 39.7

Figure 4. Boxplot of the specific runoff (L m−2) of combined management and age classes. The bold
line in the box shows the median, the box embraces the values between the 25% and 75% quantiles, the
whiskers show data level 1.5× interquantile distance. Outliers are marked with “*” when outside 3×
interquantile distance. Management groups are abold: abandoned old; abyoung: abandoned young;
coold: conventional old; coyoung: conventional young; ecold: organic old; ecyoung: organic young.

Accordingly, the non-dimensional runoff coefficient shows the same trend (Table 3, Figure 5). But
here, a look on the maximum values shows the high intensity of the processes: runoff coefficients
around 80% are reached on all conventionally managed vineyards (coold: 83%; coyoung: 88.9%, as
well as on the recently abandoned one (abyoung: 78.3%). The organic managed ones show maximum
runoff coefficients clearly lower than 40% (ecold: 26.4%, ecyoung: 39.7%). On both organic vineyard
groups, as well as the old abandoned vineyards, only a low or even no median runoffwas generated
(ecold: 0%; ecyoung: 4.3%; abold: 0%). Nevertheless, very high runoff can be also generated in the old
abandoned area (max. abold: 63.5%).
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Figure 5. Boxplot of the runoff coefficient (%) of combined management and age classes. The bold line
in the box shows the median, the box embraces the values between the 25% and 75% quantiles, the
whiskers show data level 1.5× interquantile distance. Outliers are marked with “*” when outside 3×
interquantile distance. Management groups are abold: abandoned old; abyoung: abandoned young;
coold: conventional old; coyoung: conventional young; ecold: organic old; ecyoung: organic young.

Regarding the sediment yield, the data generated by rainfall simulation experiments show a much
more complex situation (Table 4, Figure 6). The lowest average specific sediment yield is generated
on old abandoned vineyards (abold: 1.6 g m−2) and even lower on old organically managed ones
(ecold: 0.5 g m−2). According to the runoff generation (see above), there is no sediment yield on
both management groups. However, the old abandoned areas show a substantially higher variability
of sediment production by means of rainfall simulation experiments. Especially remarkable is the
high amount of peak values, reaching up to 20.8 g m−2. The vineyards managed for a longer period
organically show up with a higher homogeneity in sediment production. Only one clear outlier is
registered there, producing only 5.7 g m−2.

Table 4. Descriptive statistics of the erosion parameters measured by means of rainfall simulation
experiments. spSY: specific sediment yield (g m−2); SSC: suspended sediment concentration (g l−1); des.
par: descriptive parameters; avg: average; stdev: standard deviation; min: minimum; max: maximum.
Management types: abold: abandoned old; abyoung: abandoned young; coold: conventional old;
coyoung: conventional young; ecold: organic old; ecyoung: organic young.

des. par.
spSY SSC

abold abyoung coold coyoung ecold ecyoung abold abyoung coold coyoung ecold ecyoung

Avg 1.6 64.7 17.8 38.7 0.5 10.3 0.3 6.5 3.2 4.7 0.1 2.1
median 0.0 10.0 1.3 7.6 0.0 2.7 0.0 2.7 2.1 2.6 0.0 1.3
stdev 4.7 121.5 28.1 52.7 1.7 18.3 0.8 8.5 3.7 6.6 0.3 2.6
min 0.0 1.8 0.0 0.6 0.0 0.0 0.0 0.8 0.0 0.7 0.0 0.0
max 20.8 373.2 95.9 119.3 5.7 56.7 3.3 25.2 10.9 18.0 1.1 6.9

The old vineyards managed conventionally, and the organic ones recently installed show median
sediment yield values of 17.8 g m−2 and 10.3 g m−2, respectively. Here, the conventionally managed
vineyards show high variability, leading to a lower median (coold: 1.3 g m−2; ecyoung: 2.7 g m−2) and
higher maximum sediment yield (coold: 95.9 g m−2; ecyoung: 56.7 g m−2).
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Figure 6. Boxplot of the specific sediment yield (g m−2) of combined management and age classes.
Mind the logarithmic y-axis! The bold line in the box shows the median, the box embraces the
values between the 25% and 75% quantiles, the whiskers show data level 1.5× interquantile distance.
Outliers are marked with “*” when outside 3× interquantile distance. Management groups are abold:
abandoned old; abyoung: abandoned young; coold: conventional old; coyoung: conventional young;
ecold: organic old; ecyoung: organic young.

The highest sediment yields, on average as well as extreme values, are measured on recently
abandoned or installed conventional vineyards. With an average of 64.7 g m−2 (abyoung) and
38.7 g m−2 (coyoung) they are considerably higher than on all the other types of management. Also,
the maximum values are substantially higher than on all the other groups (abyoung: 373.2 g m−2;
coyoung: 119.3 g m−2).

Accordingly, the suspended sediment concentration paints a similar picture (Table 4, Figure 7). Old
abandoned and organic vineyards are less prone to transport sediments in their runoff, with average
values far below 1 g L−1 (abold: 0.34 g L−1; ecold: 0.1 g L−1). In addition, the measured maximum
sediment concentrations are very low (abold: 3.3 g L−1; ecold: 1.1 g L−1). Older organic vineyards
reach an intermediate level where average and maximum suspended sediment concentrations in the
runoff reach 2.1 g L−1 and 6.9 g L−1, respectively.

The situation changes drastically when regarding the remaining groups, as the average suspended
sediment concentrations are very much higher than the ones mentioned above, ranging between
3.2 g L−1 (coold) and 6.5 g L−1 (abyoung). In addition, the maximum values are higher, reaching up to
25.2 g L−1 (abyoung). The variability of the measured values is the highest on the old conventional
and young organic plots. However, on the young abandoned and conventional vineyards, low
concentrations of transported sediments were measured, being them higher than the average on the
old abandoned and organic ones.

The detection of similarities and dissimilarities by means of a Kruskal–Wallis test (see Table 5)
shows clearly that only a few pairs of management types are similar over all runoff and sediment
production patterns. These include the old abandoned and organically managed vineyards, the old
abandoned and the young organically managed vineyards, and the vineyard with the old conventional
management. Regarding the abandoned vineyards, which are in the focus of this article, the old
abandoned ones are similar to the old and young organically managed ones, whilst the young
abandoned ones are very similar to the recently installed conventional vineyards.
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Figure 7. Boxplot of the suspended sediment concentration (g L−1) of combined management and age
classes. Mind the logarithmic y-axis. The bold line in the box shows the median, the box embraces the
values between the 25% and 75% quantiles, the whiskers show data level 1.5× interquantile distance.
Outliers are marked with “*” when outside 3× interquantile distance. Management groups are abold:
abandoned old; abyoung: abandoned young; coold: conventional old; coyoung: conventional young;
ecold: ecological old; ecyoung: ecological young.

Table 5. Results of the Kruskal–Wallis test for identifying pairwise similarities between the groups.
Level of significance p is 0.05. All p-values < 0.05 are marked bold. Bonferroni-corrected significance is
indicated by corr. p.

Group Pairs
spQ RC spSY SSC

p corr. p p corr. p p corr. p p corr. p

ecold-abold 0.382 1.000 0.380 1.000 0.457 1.000 0.572 1.000
ecold-ecyoung 0.071 1.000 0.078 1.000 0.046 0.968 0.035 0.731

ecold-coold 0.018 0.378 0.021 0.437 0.006 0.135 0.002 0.047
ecold-abyoung 0.000 0.001 0.000 0.001 0.000 0.010 0.001 0.020
ecold-coyoung 0.000 0.005 0.000 0.004 0.000 0.001 0.000 0.001
abold-ecyoung 0.195 1.000 0.215 1.000 0.102 1.000 0.052 1.000

abold-coold 0.051 1.000 0.061 1.000 0.010 0.217 0.001 0.029
abold-abyoung 0.000 0.001 0.000 0.001 0.001 0.018 0.001 0.023
abold-coyoung 0.001 0.012 0.000 0.009 0.000 0.001 0.000 0.001
ecyoung-coold 0.848 1.000 0.849 1.000 0.753 1.000 0.622 1.000

ecyoung-abyoung 0.026 0.552 0.020 0.419 0.097 1.000 0.167 1.000
ecyoung-coyoung 0.046 0.963 0.034 0.715 0.041 0.864 0.074 1.000

coold-abyoung 0.016 0.328 0.011 0.231 0.108 1.000 0.254 1.000
coold-coyoung 0.036 0.758 0.025 0.533 0.037 0.782 0.108 1.000

abyoung-coyoung 0.992 1.000 0.970 1.000 0.868 1.000 0.830 1.000

On the other hand, the old abandoned vineyards are dissimilar to all conventionally managed
vineyards, and to the recently abandoned ones.

4. Discussion

The reduction of vineyards in the Mosel viticultural area, which contrasts with the generalized
increase of surfaces planted with grapevines in the federal state (Rhineland-Palatinate), is generally
related to structural and demographic conditions as well as the topography [62,63]. The latter makes
vine-growing much cost and work-intensive, and thus prone to abandonment. The still generalized
small size of the mostly family-owned vineyards and direct marketing may have also contributed to
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the trend. The substantial increase in prices in the last years [64] has not reversed this development
but has at least seemed to stabilize the current situation. Despite the only limited data availability,
there are with these several indications that most of the vineyard abandonment has occurred and
would continue on steep slopes. The trend contrasts with the fact that the Mosel vineyards, located
at the septentrional limit for wine-growing areas, are becoming in general beneficiaries of climate
changes during the last decade and are expected to continue to do so [65,66]. The main reason stated by
Levers et al. [67] for abandonment is, thus, not applicable here, but due to the socio-economic setting.

While data on the abandonment of steep slope vineyards is scarce, it is non-existent on the
application of the mandatory rules (Drieschenverordnung) for vineyards’ abandonment. Observations
in the field show that there are several smaller vineyards not managed within the cultivated areas.
For quantification and characterization of the types of abandonment, exhaustive research is needed.
Nevertheless, the data on runoff and erosion gained here on abandoned vineyards represent surfaces
treated according to the Federal State’s regulation.

Most of the studies applying rainfall simulators systematically were conducted on Mediterranean
areas, including agricultural and abandoned fields, vineyards and mountain regions [19,60,68–71], as
well as in areas where continuous measurements have shown to be difficult or not accurate, or where
rainfall variability is extremely high [14]. In Central Europe, the use or rainfall simulation experiments
have been only used in few studies, which were the source of some of this data [59,72,73], or which
focused on specific processes in forestry [43,44,74].

In general, runoff generation on all the vineyards investigated is in a similar order of magnitude as
was recorded on stone-rich and heavily degraded soils in the Central Pyrenees of Spain [19,68], but higher
than those recorded on vineyards in the Champagne [75]. The values are extremely high on the recently
abandoned and installed conventional vineyards. The runoff generated on these surfaces is comparable
to the runoff observed on crusted soils in the semi-arid central Ebro Basin [19] or southern Morocco [70].
Contrasting with this, the vineyards with organic management or those abandoned for a longer period
show relatively low runoff generation, comparable with the ones recorded on less sloping vineyards in the
French Champagne. This strong reduction of runoff generation after long-term abandonment has been
also observed on other abandoned perennial and woody crops, which has been attributed to the increase
of vegetation cover [76]. Nevertheless, the results from rainfall simulation experiments clearly contrast
with the measurements of soil hydrological properties [77], as there were no clear differences detected
between cultivated and managed vineyards in the Waldrach area. Thus, a much more complex interaction
of soil properties and soil development has to be expected, depending on the management prior to the
abandonment, as well as specific local situations, as has been stated in different studies [19,78].

Suspended sediment concentration values are quite high on the recently installed or abandoned
vineyards, comparable to the values measured on Mediterranean vineyards, leading to extremely high total
soil loss compared with values measured on vineyards in La Rioja (Spain) [79] or to other vineyards areas in
the western Mediterranean Europe [80]. The measured values were even higher than those recorded on
forest road cuts [81], but were predicted early, and identified as one of the major problems of soil erosion
in vineyards [82]. On the other hand, the older abandoned, conventional and all organically managed
vineyards show relatively low levels of suspended sediment concentration in their simulated runoff as well
as total sediment yield, comparable to the abandoned fields in the Pyrenees or vineyards in Mediterranean
areas [19,79,80]. Moreover, similar to there, we can observe on the older abandoned vineyards a high
variability of erosion process intensities [68], with a predominance of very low trends to generate overland
flow and erosion. In the case of the investigated vineyards, the reduction of erosion may be related to the
depletion of fine sediments after abandonment. The resulting rock fragment cover has shown to be one of
the most important factors controlling runoff generation and erosion [83]. In addition, the recolonization
with vegetation is fast when soil and plant management stops. This leads also to a noteworthy reduction of
runoff and sediment generation on older abandoned vineyards.

The very low geomorphodynamic activity of the organic vineyards is worth noticing. Here,
the careful soil management, the systematic fostering of vegetation cover within the lanes, and the
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application of organic amendments, which have been proven to have fast positive effects on soil
fertility and stability [84–87], show an effect that can be measured directly with experimental methods.
These management strategies have been intensely discussed for decades in Germany [88–90], but long
term studies, and our results, show that these measures are suitable for economically and organically
sustainable viticulture [91].

5. Conclusions

A clear decrease of the surface of vineyards has occurred in the Mosel Wine Region, mainly during
the last two decades of the 20th century and the first years of the 21st. As the reduction of the vineyards
on steep slopes was over-proportional to the generalized decrease, it suggests that the difficult and
expensive working conditions and the consequent lack of economic sustainability are the main triggers
of abandonment. However, we had also to take into account a lack of basic data.

The results of rainfall simulation experiments show clear differences between the different
investigated land-use systems. However, time of implementation of the vineyard management has
proven to be an important factor modifying the effects of runoff and erosion in the vineyards. The
organic vineyards are in general less prone to produce runoff, and also less susceptible to soil erosion
than conventionally managed ones. Old organic vineyards are found to be the management systems
with the lowest runoff and erosion detectable. This is mainly due to the fact that vineyards abandoned
a long time ago may show on certain spots higher runoff and erosion patterns. In contrast, we can
observe the differences in runoff and erosion dynamics for the recently installed vineyards. They
produce high amounts of runoff, and their soils prove to be quite erodible, so the total amount of
sediments produced are relatively high. Recently abandoned vineyards also show very high runoff
and erosion when treated according to the law of Rhineland-Palatinate.

The results indicate clearly that suitable soil and vegetation management is fundamental for
reducing water and soil losses on steep vineyards. In addition, strategies have to be developed for
treating abandoned vineyards to avoid both spreading of disease, and water and soil loss.
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Abstract: Wildfire is known to create the pre-conditions leading to accelerated soil erosion.
Unfortunately, its occurrence is expected to increase with climate change. The objective of this
study was to assess the impacts of fire on runoff and soil erosion in a context of global change, and
to evaluate the effectiveness of mulching as a post-fire erosion mitigation measure. For this, the
long-term soil erosion model LandSoil was calibrated for a Mediterranean catchment in north-central
Portugal that burnt in 2011. LandSoil was then applied for a 20-year period to quantify the separate
and combined hydrological and erosion impacts of fire frequency and of post-fire mulching using four
plausible site-specific land use and management scenarios (S1. business-as-usual, S2. market-oriented,
S3. environmental protection and S4. sustainable trade-off) and an intermediate climate change
scenario Representative Concentration Pathway (RCP) 4.5 by 2050. The obtained results showed
that: (i) fire had a reduced impact on runoff generation in the studied catchment (<5%) but a marked
impact on sediment yield (SY) by about 30%; (ii) eucalypt intensification combined with climate
change and fires can increase SY by threefold and (iii) post-fire mulching, combined with riparian
vegetation maintenance/restoration and reduced tillage at the landscape level, was highly effective
to mitigate soil erosion under global change and associated, increased fire frequency (up to 50%
reduction). This study shows how field monitoring data can be combined with numerical erosion
modeling to segregate the prominent processes occurring in post forest fire conditions and find the best
management pathways to meet international goals on achieving land degradation neutrality (LDN).

Keywords: sediment yield; runoff; fire frequency; erosion control techniques; mulching; global change

1. Introduction

Erosion is a serious environmental problem worldwide including on-site effects (e.g., depletion in
soil organic carbon stocks and decline in agronomic yields) and off-site effects (e.g., non-point source
pollutions and reservoir siltation) [1]. Although it is a natural phenomenon, it can be exacerbated by
climate change; fire and grazing [2] and is often accelerated by human activities [3]. The problem is
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especially disruptive in the Mediterranean area where erosion rates measured at the outlet of river
basins of different sizes are high [4,5], especially because soils are usually thinner than in northern
Europe [6] but also because croplands of the Mediterranean have a predominance of fallow land and
lack of adoption of conservation practices [7]. The Mediterranean basin is very prone to erosion in
all its forms because of the climate, topography, soil characteristics and a very long history of human
presence and intense cultivation [8,9]. In addition, the occurrence of human-related forest fires affecting
thousands of hectares each year is also a significant problem in both the northern and southern areas
of the Mediterranean basin because wildfires have frequently been reported to produce strong and
sometimes extreme hydrological and erosion responses in recently burnt areas, especially during the
first few post-fire years [10,11].

Mediterranean-type ecosystems are particularly prone to fires, as the cool wet season is propitious
for vegetation growth and fuel production, while the summer dry season promotes the drying of fuel
and propitious conditions for fire occurrence and spread [12]. In the north-western Iberian Peninsula,
the more humid climate has favored the commercial plantation of fast-growing but fire-prone species
such as eucalypts and maritime pines, further exacerbating the wildfire problem [13]. Besides damaging
vegetation and leading to loss of life and property, fires have a large number of indirect impacts,
which may be more important in the long term, such as impacts on health through smoke inhalation;
disruptions of social functions such as road and air traffic or business closures; environmental impacts
in burned areas such as enhanced soil erosion, flooding and water contamination in and downstream
of burned areas and long-term disruption of social-ecological dynamics [14]. In the Mediterranean, the
enhancement of soil erosion in burned areas is particularly disruptive because, once the forest soils are
directly exposed to the water action, they can be rapidly degraded by post-fire erosion and associated
carbon and nutrient losses [15,16]. The export of fine sediments, associated with ashes and nutrients,
can also contaminate streams and impact aquatic ecosystems and human water resources [17–19].

Fires are strongly dependent on climate [12,20]. Therefore, climate change projections of warmer
and, in many fire-prone regions, drier climates indicate an increase of fire frequency and extend in
the Mediterranean [21] and other regions [22,23]. However, fires are also dependent on vegetation,
both in terms of potential vegetation growth and fuel production [12] and of changes to vegetation
distribution, caused by climate or socioeconomic changes [24,25]. The resulting changes in wildfire
regimes may lead to changes in their impacts, and requires an assessment of both the magnitude of
these changes and the effectiveness of existing measures to mitigate them. The impacts of wildfire on
soil fertility losses can often be effectively mitigated through soil conservation measures, especially
when applied as emergency post-fire interventions. These measures include the application of
organic residues to the soil surface (i.e., mulching, with straw or forest logging residues), log and
shrub barriers, infiltration enhancement through scarifying or plowing or re-seeding and ecological
restoration [17,26–29]. However, it is typically impractical to treat all burnt areas entirely, thus requiring
knowledge of the effectiveness of these measures under different fire and post-fire conditions [29–34].

The impact of fire frequency on post-fire hydrological and erosion response has not yet been fully
established for the forests of NW Iberia (Portugal and Spain) [35], and approaches to prioritize post-fire
recovery are not widely applied in practice, except in Galicia [34]. More knowledge is also needed
about the potential combined impacts of fires and global change on runoff and soil erosion, given the
potential to exacerbate the already damaging impacts of fires on land degradation. The objective of
this study was to assess the potential of soil conservation measures, including post-fire mulching, to
mitigate the impacts of global change in a Mediterranean forested catchment of NW Portugal.

To this end, the long-term soil erosion model LandSoil was first calibrated using
rainfall-runoff-erosion measurements on a catchment that burnt in 2011, and then applied over
a 20-year period to quantify the individual and combined impacts on runoff and sediment yield (SY)
of fire frequency (from no fire to two fires every 20 years), post-fire mulching and global change
scenarios derived from four plausible land use and management scenarios under an intermediate
climate change scenario.
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2. Material and Methods

2.1. Study Site Macieira

The study was carried out in the Macieira de Alcôba experimental watershed, of 96 ha, located
at an altitude of 470 m asl in the Caramulo mountain range of north-central Portugal (Figure 1).
The climate can be classified as humid Mediterranean (Csb in the Koppen-Geiger classification) with
annual precipitations ranging from 818 to 1294 mm (Pousadas rainfall station). About 70% of the
precipitation falls during autumn and winter. The average air temperature in winter is 8 ◦C, while
that in summer is 17 ◦C. Soils are shallow, mostly Luvisols and Cambisols, overlaying moderately
impermeable bedrock of schist and granite [15,19]. The Southern part of the watershed contains the
village surrounded by terraced agricultural fields with a rotation of maize in summer and pasture
in winter, irrigated year-round with the “águas da lima” system [19]. Until the 1930s, the watershed
was mainly occupied by agricultural fields on terraces and by shrublands on the steepest slopes; from
the 1930s to 1970s, there was a large-scale afforestation of shrublands and part of the agricultural
lands with Maritime Pine (Pinus pinaster); from the 1970s to present, afforestation with eucalypt
(Eucalyptus globulus) occurred [36]. Around the village and agricultural area, the forest is present on
slopes steeper than 5%. With a reliable map of burnt areas starting in the mid-1970s, major fires have
affected the region about once per decade [37].

 

Figure 1. Location of Macieira de Alcoba, Portugal.

2.2. Data Collection

The Macieira watershed was monitored between 01 November 2010 and 30 September 2014, with
continuous measurements of rainfall and other climatic variables, and streamflow and water turbidity
at the outlet (Table 1). Observation showed that sediment exportation at the outlet is mainly due to
suspended material because bedload is negligible in this site [28]. A fire burned c. 10% of the watershed
on 11th August 2011, and about half of the burnt area was clear-cut and ploughed in February and
March 2012; therefore, the available data set included two periods: before the fire (2010–2011) and
after fire (2012–2014). Outlet data collection was complemented by a survey of linear erosion features
composed of rills and ephemeral gullies after major storms, which the resulting volumes of eroded soil
converted to mass using bulk density measurements. Furthermore, a characterization of soil texture,
depth, hydrological properties (water retention curve, saturated hydraulic conductivity and others),
roughness and shear strength, was carried out through a survey at 25 points within the catchment.
A more detailed description of data collection can be found in Nunes et al. (2018) [38].
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Table 1. Geomorpological and Hydrological Research Unit (HRU) characterization.

Characteristics Value

Altitude 440 to 620 m asl
Gravelius compactness coefficient 1.2

Average Slope 16%
Average channel slope 11%

Drainage density 2.4 km km−2

Landuse forest (60%), cropland (23%), terraced cropland (12%),
urban (5%)

Geology granite (lowland), schist (slopes)
Soil CMu (lowland), LPu (slopes)

2.3. Model Setup and Calibration Procedure

The LandSoil model (LandSoil: landscape design for soil conservation under land use and
climate change) is a spatial raster-based model for simulating water and tillage erosion and landscape
topography evolution over time spans on the orders of 10–100 years [39,40]. After simulating each
event, LandSoil recalculates the elevation raster. Soil surface properties control water infiltration, runoff
and sediment concentration for each grid-cell and rainfall event. As the result of water infiltration
balance, runoff is routed over the catchment using a D8 algorithm [41] integrating the upstream/upslope
cells contribution and the runoff generated within each cell. Linear landscape elements as ditches and
tillage rows are also used to impose preferential directions to the flow [42].

LandSoil can simulate both rill and inter-rill erosion processes. The first is based on factors such
as runoff friction and cohesion, topography (slope) and accumulated flow in an empirical relationship
with the observed rill sections [43]. The latter, responsible for the remobilization of the soil particles
detached by splash erosion, is controlled by the sediment concentration responding to rainfall intensity
and soil surface properties such as vegetation cover, soil roughness and soil crusting as declined in
expert rules issue of observations at parcel scale [44,45]. In LandSoil, sediment concentration is limited
by threshold functions combining local topography, including profile curvature (concavity > 0.055 m−l)
and slope gradient (<0.02 mm−), and land use/vegetation cover (>60%). Sediment concentration limits
the range from 2.5 to 10 gl−. Tillage erosion is simulated following the formulation of Govers et al.
(1994) [46], both contour and downslope were modeled in different fields with tillage transport
coefficients spanning from 111 to 139 kgm−g [47].

The implementation of LandSoil on the studied catchment was based on a 2 m resolution grid
based on a digital elevation model (DEM) derived from interpolating 1:10,000 contour lines using the
ridge line method [48]. The set-up for LandSoil modeling mainly consists on defining the monthly
calendars for soil roughness and crusting, vegetation cover, and tillage operation per land use based on
a field sampling campaign in 2010 to determine soil texture, chemistry and origin (Table 1, Tables S4–S9).
A digital elevation model (DEM) derived from interpolating 1:10,000 contour lines using the ridge
line method [48], at 25 m of spatial resolution has been used to represent the catchment topography.
In LandSoil, climate forcing is provided through a time series of precipitation events expressed through
the effective volume and duration of precipitation, previous precipitation over 48 h and maximum
precipitation over five minutes. The calibration of the model was made using events that occurred
during the four years monitoring period in a 2-steps procedure: first for runoff, and then for erosion.
Calibration for runoff consisted in manually adjusting the soil infiltration parameter. Calibration for
erosion consisted in manually adjusting the sediment concentration in runoff and the rill sections.
Parameters optimization was based on runoff and sediment exportation at the catchment outlet,
as well as field measurements of hydrological soil properties and rill distribution sizes. In LandSoil,
soil and land use parameters evolution are provided at a monthly base although simulations are made
at the event rainfall base. This choice is consistent with the objective of simulating runoff and erosion
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over time pans of more than 10 years as it ensures a good representativity of erosion at the catchment
scale [49].

All the events generating effective runoff and corresponding to a duration above 3 h, volume
above 40 mm and maximum 5-min intensity above 2 mm/h were selected and used in the calibration
process. This selection includes both pre- and post-fire events generating together about 90% of the
total measured soil erosion. Additionally, in order to inspect a priori the influence of the rainfall factors
on runoff and erosion, a regression analysis was performed to relate runoff and SY with rainfall volume,
antecedent rainfall, maximum intensity and duration of the event.

2.4. Climate and Fire-Related Scenarios

In this study, climate data were downloaded from the platform Medcordex.eu for both historical
(1986–2005) and future (2041–2060) periods. Only the intermediate Representative Concentration
Pathway (RCP) 4.5 climate emission scenario [50] was used because differences between RCP scenarios
by 2050 were very small. The Regional Climate Model (RCM) ALADIN was chosen in the Mediterranean
Agricultural Soils Conservation under global Change (MASCC) project; it was considered as a valid
climate model in the comparison of RCM by Fantini et al. (2018) [51]. A statistical downscaling based
on a quantile mapping approach was applied on the daily time rainfall series for bias correction, and a
temporal downscaling based on an analog approach was then applied to transform the daily rainfall
time series into five minutes’ time series. Thus, the 5-min time series have a real temporal structure as
a direct result of the observations.

Burnt area scenarios were calculated from climate scenarios according to Sousa et al. (2015) [21].
To this end, the annual burnt area in the region surrounding Macieira (the Águeda river basin) between
1990–2016 was calculated from Portuguese historical databases [13], and a multiple linear regression
was calculated with monthly rainfall anomalies, extreme fire weather (days with daily severity rating
(DSR) above the 90th percentile [52]) and fire history in the preceding years. Meteorological data was
taken from the ECMWF Re-Analysis [53]. While the agreement with observations was not very high
(r2 = 0.50), it was sufficient to provide a “best guess” of how much and when the burned area would
change for the climate scenarios. Burnt area scenarios under climate change were calculated using
rainfall and DSR projections, the latter with a correction for bias using an empirical quantile mapping
approach [54]. The estimated doubling of burnt area, reflecting an increase in fire frequency rather than
the size of the burnt areas, was more conservative than the three- to four-fold increase obtained with
the same methodology for northwestern Iberia [21]. The results for the Águeda were subsequently
downscaled for Macieira watershed, by assuming a doubling of fire frequency, from 1× to 2× every
20 years. Fire location was that of the 2011 fire, while the burnt area was the same in all scenarios,
except for S2 with 5% larger burn area due to the eucalypt stand in the southern part of the catchment
(Figure 2).

2.5. Land Use and Management Scenarios

Four narrative storylines and land use scenarios were used in this study (Figures 3 and 4,
Supplementary S1). For this, six local researchers working in different institutions of the Central Portugal
NUTS II region (where Macieira is located) were interviewed and completed a survey on writing
narrative scenario storylines for four contrasted socio-economics trajectories, initially, designated in
the MASCC project: S1 (business-as-usual), S2 (market-oriented), S3 (environmental protection) and S4
(sustainable) in the context of global change in the Caramulo region (Supplementary S1, Tables S1–S3).
The survey encompassed a table with future land use distribution, a table with allocation constraints
per land use, and a ranking exercise on post-fire soil management rated by local experts. The main
elements of the narratives of the four expert-based scenarios are shown in Figure 3.
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Figure 2. Location of the burned area in orange in our simulations corresponding to the area that
burned in 2011.

Figure 3. The four narrative land use scenarios elaborated under the MASCC project and used in
this study.
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Figure 4. Land use scenarios.

The current situation (S0) in Macieira is described as that of traditional agriculture (including
corn and grassland) that has gradually been abandoned for afforestation, especially with Eucalyptus
plantations that now occupy both abandoned agricultural areas and large areas of former pine forest
and shrubland (Figure 4). Orchards, although still marginal, are increasing in all our scenarios as being
a new profitable production system (berries). In all the scenarios, pine plantation decreases due to
low profitability and due to reported increased pests and diseases, while oak is re-introduced in the
environmental protection scenario (S3) and the sustainable scenario (S4) for biodiversity conservation
and increase in soil water holding capacity, with incentives from local associations and/or government.
In the S3 scenario, the maintenance and/or restoration of riparian vegetation is foreseen to capture
sediments along the stream (with vegetated strips), in combination with adoption of conservation
agriculture with lower tillage intensity. In S4, the same biodiversity and soil protection measures were
implemented as in S3 but to only half the extent. In S3 and S4, soil tillage was also adjusted to follow
contour lines.

As post-fire management, we selected application of mulch because it was suggested by
local-experts as the most cost-effective post-fire conservation measure in this region, which is consistent
with the findings of studies in the region [28,29,32,55] as well as in other parts of Iberian Peninsula [56,57].

2.6. Simulation Design

Model simulations concerned the period from 1986 to 2005 as well as a future period of 20 years
between 2041 and 2060. They included the simulation of the exhaustive time series of major rainfall
events, i.e., rainfall events with a mean lager than 40 mm. First, we assessed the impact of fire frequency
and mulch application on runoff and soil erosion (Table 2) and then we assessed the combined impacts
of land use and climate change scenarios, following the matrix in (Table 3).

Table 2. Impact of fire frequency and mulching on runoff and sediment yield (SY) on the baseline
scenario S0.

No Climate Change (noCC)

No fire
1 fire

1 fire +Mulch
2 fires

2 fires +Mulch
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Table 3. Impact of global change on runoff and sediment yield (SY).

No Climate Change
(noCC)

Climate Change (CC)
Including 1 Fire

Climate Change (CC)
Including 2 Fires

S0 Control

Period: 1986–2005
1 fire in 1995

Period: 2041–2060
1 fire in 2051

Period: 2041–2060
2 fires in 2042 and 2051

S1 Business as usual
S2 Market-oriented
S3 Environmental

protection
S4 Sustainable

2.7. Data Analysis

The impact of fire frequency, mulch application and changes in climate and land use and
management on runoff and erosion were analyzed by comparing the LANDSOIL simulations outputs
with R studio software Version 1.0.136. In this paper, three levels of fire frequency were tested
(i.e., 0, 1 and 2 fires every 20 years); two levels of mulch application (with or without application);
two levels of climate change (with or without) and five scenarios of land use and management (S0 to
S4). The simulation of the combinations of factors described in Tables 3 and 4 permitted to evaluate the
distinct and combined impacts of these factors for the 2041–2060 period compared to the 1986–2005
period. A period of 3 post-fire years was also used to analyze the direct impact of fire and related
contribution over 20 years. When there was no fire, we calculated the runoff and erosion produced
during the period when fire would have had occurred to be able to compare with the period with fire.
When two fires occurred, we calculated the runoff and SY that occurred two times: for three years after
each fire.

Table 4. Impact of fire frequency and mulch application on runoff and sediment yield (SY) over 20 years
(1986–2005). Control represents «S0 + 1 Fire» in 20 y, ii represents «no fire», iii represents «1 Fire
including post-fire mulch application», iv represents «2 Fires» and v represents «2 Fires including
post-fire mulch application». Relative values are in italics.

Cumulative
Runoff during

3 Post-Fire
Years (mm)

Cumulative
Runoff
(mm)

Relative
Contribution of

Fire Events *
to Runoff

SY during
3 Post-Fire

Years
(Mg ha−1)

SY (SY)
(Mg ha−1)

Relative
Contribution of

Fire Events *
to SY

Absolute
values

Control (S0 + 1 fire) (i) 299 1948 15% 0.27 0.63 43%
Control without fire (ii) 229 1878 12% 0.06 0.42 15%

Control +mulch (iii) 279 1927 14% 0.17 0.53 32%
2 fires (iv) 755 2042 37% 0.56 0.81 69%

2 fires +mulch (v) 710 1992 36% 0.34 0.59 58%

Relative
values (%)

Impact of preventing
fire occurrence (ii − i)/i −23% −3% −82% −33%

Impact of doubling fire
frequency (iv − i)/i 153% 5% 86% 28%

Impact of mulch if 1 fire
(iii − i)/i −7% −1% −35% −16%

Impact of mulch if 2
fires (v − iv)/iv −6% −2% −40% −28%

* Fire events represents the 3 years after the fire occurred.

3. Results

3.1. Variable Explaining Runoff and Sediment Yield in Macieira de Alcoba

Multiple linear regression analyses of event-wise runoff volumes (in m3) and SYs (in Mg) gave
satisfactory fits. This was especially true for runoff with an R2 of 0.85 as opposed to 0.58 for SY.
The best-fitting equations were:

Runo f f = 581.12× Pt− 97.28× PI30− 165.74× Pd + 213.34×AP48− 20354.82, (1)
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SY = 49.46× Pt− 18.55× PI30− 14.64× Pd + 131.97×AP48− 2964.59, (2)

where: Pt is rainfall volume (in mm), PI30 is the maximum 30-min rainfall intensity (in mm.h−1), Pd is
the duration of the rainfall event and AP48 is the amount of rainfall over the 48 h preceding the event.
The regressions results showed that rainfall and SY were explained best by Pt (p < 0.001), then by AP48
(p < 0.01) and less significantly Pd and PI30 (see Supplementary S1).

3.2. Calibration of Runoff and Sediment Yields Using the LandSoil Model (2010–2014)

The calibration results were obtained from creating two sets of infiltration rates according to the
rainfall events (pre-fire and 3 years of post-fire disturbance) and by creating two sets of erosion by
calibrating sediment concentration for diffuse erosion and rill dimension according to pre-fire conditions
and fire conditions (three years following fire event) based on the observed data. The calibration
of 30 events resulted in a satisfactory simulated runoff with R2 of 0.92 and R2 of 0.85 for simulated
SY (Figure 5). We observed a better performance of the simulated runoff and sediment yield in the
period post-fire than pre-fire however the period before fire had much lower values than after fire.
The averages and SD were similar in both periods and variables. The NSE has the total value of 0.91
for runoff and 0.86 for sediment yield (see Supplementary S9).

Figure 5. Results of calibration of LandSoil model for runoff (left plot) and sediment yield (right plot)
with observed events between 2010 and 2013. SD stands for sediment yield.

3.3. Impact of Climate Change on Major Precipitation Events

Under the future climate conditions, the total number of major rainfall events over the 20-year
period was 5% higher than under present climate conditions. Furthermore, the cumulative rainfall
of these events was 7% higher under the future than present climate conditions (Figure 6 and
Supplementary S1). At the same time, rainfall duration and maximum intensity, as well as
antecedent rainfall, were between 15% and 30% higher under future climate conditions than under the
current situation.
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Figure 6. Boxplots of key characteristics of major rainfall events under present (no climate
change—noCC, 1986–2005) and future (climate change—CC, 2041–2060) climate conditions: rainfall
total (a,b), maximum intensity over 5 min (c,d), duration (e,f) and antecedent 48 h rainfall (g,h).

3.4. Impacts of Fire Frequency and Post-Fire Mulching on Erosion under Present Climate Conditions

Compared to the control scenario (one fire over the 20 years period 1986–2005), the scenario
without fire reduced runoff by 3% over 20 years and by 23% during the 3 years of post-fire disturbance
while the scenario with two fires increased runoff by 5% over 20 years and by 153% during the
2 × 3 years of post-fire disturbance (Table 4). In turn, post-fire mulching reduced runoff by 1% and 2%
in the case of one and two fires over 20 years, respectively and up to 7% during the post-fire period
only. Sediment yield was more strongly affected by fire frequency and post-fire erosion mitigation than
runoff. The scenario without fire decreased SY by 33% over the 20 year period (and by 82% during the
post-fire period only) compared to the control scenario, while the one with two fires increased it by 28%
over the 20 years and by 86% (during the post-fire period only). The scenarios involving post-fire mulch
application decreased SY by 16% and 28% in the case of one and two fires, respectively (and by 35% and
40% during the post-fire period only). While with one fire, the years of fire disturbance represents 15%
of the runoff generation, when doubling fire frequency, the two periods of fire disturbance generation
about 37% of runoff. Concerning SY, under the control situation, the fire disturbance period represents
43% of the SY but when fire frequency doubles, 69% of the sediments are produced during both fire
periods (six years out of 20). In the scenario without fire, we showed that during the 3 years when
fire would have occurred; only 12% and 15% of runoff and SY were respectively produced. Finally,
the contribution of interrill erosion to total erosion accounted for 1%–8% of the total erosion in all
the simulations.

3.5. Runoff and Sediment Yield Under Future Climate Conditions

Without changes in fire frequency, cumulative runoff under future climate conditions was 9%–21%
higher than under present climate conditions (Table 5, Figures 7 and 8). With a doubling of fire
frequency, the cumulative runoffwas 13%–25% higher under the future than present climate conditions.
The impacts of changes in climate conditions, as well as fire frequency, were most pronounced in the
case of the business-as-usual (S1) and market-oriented scenarios (S2). Land use had reduced impacts
on runoff under present climate conditions (with differences of up to 3%, in the case of S2) but marked
impacts under future climate conditions, with runoff differences amounting to 11%–13% for the S3 and
S4 scenarios and to 22%–23% for the S1 and S2 scenarios.
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Table 5. Impact of fire frequency under land use and management and climate change on cumulative
runoff and sediment yield (SY) over 20 years. Runoff is in mm and sediment yield in Mg ha−1.
The impact is quantified as a percentage of change relative to the control. noCC represents no climate
change within the 1986–2005 period and CC represents climate change within the 2041–2060 period.

Parameter Runoff (mm) Sediment Yield (Mg ha−1)

Scenario S0 S1 S2 S3 S4 S0 S1 S2 S3 S4

Absolute
values

Control (noCC + 1 fire) (i) 2046 2064 2098 2029 2044 0.61 0.80 1.17 0.29 0.47
CC including 1 fire (ii) 2227 2489 2513 2262 2311 0.73 1.17 1.65 0.35 0.52

CC including 2 fires (iii) 2314 2576 2612 2340 2465 0.90 1.38 1.78 0.46 0.65

Relative
changes

Impact of CC if 1 fire
((ii) − (i))/(i) 9% 21% 20% 11% 13% 19% 45% 41% 21% 11%

Impact of CC if 2 fires
((iii) − (i))/(i) 13% 25% 24% 15% 21% 48% 73% 52% 59% 38%

Impact of fire under CC
((iii) − (ii))/(ii) 4% 3% 4% 3% 7% 23% 18% 8% 29% 12%

Impact of LU under present climate
conditions

(comparison of Sx − S0 /S0 for (i))
1% 3% −1% 0% 31% 92% −52% −23%

Impact of LU under CC
(comparison of Sx − S0 /S0 for (iii)) 11% 13% 1% 7% 53% 98% −49% −28%

Combined impact of LU + CC (with 2 fires)
(comparison of S1−S4 including CC (iii) to

S0 without CC)
13% 26% 28% 14% 20% 48% 126% 192% −25% 7%

 
Figure 7. Cumulative sediment yield (SY) in Mg ha−1 vs. rainfall in mm between 1986 and 2005 with
one fire occurrence in 1995.

 

Figure 8. Cumulative sediment yield (SY) in Mg ha−1 vs. rainfall in mm under climate change between
2041 and 2060 with two fire occurrences in 1941 and 1951.
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Concerning sediment yield (Table 5), we observed that the impact of climate change increased SY
from 11% (S4 scenario) up to 45% in the S1 scenario under one fire and the impact of increasing fire
frequency could increase SY up to 29%. Concerning the impact of land use, we observed high contrasts
between scenarios. Without climate change, SY increased from 32% in S1 up to 90% in S2 while we
observed a decrease in SY in S3 and S4, respectively by 52% and 21%. The combined impacts of climate
change and land use change show an increase of SY by 60% and 126% in S1 and S2 respectively and a
decrease by 22% and 47% in S4 and S3 respectively. Land use change and management have a strong
impact on SY with nearly a doubling of SY in S2 and a reduction by half in S3 scenario. Figure 9
shows the net cumulative erosion (soil loss) and deposition (soil gain) between 1986 and 2005 for the
S2 scenario. Three fields, including two burned fields, show the highest cumulative soil loss between 7
and 9 Mg ha−1, while the areas in the north of the catchment show net deposition probably coming
from the road located on the NW of the catchment. In Figure 10, the impact of increasing riparian
vegetation in S3 shows the impact of sediment deposition around the stream. Overall, we show that
the highest negative impact would be to change the landscape to mainly Eucalyptus plantations with
no conservative land management approaches (S2); while with sustainable management (S3) SY can
be reduced by half.

Figure 9. Soil loss between 1986 and 2005 in S2 after two fires (Kg). Negative values represent soil loss
and positive values represent gain.

Figure 10. Soil amount difference between Scenario S3 and S0 without a fire at year 2005 (Kg). Negative
values represent loss and positive values represent gain.
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4. Discussion

4.1. Application of LandSoil to Macieira

In our study, we found that the volume of rainfall during and 48 h before the fire event was the
most important climatic driver of the catchment-scale soil erosion. From these, rainfall volume had the
strongest correlation with erosion rates and this can be due to the humid Mediterranean climate in
Macieira de Alcoba, with usually bigger and longer events than in drier Mediterranean regions, and
concurs with the results of similar other studies in NW Iberia [58]. The calibration of the infiltration
rate, sediment concentration and rill dimension led to a good performance of LandSoil in representing
current runoff and SY. The only land use that had to be calibrated according to literature was the
re-introduction of oak forest, which leads in time to a higher soil water infiltration than Eucalypt [59]).
Performance of LandSoil might be improved with an extended field measurement dataset but this
would have required more field monitoring and probably another fire occurrence with a different
extent and location in the catchment.

4.2. Overall LandSoil Results

The model application to Macieira indicates that the impact of climate change is relatively low,
increasing runoff generation by 9% and sediment yield by 19%. Doubling fire frequency has low
impacts on runoff in the long-term, increasing by 5%, but larger impacts on SY, which increases by
28%. However, the model also shows the effectiveness of mulch application after fires on SY with
a reduction of 16%–28% with one and two fires respectively (and up to 40% reduction during the
post-fire disturbance period only). The application of mulch had a lesser impact on runoff than on SY
(up 2% reduction) over 20 years and up to 7% during the post-fire disturbance period. Finally, the
model indicates that land use change had the lowest impact on runoff, with changes between −1%
and 3%, but the largest impacts on SY, changing between −23% and 92%. These results show that
land use allocation and management was the most important factor impacting SY with a potential
exacerbation of fire and climate change impacts in the case of S1 and S2 scenarios and strong potential
of mitigation in S3 and S4 scenarios. In these latter scenarios, a large part of sediments was trapped in
riparian fields, therefore preventing sediments to reach the stream and outlet (Figure 10).

This decreased SY more than soil erosion; while this would not mitigate land degradation in
burned areas, it would limit stream contamination by ash transport after a fire event, which can have
significant impacts on water resources [19]. Compared to the modeling study by Nunes et al. (2018b),
our results showed less impact of fire on runoff and SY; while in Nunes et al. (2018a) [60] a ‘no fire
situation’ decreases SY by 2/3, in our case SY was decreased by 1/3. This could be due to the duration
of the calculated cumulative SY. In Nunes et al. (2018a, b), this is done for a 10-yr period as opposed to
for a 20 years period in this study. In fact, when our results were only compared during the three years
of post-fire disturbance, the efficiency of mulch application decreased runoff by 7% and SY by 40%.
Compared to Prats et al. (2019, 2012) where mulch application reduced runoff by 15%–25% and SY by
more than five times, our results were more conservative probably because our burnt field area only
represented 10% of the watershed area; while Prats et al. (2012, 2019) calculated SY at the field area
scale and they burned 100% of the area while in our case 10% of the catchment burned. Moreover, our
simulations ran over 20 years vs. 5–10 years in other studies [32,61].

Our study shows the low impact of mulch application on runoff generation. This could be
due to high soil water repellency in the eucalypt burnt forest. Soil water repellency also exists in
Eucalyptus forests and in a pre-fire situation due to preponderant ligneous root materials compared to
oak and pine trees [59,62]. However, soil water repellency has a limited impact on runoff generation,
in the early autumn [61]; and this is only important for patches since at the hillslope scale there are
always non-repellent zones where water can re-infiltrate [15]. The low impact of mulching on runoff
reduction is also probably due to the low total amount of runoff generation in both burnt and unburnt
eucalypt plantations, at least at the hillslope scale [15,37]. Finally, the risk of increasing floods remains
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relatively low compared to predicted extreme rainfall events [60] due to the low impact of fires on
runoff production.

Concerning sediment reduction caused by mulching, Shakesby et al. (1996) [63], showed that
Eucalyptus logging litter reduced soil erosion by 95%. The average reduction was five times in Prats et al.
(2019, 2012); it should be noted that, in the latter study, maximum erosion rates were lower than in our
study site. As previously said, the study site of Prats et al. (2012) also presents smaller temporal and
spatial scales. In our study, mulch could reduce SY by up to 40%, which was quite high considering that
fire only impacted roughly 10% of the watershed. We also suggest that these values vary with the type
and quantity of mulch that is applied, the soil type, the percentage of soil cover and the slope of the
site (Prats et al., 2014, 2012). Finally, Figures 5 and 6 show that erosion was mainly a raindrop-driven
process with the detachment of sediments in eucalypt forest and some tilled field. The highest levels
of soil loss occurred in the burnt field area and in one field with a slope above 10◦ in the S2 scenario
(about 7–8 Mg per parcel) and these three areas contribute to 37% of total soil loss in scenario S2
(Figures 7 and 8). The combined impact of fire on SY at the outlet and the spatial representation of
soil loss coming from burned areas show that erosion was mainly due to soil detachment rather than
transported by water to the outlet via sedimentation on the riparian field close to the stream and in
the terraces.

4.3. Distinct and Combined Impacts of Global Change and Fire Frequency

In light of future climate change, it is likely that fire frequency could increase in a context of
climate change and that doubling fire frequency might be conservative in our study when compared
with burned area projections for this region [21]. The land use scenarios might also impact fire
frequency and extent; for example, the increase of Eucalyptus plantation and intensification in S1 and
S2 might exacerbate the risk of fire occurrence and propagation, while in S3 and S4 the adoption of
crop diversification and protective land use and management should lead to lower risks of fires and
erosion. However, we did not take these differences into account because we wanted to have the
same number of fires in our land use scenarios so the specific impact of fire would be comparable.
In any case, our results show that fire frequency had a larger impact on soil erosion (up to 33% change)
than on runoff generation (up to 5% change). In addition, our results also show 43% of the erosion
was produced during 3 years after the fire event representing 15% of the duration of the simulation
(Table 4). This concurred with multiple studies, which showed that the indirect impacts of climate
change, such as associated changes to land use and fire occurrence can have larger impacts than those
of changes to climatic variables alone [9,64–66]. In the fire-prone forests of NW Iberia, efforts to limit
the impact of climate change on land degradation should, therefore, focus on fire prevention and
post-fire impact mitigation.

4.4. Status of Post Fire Measures Implementation

Our study shows the potential of using soil management measures to mitigate post-fire erosion in
NW Portugal with a mix of numerical modeling and field experiments. The biophysical effectiveness
of erosion control measures is well understood in NW Portugal [67,68]. Studies show the high
performance of mulching and erosion control barriers, and the lesser effectiveness of erosion control
measures such as post-fire seedling, which are more difficult to manage due to the time lag of seed
germination and the availability of native seeds [69]. However, there is currently only one study
calculating the costs of post-fire control erosion measures [68]. The benefits produced by controlling
overland runoff and SY with control erosion measures on hydrological services should be biophysically
and economically quantified so that implementation of erosion control measures can be communicated
at the science-policy management level [70]. For instance, the risk of water contamination must
be studied and costs of prevention (with erosion control measures) compared to the costs of water
treatment must be evaluated [18,60,71,72]. The same applies to the hydrological service of flood
regulation and enhanced water soil content and fertility with post-fire erosion control measures via
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increased soil organic matter, soil aggregate stability and nutrient availability [73]. For this work
to proceed, more studies are needed on the socio-economic aspects of fire prevention and post-fire
contamination control.

5. Conclusions

This study evaluated the potential impacts of global change and fire frequency on water runoff
and soil erosion. The novelty of this study lies with the assessment of global change with field and
landscape conservation management techniques such as application of mulch in post-fire conditions,
implementation of vegetated strips (or restoration of riparian vegetation) and decreased soil tillage on
water runoff and soil erosion. Our results show that the LandSoil model performed well for runoff
and SY compared to the observed data of 2010–2014 and that rainfall volumes (>40 mm) during and
48 h before fire occurrence are the main climate drivers of soil erosion before rainfall duration and
maximum intensity. With LandSoil we could test contrasted land use scenarios including Eucalyptus
intensification to show their potential risk of implementation under global change (up to +98% in SY in
the market-oriented (S2) scenario) while a conservation scenario including environmental protection
and afforestation of local species can decrease soil erosion by half. The application of mulching was
an effective tool against erosion (up to 28% with two fires in 20 years). Finally, preventing fire is also
a potential erosion mitigation tool with a decrease of 33% of soil erosion. Valuating hydrological
services of post-fire erosion measures would clarify the feasibility of implementation of these latter by
communicating the results within a science-policy interface in a context of the latest Intergovernmental
Panel on Climate Change (IPCC) recommendations on achieving climate change mitigation and land
degradation neutrality (LDN).
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Abstract: Mediterranean-climate catchments are characterized by significant spatial and temporal
hydrological variability caused by the interaction of natural as well human-induced abiotic and
biotic factors. This study investigates the non-linearity of rainfall-runoff relationship at multiple
temporal scales in representative small Mediterranean-climate catchments (i.e., <10 km2) to achieve a
better understanding of their hydrological response. The rainfall-runoff relationship was evaluated
in 43 catchments at annual and event—203 events in 12 of these 43 catchments—scales. A linear
rainfall-runoff relationship was observed at an annual scale, with a higher scatter in pervious (R2: 0.47)
than impervious catchments (R2: 0.82). Larger scattering was observed at the event scale, although
pervious lithology and agricultural land use promoted significant rainfall-runoff linear relations in
winter and spring. These relationships were particularly analysed during five hydrological years
in the Es Fangar catchment (3.35 km2; Mallorca, Spain) as a temporal downscaling to assess the
intra-annual variability, elucidating whether antecedent wetness conditions played a significant role
in runoff generation. The assessment of rainfall-runoff relationships under contrasted lithology, land
use and seasonality is a useful approach to improve the hydrological modelling of global change
scenarios in small catchments where the linearity and non-linearity of the hydrological response—at
multiple temporal scales—can inherently co-exist in Mediterranean-climate catchments.

Keywords: rainfall-runoff; multiple temporal scales; non-linearity; small catchments; Mediterranean

1. Introduction

The complexity of Mediterranean fluvial systems is caused by the multiple temporal and spatial
heterogeneities in the relationships between the natural and human-induced abiotic and biotic variables,
especially in the Mediterranean Sea Region [1,2]. The Mediterranean climate lies between 32◦ and
40◦ N and S of the Equator and is characterized by a wet and mild winter, a warm and dry summer
and a high inter- and intra-annual variability in rainfall patterns. Mediterranean climate regions
comprise the Mediterranean Sea Region, the coast of California, Central Chile, the Cape region of South
Africa and the southwestern and southern parts of Australia [3]. Under these climatic conditions,
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catchments are mostly characterized by a high diversity in hydrological regimes [4,5] promoting
significant temporal and spatial differences in the hydrological response [6–8]. The seasonality of the
Mediterranean climate plays a key role in the runoff generation processes, increasing the non-linearity
of the rainfall-runoff relationship at the event scale [9–11]. In winter and early spring, saturation
processes are dominant, due to water reserves triggering the runoff generation [8,12]. During late
spring, summer and early autumn, those same authors observed how runoff was generated under
Hortonian conditions due to high rainfall intensities. Different runoffmechanisms can co-exist within a
catchment [13], although flood events under antecedent saturation wetness conditions enable a larger
hydrological response [12,14–16].

The spatial variability of runoff generation is also elucidated in the catchment hydrological
response as a combination of rainfall-distribution [17] and runoff-contribution areas [18]. Thus, the
spatial distribution of landscape elements in relation to each other is fundamental in influencing
transfer flow pathways [19]. The main factors governing connectivity are associated to changes in
topography [20], soil properties [21], soil type [22] and in vegetation cover [23]. In addition, river
connectivity occurs along a three spatial dimension (i.e., longitudinal, lateral and vertical) which can
change markedly over time, especially in ephemeral rivers [24]. Consequently, flow pathway activation
depends on rainfall amount and intensity, as well as soil moisture antecedent conditions [25–27].
Lithology’s effects on runoff response in Mediterranean Sea Region fluvial systems are conditioned by
the presence of karst features, as the proportion of carbonate rocks is significantly higher than in other
landscapes [28]. Therefore, its characteristics related to hydrology, such as high infiltration rates, deep
percolation and spring sources, must be taken into account [29–31]. In limestone areas, Hortonian and
saturation runoff can both be generated and infiltrated downslope [32,33], whilst in badland areas the
runoff generation is characterized by a lower soil infiltration capacity than in karst areas [34]. In areas
with high clay subsoil content [35] and over granite bedrock [36], runoff is generated as a combination
of a lack of deep percolation and a subsurface runoff over an impervious subsoil layer, even artificially
promoted [15].

Land uses also alter the hydrological response, depicting a runoff reduction when agriculture
uses are replaced by forests [37]. Afforestation processes due to land abandonment can promote a
40% reduction in the annual water yield in Mediterranean Sea Region fluvial systems [38], whilst
forest logging may increase the annual runoff coefficient by up to 16% [39]. However, afforested
catchments generate the largest flows and peak discharges at the event scale when compared with
forest catchments [40]. Most of these catchments are affected by soil and water conservation structures
historically built to reduce overland flow and prevent erosion [41]. The abandonment and degradation
of these structures may promote and increase runoff and sediment yield [42], with runoff coefficients
being between 20% and 40% in abandoned terraces [43].

Hydrologists develop perceptual models of the catchments they study, which consist of an
appreciation of the dominant processes controlling the hydrological response, using field measurements
and observations [44]. Numerical models used to simulate catchment behaviour often fail build
on this knowledge [45], also considering that the Mediterranean-climate catchments show very
heterogeneous responses over time and space, resulting in limitations in hydrological modelling
and large uncertainties in predictions [46]. To reduce this spatio-temporal scale variability, small
experimental and representative catchments are useful to observe the hydrological response under
different or specific land use, lithology and human effect characteristics [47]. The aim of this paper
is to investigate the rainfall-runoff relationship at different temporal scales in representative small
Mediterranean-climate catchments (i.e., <10 km2), evaluating the role of lithology and land use. At the
annual scale, the runoff response was assessed at 43 catchments under a pervious or impervious
lithology. At the event scale, the rainfall-runoff response of 203 events was investigated to examine the
effects of seasonality, lithology and land use. In addition, the inter- and intra-annual variability of
the rainfall-runoff and the temporal downscaling (i.e., annual to event scale) was studied in the Es
Fangar Creek catchment (3.35 km2; Mallorca, Spain) during five hydrological years. The rainfall-runoff
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relationship assessment under contrasted lithology, land use and seasonality may provide new
insights into the hydrological modelling of small Mediterranean-climate catchments. These catchments
are highly demanding in terms of data and event-scale modelling because classical hydrological
models are not well suited to the Mediterranean area, as many hydrological processes remain poorly
represented [46].

2. Materials and Methods

2.1. Study Areas

2.1.1. Small Mediterranean-Climate Catchments

A total of 43 small catchments (i.e., <10 km2) from 22 published studies on the Mediterranean
climate regions (Figure 1a) were selected to analyse hydrological response. The geographical
distribution of the catchments was grouped into the main climate regions, as follows: (1) Western coast
of USA, (2) Western Mediterranean Sea Region (from Spain to Italy), (3) Eastern Mediterranean Sea
Region (Israel) and (4) South Africa. The area of the catchments ranged from 0.05 to 9.61 km2, the
median value being 1.03 km2 and the standard deviation 2.6 km2. The mean annual rainfall ranged
from 367 to 1794 mm y−1, with a median value of 833 mm y−1 ± 334 mm y−1. The mean annual
temperature ranged from 6.6 to 17.2 ◦C with a median value of 13.9 ◦C ± 3 ◦C. When temperature
information was not available, it was obtained according to Fick and Hijmans [48]. The predominant
lithology was pervious in 12 catchments, and was impervious in the other 31. Within the 43 catchments,
the studies of 12 of them also contained information related to the main land uses, which was used
in this paper for assessing their hydrological response at the event scale. The main land uses were
agriculture (3 catchments), agroforestry (3), forestry (1) and shrub (5).

2.1.2. Es Fangar Creek

A temporal downscaling assessment of the inter- and intra-annual variability of the rainfall-runoff
relationship was carried out in the Es Fangar Creek catchment, a headwater tributary of the Sant
Miquel River catchment (151 km2) located in the north-eastern part of Mallorca Island (Figure 1b) and
is representative of Mediterranean mid-mountainous catchments. The lithology is mainly composed
of marl and marl-limestone formations from the medium–upper Jurassic and Cretaceous period in the
valley bottoms. In the upper parts of the catchment, massive calcareous and dolomite materials from
the lower Jurassic period and dolomite and marl formations from the Triassic period (Rhaetian) are
dominant. The Es Fangar catchment has an area of 3.4 km2, with altitudes ranging from 72 m.a.s.l.
to 404 m.a.s.l. (Figure 1c). The mean slope of the catchment is 26% and the length of the main
channel is 3.1 km (average slope of 22%). The drainage network is natural in the headwater parts.
In the bottom valley, flow lamination is applied, with transverse walls and also the straightening
and diverting of the main stream, with the banks fixed with dry-stone walls for flood control and
erosion prevention. In addition, subsurface tile drains are also installed to facilitate drainage due to the
impervious materials which would impede agricultural activity during wet periods. As a result, 16%
of the surface catchment is occupied by soil and water conservation structures. Since 1950, important
socio-economic changes have caused a gradual abandonment of farmland in marginal areas, leading to
afforestation. The land uses in 1956 were rainfed herbaceous crops (54%), forest (31%) and scrubland
(15%). Nowadays, the main land uses (Figure 1c) are forest (63%), rainfed herbaceous crops (32%)
and scrubland (5%). In addition, 54% of terraced land is currently covered by forests (Figure 1c),
demonstrating the consolidation of the forest transition. The climate of the area is classified on the
Emberger scale [49] as Mediterranean temperate sub-humid. The mean annual rainfall (1965–2016,
Biniatró AEMET station) is 927 mm y−1 with a variation coefficient of 23%, and the mean annual
temperature is 15.7 ◦C. A rainfall amount of 180 mm in 24 h is estimated to have a recurrence period of
25 years [50]. The Es Fangar streamflow regime can be classified as intermittent flashy (49% zero days
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flow), with an annual variability from intermittent (35% zero days flow) to harsh intermittent (62%
zero days flow).

 

Figure 1. (a) Map of the small Mediterranean-climate catchments selected to assess the rainfall-runoff
relationship at the annual and event scale. (b) Map of Mallorca Island, showing the location of the Sant
Miquel River and Es Fangar Creek catchments. (c) Map of the Es Fangar Creek catchment, showing the
different land-uses, the stream network and the gauging station. (d) Map of the Sant Miquel River
catchment with the location of rainfall stations used in this study.
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2.2. Hydrological Response of Small Mediterranean-Climate Catchments

Bivariate statistical regressions were used to establish the correlations at the annual and event scales
between rainfall and runoff in order to assess the hydrological response of small Mediterranean-climate
catchments (i.e., <10 km2; Figure 1c). These equations were used descriptively as least squares adjusted
for the rainfall-runoff assessment. At the annual scale, data from the 43 representative catchments
(Table A1 (a); hereinafter A1a) were collected to observe the influence of lithology on this response;
i.e., the catchments were classified as pervious or impervious by using the information regarding the
catchments’ characteristics (e.g., soil type, soil texture or lithology materials) extracted from research
papers. At the event scale, 203 events from 12 representative catchments were classified according to
(a) seasonal occurrence (autumn, winter, spring or summer), (b) pervious or impervious lithology and
(c) main land use (agricultural, agroforestry, forest or shrub) (Table A1 (b)). The main land uses of
each catchment were divided into specific land uses when the information was available (Figure 1).
Most of these studies (79%) were located in the Mediterranean Sea Region and 47% of them studied
catchments < 1 km2.

2.3. Monitoring and Data Acquisition in Es Fangar

The rainfall data since 2012 were obtained from the B696 Biniatró AEMET station (Figure 1d; 1 km
away from the catchment). In October 2014, a rainfall gauge station (Míner Gran) was installed less
than 2.5 km away from the catchment. The Míner Gran rainfall gauge is located 1 m above the ground
and connected to a HOBO Pendant® G Data Logger-UA-004-64 that records precipitation at 0.2 mm
resolution. A linear regression was established (n = 978; R2: 0.88) for daily rainfall (2014–2017) between
the Biniatró and Míner Gran stations to reconstruct rainfall data series from 2012 to 2014 for the Míner
Gran station. Due to the lack of temperature data available in the studied catchment, the data of
neighbouring AEMET weather stations (i.e., less than 8 km away from the catchment) were used to
estimate the catchment’s temperature by using the block kriging technique. With this information,
the monthly evapotranspiration (i.e., ETo) was estimated using the equation from Hargreaves and
Samani [51].

The gauging station of the Es Fangar catchment was built in July 2012. Its cross section is formed
by a rectangular broad-crested weir for low water stages to better measure low discharges. The
water level was continuously (1 min time step) measured using a pressure sensor Campbell CS451
connected to a CR200X datalogger and average readings were kept every 15 min. The flow velocity
was measured during baseflow conditions and flood events using an OTT MF Pro electromagnetic
water flow meter. These flow velocity measurements (n = 17) were subsequently used to calibrate the
stage–discharge relationship.

2.4. Rainfall-Runoff Relationship Assessment in Es Fangar

This study is based on data from 5 hydrological years (2012–2013 to 2016–2017). For each runoff
event (i.e., when the water stage exceeds the low-flows channel; i.e., 0.036 m3 s−1), a simple hydrograph
separation between quickflow and baseflow components was performed through a visual technique
based on the breakpoints detected on the logarithmic falling limb of the hydrograph [52]. This
hydrograph separation method was used only to characterize the response of the catchment to a
rainfall, with no aim of deriving any interpretation in terms of runoff processes. Over a 5-year period,
hydrograph separation was conducted on 49 events. Based on the hydrograph separations, the baseflow
and quickflow contributions for each hydrological year (October to September) were calculated.

Several variables were derived from the hyetograph and hydrograph from each rainfall-runoff
event (Table 1). These variables aimed to characterize the pre-event conditions (antecedent precipitation
in 24 h, AP1d; baseflow at the start of the event, Q0) as well as the event characteristics (rainfall depth,
Ptot; mean and maximum rainfall intensity, IPmean30 and IPmax30; runoff depth and runoff coefficient,
R and Rc; and peak-flow discharge, Qmax). The relationships between these variables were assessed
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through the Pearson correlation matrix. A more detailed analysis of rainfall-runoff relationships in the
Es Fangar catchment was carried out in a second step to investigate the variability of the hydrological
response to similar size rainfall events to assess the rainfall-runoff non-linearity. The widest range of
events with a similar Ptot (40–50 mm) generating the highest differences in R response was selected.
Accordingly, 7 events with a Ptot range from 41.8 to 49.8 mm but with different antecedent conditions
or rainfall dynamics were selected and also classified in relation to wet, dry and transition periods, in
accordance with Gallart et al. [53].

Table 1. Pre-event and event conditions variables to explain the rainfall-runoff relationship in the Es
Fangar Creek catchment.

Pre-Event Conditions Event Conditions

Q0 Baseflow at the start of the flood (m3 s−1) Ptot Rainfall depth (mm)
AP1d Antecedent precipitation 1 day before (mm) IPmean30 Average rainfall intensity (mm h−1)

IPmax30 Maximum 30’ rainfall intensity (mm h−1)
Qmax Maximum peak discharge (m3 s−1)

R Runoff (mm)
Rc Runoff coefficient

3. Results

3.1. Hydrological Response of Small Mediterranean-Climate Catchments

3.1.1. Annual Scale: Lithology Influence

The annual rainfall ranged from 376 to 1794 mm yr−1, whilst R ranged from 3.7 to 1200 mm
within these representative catchments under Mediterranean-climate conditions. The relationship
between annual rainfall and R (Figure 2) showed a significant positive linear correlation (R2 = 0.68;
p < 0.01). However, some scattering was also apparent in the relationship because when catchments
with pervious lithology were not included, the regression increased (R2 = 0.82; p < 0.01; see Figure 2).
The lowest annual R values (<10 mm) are related to catchments with annual rainfall < 500 mm yr−1

and a pervious lithology (Figure 2), located in the Eastern Mediterranean Sea (Lower Jordan River).
Besides, catchments with pervious lithology with ca. 1500 mm yr−1 of annual rainfall showed large
differences in their R amount, ranging from 70 to 974 mm.

Figure 2. Rainfall-runoff for 43 small Mediterranean-climate catchments at the annual scale. Catchments
with pervious lithology are marked with a grey halo. The Es Fangar Creek value is illustrated with a
black dot.
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3.1.2. Event Scale: Seasonality, Lithology and Land Use Influences

To investigate the variability of the hydrological response at the event scale, the rainfall-runoff
relationships of 203 events from 12 small Mediterranean-climate catchments were analysed (Table A1
(b) and Figure 3). Within Figure 3, the outliers are marked with an ellipsoid and excluded from the
correlations because outliers enlarged the rating curves of these correlations, obtaining significant
relationships in all cases.

Figure 3. Rainfall-runoff relationship at the event scale classified by (a) season, (b) lithology and (c) land
uses at 12 small Mediterranean-climate catchments. Outliers are marked with an ellipsoid.
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The seasonal distribution of the events was winter (34%), autumn (32%), spring (22%) and summer
(12%)—most of them occurred between November and February (47%). Similar seasonal median
rainfall was observed, ranging from 26.2 (winter) to 29.0 mm (autumn). The highest seasonal median
of event R occurred in winter (4.2 mm). However, those events occurred during the transition periods
depicted a similar median R (autumn = 2.3 mm; spring = 2.2 mm) being the lowest value for summer
events (0.6 mm). In the case of rainfall-runoff relationships, the highest correlation was obtained in
spring (R2 = 0.63), followed by winter, autumn and summer (Figure 3a).

Small differences between the median of R events in catchments with pervious lithology (2.2 mm)
and catchments without pervious lithology (3.1 mm) were observed. Nevertheless, significant
differences in rainfall-runoff relationships were detected as events in catchments with pervious
lithology showed the highest correlation and the lowest scattering (Figure 3b). Rainfall events > 55 mm
generated a R > 4 mm, excepting events occurred in late spring (Figure 3a) in catchments with
predominance of pervious lithology (Figure 3b).

Event rainfall-runoff relationship was carried out considering the differences in the main land
uses of studied catchments (Figure 3c). The median event R in forest (37.6 mm) was higher than
agricultural (5.0 mm), shrub (2.0 mm) and agroforest (1.5 mm) catchments. However, the highest
correlations between rainfall and R were obtained in catchments with a predominance of forest
(R2 = 0.96), agricultural (R2 = 0.61) and agroforest (R2 = 0.58) land uses.

3.2. Hydrological Response at Multiple Temporal Scales in Es Fangar Catchment

3.2.1. Annual Scale

The mean annual rainfall (840.8 mm yr−1 ± 213 mm y−1) calculated over the five hydrological
years (2012–2017) was broadly representative (−9%) of the long term mean annual rainfall
(927 mm y−1 ± 215 mm y−1: 1965–2016), but showed a high range of variation (coefficient of variation
25%, being 553 mm y−1 to 1090 mm y−1), characteristic of Mediterranean conditions. Figure 4 shows
the annual variability of rainfall, baseflow and quickflow contributions as well the annual Rc and
the number of days with observed flow at the gauging station. Linear positive relationships were
observed between annual rainfall, R, Rc, baseflow and quickflow (R2 ≥ 0.84, data not shown). The
annual Rc ranged from 2.9% to 14.2% (mean value = 10.4%) and quickflow contribution from 9.9% to
45.0% (mean value = 33.0%). During the study period, flow was observed 42.8% of the time. From year
to year, the cumulated number of days with flow ranged from 37.8% (138 days) to 65.2% (238 days)
of the total days (Figure 4). An inverse relation between annual R and the number of days with
flow was established. On the one hand, hydrological years with the largest R (2013–2014, 2014–2015
and 2016–2017) showed fewer days with flow and a lower baseflow contribution (<60%). In these
years, 50% to 62% of the annual R was reached in 5 or fewer days (Table 2). In addition, days with
more R were always during autumn and winter. On the other hand, the hydrological years with the
lowest R (2012–2013 and 2015–2016) showed 208 and 238 days with flow. The baseflow contributions
represented 70% and 90%, respectively, and 50% of the annual R was reached in 10 and 17 days, also
respectively. The contribution of the 5 days with more R did not exceed 28% and 37%, respectively,
and these days with more R were distributed among the four seasons.
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Figure 4. Baseflow and quickflow contributions (mm) in the total flow for each hydrological year
(October to September) at Es Fangar Creek. The annual Rc is depicted in %, as well as the total number
of days (d) with recorded flow at the gauging station. The total annual rainfall is also illustrated
in brackets.

3.2.2. Seasonal Scale

Figure 5 shows the monthly mean values of rainfall, reference evapotranspiration and minimum,
median and maximum R values. The mean monthly rainfall values were broadly comparable to those
observed for the long-term period, except for October, when rainfall during the study period was
much lower (56% lower than long-term rainfall).

The seasonal dynamics of rainfall and evapotranspiration controlled the R response. Characteristic
wet (winter) and dry (summer) periods alternated throughout the year, separated by transition periods
(last autumn and early spring). Autumn was the rainiest season, with low evapotranspiration and
flow observed at the outlet for 52.7% of the time, on average. The autumn mean Rc was 9.1% and
ranged from 4.1% to 11.4%. During November and December, a continuous baseflow was generated in
response to a large rainfall amount after the pre-filling of the initial water storage in October. From
October to December, the mean Rc increased from 1.3% to 13.1%. Finally, the minimum, median,
average and maximum monthly R amounts in December were higher than in November, even with
lower rainfall amounts (Figure 5). Although differences between the hydrological years were observed,
autumn was the season with less inter-variability in terms of R response.

During winter, flow occurred during 90.6% of the time, although the mean rainfall amount
(294 mm) was lower than in autumn (326 mm). This more frequent presence of flow was caused
by the low evapotranspiration demand, thus keeping the hydrological pathways active, as already
established in autumn. Consequently, in winter, a R amount similar to that of autumn can be generated
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from a lower rainfall amount. The winter mean R coefficient was 16.9%, ranging from 1.5% to 27%.
During winter, the mean monthly Rc decreased from 18.9% to 14.6% between January and March as a
consequence of a decreasing rainfall amount and an increasing evapotranspiration demand.

In spring, flow was observed 41.3% of the time. The monthly rainfall decreased during the season
and was much lower (127.4 mm) than in autumn and winter. Although monthly evapotranspiration
losses increased and were higher than rainfall, the water reserves accumulated during the autumn and
winter months sustained the flow contribution. The spring mean Rc was 5.1%, ranging from 0.4% to
8.4% during the study period. The average monthly R decreased during the season from April (7.7%)
to June (0.3%).

Finally, in summer, flow was observed only 0.9% of the time. The stream was most often dry in
this season due to the high negative balance between rainfall and evapotranspiration. R was only
ephemeral in response to the episodic rainfall events more frequent in September, when 80% of rainfall
occurred on average (Figure 5). The summer Rc was 1.4%.

 
Figure 5. Monthly time series of rainfall, R, reference evapotranspiration during the study period
(2012–2017) at Es Fangar Creek. Box plots show minimum, median and maximum monthly R. Blue
dots show mean monthly R. Long term (1964–2017) monthly rainfall distribution is also depicted.

3.2.3. Non-Linearity Assessment at Event Scale

During the study period, the number of flood events per hydrological year was between 2
(2015–2016) and 14 (2014–2015). Their seasonal distribution was 13 events in autumn, 25 in winter, 7 in
spring and 4 in summer. The events’ characteristics are detailed in Table 3. An investigation of the
variability and the non-linearity of the hydrological response at the event scale was carried out by
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means of a comparative assessment of seven rainfall-runoff events with similar Ptot, ranging from 41.8
to 49.8 mm, but different antecedent conditions and rainfall dynamics (Figure 6).

Figure 6. Selected events for non-linearity analysis at Es Fangar Creek. Events with a total precipitation
between ca. 40 and 50 mm. The numbers located at the peak of each hydrograph indicate the ID of the
events recorded in Es Fangar Creek during the study period 2012–2017, further exposed in Table 3.
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The event on 21 January 2017 (Figure 6a) occurred under wet conditions following a runoff event
on the day before. AP1d was 35.4 mm and Q0 was high (0.229 m3 s−1). The rainfall characteristics
(duration and intensity) were similar to those observed for other events of the same magnitude
(Figure 6b,e,g), but the hydrological response was an order of magnitude higher in terms of R (28.9 mm),
Rc (65%) and Qmax (3.942 m3 s−1) due to wet antecedent conditions (Table 4). This event had a similar
duration to events that occurred under higher rainfall intensities (11 November 2012, 29 September
2014). However, wet antecedent conditions were much more favourable than rainfall intensity to reach
a high Qmax and especially a higher R contribution.

The event on 4 April 2012 (Figure 6b) occurred in early spring, ergo at the beginning of the
transition period from wet to drier conditions. The antecedent conditions were favourable to R
generation, due to the presence of a baseflow maintained by water reserves accumulated in the
autumn and winter months. Rc was 16%. The event on 11 November 2012 (Figure 6c) recorded the
highest IPmax30 (i.e., 77.5 mm h−1) of the study period, occurring in the transition period from dry to
wet conditions (middle autumn). Previous to this event, the stream channel was dry. Under these
conditions of rainfall intensity and without previous baseflow, the Rc reached 14%. Although the event
on 4 April 2012 recorded a similar Rc (16%) to the 11 November 2012 event, both events resulted in
different hydrographs because of different rainfall characteristics (in terms of duration and intensity)
and antecedent wetness conditions. As a result, the duration of 44.7 h for the event on 4 April 2012
contrasted with the duration of the 11th November 2012 event, which only lasted 18 h. In addition, the
differences between these two events were also relevant in terms of Qmax—1.006 m3 s−1 for the April
event and 1.747 m3 s−1 for the event on 11 November 2012.

The event on 8 February 2017 (Figure 6d) occurred during the wet season. AP1d and a Q0 were,
respectively, 0 mm and 0.012 m3 s−1. On the contrary, the event on 19 December 2016 (Figure 6e) occurred
at the end of the transition period and had an AP1d and a Q0 of 2 mm and 0.012 m3 s−1, respectively.
Both events had similar values of IPmax30, AP1d and Q0 (Table 4). Nevertheless, R and Rc were slightly
larger for the event on 8 February 2017, likely due to the large rainfall amount accumulated during the
two events (more than 400 mm of rainfall between 19 December 2016 and 8 February 2017).

The event on 7 May 2016 (Figure 6g) was similar to the event on 19 December 2016 (Figure 6e) in
terms of Ptot, duration and intensity. Nevertheless, R response started earlier (i.e., shorter response
time) for the event on 19 December 2016. This difference was caused because the December 2016 event
occurred during the wetting-up period when catchment water reserves were increasing. As a result,
whilst the R response was relatively small (4.4 mm), Rc (9%) and Qmax (0.394 m3 s−1) were significantly
larger than for the event on 7 May 2016 (Table 4), which occurred during the transition period towards
dry conditions. With an AP1d of 1.6 mm and Q0 of 0.006 m3 s−1, the lowest R response was generated
(see total runoff, Rc and Qmax in Table 4). This R response was also the most delayed, as shown on
Figure 6g, starting when 95% of the rain (39.8 mm) had fallen on the catchment.

The event on 29 September 2014 (Figure 6f) occurred during the dry season (i.e., late summer,
early autumn) but with an AP1d of 11.8 mm. The rainfall event was the shortest of these seven selected
events (3.2 h), with the second highest IPmax30 (56.4 mm h−1) of the study period. This very high
intensity triggered a R response during dry conditions. Similar rainfall but lower intensities during dry
conditions always produced lower responses (Rc ≤ 3%). Although the R response was relatively small
(4.2 mm) with Rc < 10%, Qmax was relatively high (2.356 m3 s−1), promoted by the rainfall intensity.

4. Discussion on Hydrological Responses in Small Mediterranean-Climate and Es Fangar Catchments

4.1. Annual and Seasonal Scales

4.1.1. Small Mediterranean-Climate Catchments: Lithology Influences

Catchments with annual rainfall ranging from 500 to 900 mm yr−1 showed annual R ca. 20–350 mm,
where the role played by lithology on the annual R response was important. Accordingly, the highest
annual R values (>350 mm) were observed in catchments with badland areas [34] and a high subsoil
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clay content promoting lateral flow and a perennial regime [35]. Swarowsky et al. [54] also reported
an annual R 17% lower than in an adjacent catchment to that investigated by Lewis et al. [35] and
related this difference to greater deep infiltration. Similarly to our results, Merheb et al. [46] obtained
a significant rainfall-runoff correlation (R2 = 0.69) using 160 catchments from the Mediterranean
Region (0.35 to 21,700 km2). These authors highlighted that the scattering observed was due to karstic
catchments or snowmelt contributions.

Also, scattering can be observed in the relationship for catchments with annual
rainfall >1000 mm yr−1. For this group of catchments, the annual R ranged from 135 to 1200 mm, except
for the Santa Magdalena catchment, which is entirely on a limestone lithology and yielded an annual
R value of 70 mm [47]. Large annual R values usually corresponded to watertight catchments with
R values > 1000 mm yr−1 for two small Mediterranean-climate catchments on granite bedrock [36].
However, karstic environments can also promote very high annual R values, e.g., Ref. [55], as a result
of incoming karstic spring sources. The conceptual model developed by Borg Galea et al. [2], which is
based in exogenous and endogenous variables that link natural and human-derived variables and their
influences in the system on a spatial–temporal scale, emphasized that climate is the main exogenous
driver of the rainfall-runoff relationship, although their processes through precipitation, temperature
and wind are mediated by catchment geology (endogenous variable).

Different seasonal rainfall-runoff relationships in relation to the influence of rainfall and
evapotranspiration [56] are related to the alternation of rainfall and reference evapotranspiration
throughout the year reproducing wet (winter), dry (summer) and transition periods (last autumn and
early spring) [57]. Accordingly, winter is the season with the highest Rc, from 17% to 56%, due to
rainfall being accumulated during autumn—and maintained in winter—and low evapotranspiration
demand [10,15,56]. The same pattern was also observed during the five hydrological years assessed
in Es Fangar Creek. In addition, all these studies also emphasized that in summer the hydrological
response is limited or null, with Rc < 10%. Serrano-Muela [56] observed runoff coefficients < 5% in
a range of rainfall amounts of 15–200 mm during summer in a small catchment characterized by a
large forest cover. The driest environments in these studies obtained a summer Rc < 2%. Rc in autumn
and spring were similar, ranging from 9% to 25% and 5% to 28% respectively. However, a variability
throughout the seasons can be observed, especially in late autumn and early spring, as these are
transition periods. Additionally, Lana-Renault [10] observed that the wetting-up period was steeper
than the drying-down period, which was more progressive in a catchment located in the Pyrenees.
Autumn was the season after the driest period, and it was when the evapotranspiration reached the
maximum values. The beginning and the end of this season can be quite different in relation to Rc.
The catchments have a null or limited response until a succession of rainfall events that fill the water
reserves and generate favourable conditions for R generation [56]. The findings of Lana-Renault [10]
in spring concluded that the accumulated rainfall during autumn and winter maintain high water
reserves, allowing high runoff coefficients, even though spring was not the rainiest season.

4.1.2. Es Fangar

In the Es Fangar catchment, a low mean annual R value (87 mm) was recorded during the 2012–2017
period, despite its mean annual rainfall value (black dot on Figure 2). This result is most likely related
to the presence of massive karstic dolomites and breccias in the lithology of the catchment headwaters.

The reported annual R in Es Fangar is within the R range of small catchments located in Mallorca,
with annual rainfall ranging from 500 to 900 mm yr−1, which yielded annual R between 36 and 130 mm.
From these catchments, the highest R value was observed in an agricultural small lowland catchment
prone to receiving subsurface contributions [15]. Spatial differences in the annual R between the
headwater (102 mm) and catchment outlet (36 mm) due to transmission losses along the main channel
were detected in the Sa Font de la Vila River, a mid-mountainous terraced catchment affected by forest
fires [58]. Within this catchment, temporal differences were observed as Rc ranged from 1% to 22%
from one year to year.
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4.2. Event Scale

4.2.1. Seasonality, Lithology and Land Use Influences on Small Mediterranean-Climate Catchments
Hydrological Response

The seasonal dynamics of rainfall and evapotranspiration during the year generate wet, dry and
transition periods, which control the R response [10,53]. Therefore, seasonally, the highest correlation
observed in spring could be related to the water reserves accumulated during the autumn and winter
seasons, which is favourable for R generation [13]. According to the seasonal distribution of the
203 events, other studies in Mediterranean-climate catchments observed an event seasonality in the
hydrological response [8,10,59] where autumn rainfall events produced a limited or null R response,
especially at the beginning of the season. In addition, in winter and spring, the Rc values were always
larger than 3%, being the maximum in spring (70%).

The role of transmission losses due to lithology has been investigated [32,60], depicting how
low runoff values were recorded due to infiltration. In this study (see Section 3.2), events assessed
in catchments with a predominance of pervious lithology showed a higher scattering than events in
impervious catchments. In addition, rainfall events >55 mm generated R > 4 mm, except in events
occuring in late spring in catchments with pervious lithology. In this case, the transmission losses
due to pervious lithology have more influence on the hydrological response than the seasonal role
of the water catchment reserves. Ries et al. [61] identified a low and large R response in rainfall
events >50 mm based on the physiographic catchment and rainfall characteristics. Events occurring in
catchments, which even had different land uses, with less bedrock permeability and less soil water
storage but with higher values of rainfall intensity generate a greater R response than catchments with
more bedrock permeability and soil water storage under low rainfall intensities. Contrarily, other
types of lithology (i.e., badland areas) are characterized by a low infiltration capacity [62]. Latron
and Gallart [63] observed that frequently badlands are the only active area to R response. According
to these findings, Nadal-Romero et al. [64] observed an event stormflow coefficient of up to 20% in
a Mediterranean-climate catchment with badland areas, even when the headwater catchment was
forested (30% of the catchment area).

Events occurring in agricultural catchments obtained the second highest values in the median R
and in the rainfall-runoff correlation, as arable land and its spatial distribution within a catchment
have been demonstrated to be a driver for R generation [65]. However, events in the forest catchment
had the highest correlation and median R, as the water yield and rainfall-runoff relationship decrease
in forests catchments when compared to agricultural catchments, due to forest cover [66]. However,
this correlation (R2: 0.96; n: 3) and median value is related to the presence of karstic springs in
the forest catchment, which was the only forest catchment found in the literature. The median R
of forest catchments could be similar to the values obtained in afforested ones, as both land uses
trigger a reduction in the R generation. This reduction was quantified in a loss of water yield ca.
10–40% [38,66–69]. Nevertheless, larger flows and Qmax were observed in afforested catchments than
forest ones. The shrub median R (2.0 mm) was higher than afforested catchments, as shrub coverage
is characterized by lower vegetation cover than forest and afforested land uses. In addition, the
second main land use in shrub catchments is agricultural land use (Figure 1A), which could explain
the higher median R compared with the afforested catchments. The same results were observed
in García-Ruiz et al. [66], where catchments under shrub land use had lower R contributions than
catchments with forest land use due to a lower plant cover density in the shrub catchment.

4.2.2. Rainfall-Runoff Relationship at the Es Fangar Catchment

The identification of driving factors explaining the variability of Rc can be explored through the
relationships between Rc and R and Ptot, rainfall, maximum intensity and baseflow at the beginning of
the event, as Latron et al. [8] carried out in a mountainous Mediterranean-climate catchment in North
Eastern Spain.
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Only the correlation between R and Rc was significant in the Es Fangar catchment (Figure 2a),
explaining 73% of the variance. As in Latron et al. [8] this relationship had the highest correlation.
However, contrarily to Latron et al. [8], the relationship between rainfall and Rc was highly non-lineal
in Es Fangar, presenting a huge scattering, especially for Ptot between 20 and 60 mm (Figure 2b), which
yielded Rc ranging from 1% to 65%. For larger rainfall events (i.e., 60 to 100 mm), the Rc values were
high (>20%), but low R responses (with Rc ranging 1% to 3%) were also observed when large rainfall
events were recorded after or during dry conditions. In line with the results from Latron et al. [8], Rc

was not related with rainfall intensity (Figure 2c).
The relationship between Q0 and Rc was not linear in the Es Fangar catchment (Figure 2d).

A threshold was identified leading to larger Rc (>10%) for events with Q0 above 0.04 m3 s−1, which
always occurred between November and April. The relationship between Q0 and Rc in Latron et al. [8]
was stronger, because of the presence of a baseflow during most of the year. In general terms, the
frequent absence of a baseflow in the Es Fangar catchment between May and October worsens most
of the relationships presented in Figure 2 in comparison to a catchment with an almost permanent
baseflow, as in Latron et al. [8] and Nadal-Romero et al. [40]. Then, baseflow–Rc correlation increased
as the environment got wetter, from R2 = 0.19 in Es Fangar to R2 = 0.70 in a humid catchment [70].

In order to help in identifying the main factors involved in the hydrological response in the Es
Fangar catchment, multiples relationships were carried out to investigate the influence of rainfall, Q0

and IPmax30 on R and Qmax (Figure 7). The hydrological response by using R and Qmax was highly
non-linear, as observed in other Mediterranean-climate catchments [8,11] because the soil moisture
antecedent conditions are crucial for R generation. Figure 7a shows how the R response could not be
explained by Q0, as the highest R values presented a large scattering along the Y axis. This pattern
confirmed that large R amounts (i.e., >10 mm) may occur from large rainfall events occurring in dry or
wet conditions (i.e., with low or high Q0 values). Therefore, Ptot was a key factor for R response, as
shown by the significant positive correlation (p < 0.01) between both variables (Table 2). The largest R
values were always recorded during last autumn or winter, with contributions of >17 mm (Figure 3
and Table 5), and are characterized by Ptot, R, Rc, Qmax and AP1d values much higher than median
values (Table 3). Contrarily, large rainfall events occurring in spring resulted in a small R contribution
because of the dry antecedent conditions (i.e., low or null Q0 values). Other authors also assessed
relationships between seasonality and R generation. In a mountainous catchment, Lana-Renault [10]
observed that the highest rainfall-runoff correlations at the event scale were depicted in winter and
spring due to higher water reserves than in autumn and summer. In Es Fangar, a group of events
during autumn and winter characterized by Q0 > 0.080 m3 s−1 always generated Rc greater than 14%
(Figure 2d). The Ptot of these events ranged from 5.2 to 61.4 mm but the AP1d was larger than 20 mm,
except in one event (AP1d: 3.4 mm), which was characterised as the highest IPmax30 (i.e., 77.5 mm h−1)
of the study period. These event characteristics suggest that Ptot was the main factor controlling an
effective hydrological response as antecedent conditions (i.e., soil moisture degree of the catchment)
have been demonstrated to play an important role in R generation [18]. Similarly, Lana-Renault [10]
identified a cluster of events characterized with the highest Q0 that generated a larger R response,
but the convective rainfall occurring in the Pyrenees during summer blurred the seasonal pattern
described in the Es Fangar catchment.

Figure 7b shows that high Qmax values were observed in response to large rainfall amounts
(above 50 mm) or for flood events with a Q0 value higher than 0.080 m3 s−1. Both factors had a
combined effect on the generation of high Qmax values as shown by the significant correlation observed
between Ptot and Q0 and Qmax. The role of wet conditions over Qmax was also observed in other
Mediterranean-climate catchments where AP1d correlated significantly with Qmax [15,17,71].
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Figure 7. Multiples relationships between rainfall and R variables at the event scale at Es Fangar
Creek: (a) rainfall-antecedent discharge-runoff; (b) rainfall–antecedent discharge-Qmax relationship;
(c) IPmax30-rainfall-runoff and (d) IPmax30-rainfall-Qmax. The points with an ID are depicting the
selected events for the non-linearity assessment, as it can be further consulted in Figure 6 and Table 3.

Table 2. Pearson correlation matrix between selected variables.

Variables Q0 Ptot IPmean30 IPmax30 Qmax R Rc

Q0 1 0.03 0.00 0.08 0.39 0.28 0.53

Ptot 1 0.09 0.27 0.55 0.68 0.07
IPmean30 1 0.79 0.15 −0.06 −0.21
IPmax30 1 0.25 0.03 −0.17

Qmax 1 0.82 0.67

R 1 0.62

Rc 1
Correlation significant at 0.01 level

R and Qmax were not significantly correlated with IPmax30 (Table 2). Figure 7c,d show how high
values of R and Qmax resulted for events with low IPmax30 when rainfall was > 50 mm or high Q0.
This absence of correlation between rainfall and the catchment response (R and Qmax) indicates that
R generation is most likely the result of saturation excess processes [72], where Ptot and antecedent
conditions played a key role. For events between June and September, saturation excess processes
were, however, probably less dominant and combined with infiltration excess processes in response to
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highest IPmax30 values ranging from 19 to 56.4 mm h−1. As a result, the events observed between June
and September were shorter (5.7 to 14 h duration compared to 8 to 65.5 h for wet conditions events).
Therefore, R mechanisms co-exist within a Mediterranean catchment [13] such as Es Fangar, with a
marked seasonality, with saturation processes being dominant during the wet period and Hortonian R
during the dry period. Consequently, the alternation of the R mechanisms generated lower and larger
R contributions in events occurring during the dry and wet seasons, respectively. These processes
caused the non-linearity of the hydrological response because the same amount of Ptot generated a
non-lineal R response due to different soil moisture conditions [15,64].

4.2.3. Non-Linearity Assessment at Es Fangar Catchment

The events analysed in Figure 6 presented a huge variability in their hydrological response,
despite recording a similar Ptot, ranging from 41.8 to 49.8 mm. Rc ranged from 1% to 65%, depending
on the catchment moisture conditions, rainfall intensities and seasonality characteristics. The highest
hydrological response occurred under marked wet soil moisture conditions in the winter period, even
with low rainfall intensities (Figure 6a). A similar complexity in R responses has already been observed
in other Mediterranean-climate catchments where seasonality and antecedent soil moisture conditions
played a key role in R generation [11,57]. Gallart et al. [73] also showed that different R generation
behaviours could be observed during the year due to varying catchment wetness conditions and
changing rainfall events characteristics. The results obtained by these authors are clearly illustrated by
comparing Events 2 and 20 with Events 18 and 37 in Figure 6. Indeed, R events that occurred during
wet conditions with low rainfall intensities (18 and 37) showed similar Rc than events that occurred
during dry conditions with high rainfall intensities (2 and 20). However, during dry conditions, runoff
events resulting from low intensity rainfall yielded the lowest R responses (e.g., Event 36). Our results
are also in agreement with the observations made by Schnabel et al. [74], who observed higher R
contributions for low rainfall intensities events occurring in periods with high soil water content than
for events with high rainfall intensities. Besides, those authors pointed out that this condition was
common during years with above average rainfall (i.e., during wet years) but was rarely observed
during dry years.

5. Conclusions

The evaluation of multiple temporal scales in contrasting small Mediterranean-climate
catchments has improved the understanding of the role played by lithology and land use in the
hydrological response. The assessment of rainfall-runoff relationships at the annual scale in small
Mediterranean-climate catchments showed a significant linearity in the hydrological response due to
the importance of the annual rainfall amount. Nevertheless, lithology effects on R generation explained
an increase in the scattering in the rainfall-runoff relationship because pervious and impervious
materials triggered larger and lower R contribution, respectively. Despite the significant correlation
between rainfall and R, the Es Fangar Creek dataset illustrated a huge intra-annual variability of
the rainfall-runoff relationship during the five hydrological years analysed, as seasonal rainfall and
evapotranspiration dynamics controlled the R response. These dynamics were clearly observed in the
average seasonal Rc, decreasing from winter to summer. As a result, these seasonal differences should
be considered as a starting point of the non-linearity generation in the rainfall-runoff relationships at
the event scale.

At the event scale, lineal and non-lineal relationships were observed in the rainfall-runoff
relationships in small Mediterranean-climate catchments, suggesting that different factors conditioned
the R response. The total rainfall was the most significant driving factor, although the interaction
between seasonality and the spatial diversity of lithology and land uses at the catchment scale also
played an important role in R generation. Thus, the highest correlations at the seasonal scale were
observed in those events which occurred in winter and spring when the highest water reserves
favoured the R response. Lithology caused a higher dispersion in the rainfall-runoff relationships
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at the event scale in the set of small Mediterranean catchments because pervious materials required
higher antecedent wetness conditions. Different land uses promoted a decrease in R generation,
comparing agricultural with scrubland uses, because agriculture promoted the highest correlation in
the rainfall-runoff relationships due to lower vegetation cover. Therefore, human-induced alterations
related to land uses in the R generation must be assessed in those countries were the abandonment of
upland agricultural catchments have allowed natural vegetation to expand (i.e., southern Europe) and
also in countries were agriculture and irrigated areas are increasingly replacing forest and shrub lands
(i.e., North African Maghreb). However, events under agricultural land use or which occurred in the
winter season independently of the land use and lithology catchments were the situations which were
able to generate a higher linearity in the rainfall-runoff relationships.

This temporal downscaling from the annual to event scale elucidated how different R mechanisms
can co-exist in small Mediterranean-climate catchments, considering the main temporal and spatial
factors that govern the river catchment connectivity. Despite this, controls on R generation in
Mediterranean-climate catchments require further attention to assess the role of lithology, land
use and seasonality and their combined effects on the hydrological response for going beyond in
the comprehension of highly sensitive areas to global change, such as the Mediterranean region.
Considering that the performance gaps of hydrological processes in hydrological models due to the
results of rainfall-runoff at daily scales are smoothed in small Mediterranean-climate catchments,
the findings of this study improve the comprehension of hydrological processes as practical field
knowledge needed to complete hydrological modelling at the event scale.
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Table 2. Relative rainfall and R contribution of the highest 5 days and number of days to reach the 50%
of R for each hydrological year in the Es Fangar Creek.

Year
Rainfall Contribution of 5

Days (%)
Runoff Contribution of 5

Days (%)
Number of Days to Reach

50% of Runoff

2012–2013 32 37 10
2013–2014 35 53 5
2014–2015 23 50 5
2015–2016 35 28 17
2016–2017 41 28 3

Table 3. Flood event characteristics during the study period 2012–2017 in the Es Fangar Creek.

ID Date
Ptot

(mm)
IPmean30
(mm h−1)

IPmax30
(mm h−1)

Qdur

(h)
Q0

(m3 s−1)
Qmax

(m3 s−1)
R

(mm)
Rc

(%)
AP1d
(mm)

AP3d
(mm)

1 27 October 2012 20:15 30.6 10.1 33.8 8.0 0.002 0.144 0.3 1.0 0.0 0.0
2 11 November 2012 22:20 47.3 11.3 77.5 18.0 0.008 1.747 6.7 14.1 3.4 3.4
3 28 November 2012 08:00 15.5 6.2 18.6 17.5 0.030 0.094 1.0 6.7 9.7 9.7
4 24 January 2013 09:00 21.3 5.7 24.6 12.7 0.011 0.036 0.3 1.6 0.0 15.3
5 24 January 2013 22:30 5.0 6.7 13.8 15.7 0.021 0.083 0.7 13.9 21.3 36.6
6 28 January 2013 03:30 16.8 4.5 7.8 44.5 0.012 0.064 1.2 6.9 1.7 32.5
7 28 February 2013 08:00 32.1 3.9 16.4 21.2 0.017 0.427 4.5 14.0 4.6 11.0
8 01 March 2013 21:00 8.7 5.0 14.6 8.0 0.035 0.077 0.0 0.5 32.2 40.6
9 13 March 2013 14:15 60.6 8.7 24.0 12.8 0.014 1.610 12.8 21.1 0.0 0.0
10 14 March 2013 20:30 6.6 8.8 13.2 17.6 0.038 0.156 1.6 23.5 60.8 60.8
11 05 April 2013 22:30 38.5 4.1 11.0 48.5 0.007 0.059 1.4 3.6 0.0 0.0
12 28 April 2013 21:00 24.6 ND ND 46.5 0.011 0.347 3.0 12.3 22.1 23.0
13 19 November 2013 02:15 99.3 5.3 43.0 64.7 0.002 1.414 22.5 22.7 7.0 75.5
14 22 November 2013 09:30 8.8 ND ND 24.7 0.044 0.093 1.6 18.2 1.3 1.3
15 27 November 2013 18:45 14.0 3.1 9.3 39.5 0.028 0.115 2.6 18.6 9.2 15.3
16 29 November 2013 10:30 10.3 ND ND 25.5 0.046 0.155 2.4 23.3 3.6 28.8
17 30 November 2013 18:45 39.5 2.3 6.6 46.3 0.054 1.105 11.3 28.7 10.3 40.2
18 04 April 2014 03:15 49.8 2.6 6.6 44.7 0.002 1.006 7.8 15.6 3.8 8.0
19 25 April 2014 06:45 28.6 6.4 14.4 15.5 0.000 0.180 0.8 2.9 5.0 13.4
20 29 September 2014 13:45 48.6 16.2 56.4 14.0 0.001 2.356 4.2 8.7 11.8 13.9
21 04 December 2014 22:45 27.2 4.5 12.4 44.3 0.016 0.197 2.1 7.9 9.4 69.2
22 28 December 2014 10:45 36.0 5.1 10.8 39.3 0.008 0.183 2.5 7.0 2.2 2.2
23 20 January 2015 13:00 81.0 2.7 12.4 50.0 0.010 2.094 17.3 21.4 9.0 9.0
24 03 February 2015 09:45 22.6 1.4 9.6 7.5 0.019 0.058 0.3 1.5 0.4 21.6
25 04 February 2015 11:15 73.6 1.3 5.2 65.5 0.050 2.453 39.2 53.2 22.6 35.8
26 21 February 2015 22:15 30.6 1.6 6.8 24.8 0.022 0.883 5.9 19.3 0.0 0.0
27 24 February 2015 00:45 20.4 2.7 10.8 18.2 0.031 0.077 1.0 4.7 0.0 30.6
28 27 February 2015 13:00 20.4 3.1 9.2 31.8 0.026 0.164 2.1 10.3 5.4 11.8
29 14 March 2015 18:00 21.6 3.9 10.4 16.7 0.015 0.351 1.7 8.1 0.0 0.0
30 22 March 2015 02:45 6.2 4.1 11.2 8.7 0.020 0.056 0.3 5.3 1.4 11.6
31 24 March 2015 23:15 75.6 1.8 7.2 42.8 0.033 0.924 13.9 18.4 0.0 7.6
32 04 September 2015 03:00 32.4 1.7 19.6 11.0 0.004 0.783 1.1 3.3 0.6 2.6
33 30 September 2015 08:15 34.0 2.4 5.6 9.7 0.001 0.132 0.7 2.0 8.0 13.0
34 30 September 2015 18:15 27.2 2.0 13.2 16.8 0.037 0.207 1.3 4.9 36.2 47.0
35 01 April 2016 16:00 78.8 2.7 14.0 43.5 0.016 0.222 2.4 3.0 0.0 0.0
36 07 May 2016 11:15 41.8 2.7 6.4 13.5 0.006 0.092 0.5 1.2 1.6 1.6
37 19 December 2016 02:30 46.4 2.3 7.6 27.2 0.012 0.394 4.4 9.5 2.0 16.6
38 20 December 2016 09:00 115.8 6.3 21.6 16.0 0.054 2.434 23.5 20.3 24.4 49.2
39 21 December 2016 04:30 61.4 4.9 9.6 33.7 0.626 1.565 17.6 28.6 116.0 164.6
40 20 January 2017 07:50 28.0 1.8 6.8 13.0 0.013 0.180 1.4 5.0 4.0 9.8
41 20 January 2017 17:45 14.6 1.7 7.6 10.7 0.082 1.687 5.9 40.2 28.4 37.2
42 21 January 2017 07:00 44.2 2.6 7.6 19.2 0.230 3.942 28.9 65.4 35.4 50.6
43 22 January 2017 04:00 5.2 1.0 4.0 5.7 0.360 1.465 4.2 80.8 35.4 50.6
44 22 January 2017 16:00 12.2 0.8 4.0 9.0 0.243 0.461 2.9 23.8 44.4 96.2
45 23 January 2017 20:52 29.0 2.1 4.8 25.0 0.150 0.355 4.8 16.5 20.2 87.2
46 25 January 2017 11:45 5.4 1.2 4.8 31.3 0.036 0.235 0.3 5.4 0.0 51.6
47 27 January 2017 17:00 23.0 2.9 11.6 55.0 0.027 0.306 5.6 24.5 0.0 5.6
48 8 February 2017 06:30 47.4 2.9 8.8 41.5 0.013 0.843 5.6 11.8 0.0 12.8
49 5 June 2017 10:45 67.6 3.0 21.6 5.7 0.028 0.330 0.4 0.7 2.6 2.6

Min 5.0 0.8 4.0 5.7 0.000 0.036 0.0 0.5 0.0 0.0
Max 115.8 16.2 77.5 65.5 0.626 3.942 39.2 80.8 116.0 164.6

Median 29.0 2.9 10.8 19.2 0.0 0.3 2.4 11.8 4.0 13.9
SD 25.5 3.0 13.8 16.4 0.108 0.857 8.3 16.2 20.6 31.6
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Table 4. Main characteristics of the selected events for non-linearity analysis in Es Fangar Creek.

ID Flood Event
Ptot

(mm)
IPmax30

(mm h−1)
R

(mm)
Rc

(%)
Qmax

(m3 s−1)
Q0

(m3 s−1)
AP1d
(mm)

42 21 January 2017 07:00 44.2 7.6 28.9 65 3.942 0.229 35.4
18 04 April 2014 03:15 49.8 6.6 7.8 16 1.006 0.002 3.8
2 11 November 2012 22:15 47.3 77.5 6.7 14 1.747 0.008 3.4
48 08 February 2017 06:30 47.4 8.8 5.6 12 0.843 0.012 0.0
37 19 December 2016 02:30 46.4 7.6 4.4 9 0.394 0.012 2.0
20 29 September 2014 13:45 48.6 56.4 4.2 9 2.356 0.015 11.8
36 07 May 2016 11:15 41.8 6.4 0.5 1 0.092 0.006 1.6

Table 5. Main characteristics of the highest runoff event contribution in Es Fangar Creek during the
study period 2012–2017.

ID Flood Event
Ptot

(mm)
IPmax30

(mm h−1)
R

(mm)
Rc

(%)
Qmax

(m3 s−1)
Q0

(m3 s−1)
AP1d
(mm)

25 04 February 2015 11:15 73.6 5.2 39.2 53 2.453 0.046 22.6
42 21 January 2017 07:00 44.2 7.6 28.9 65 3.942 0.229 35.4
38 20 December 2016 09:00 115.8 21.6 23.5 20 2.434 0.054 24.4
13 19 November 2013 02:15 99.3 43.0 22.5 23 1.414 0.021 7.0
39 21 December 2016 04:30 61.4 9.6 17.6 29 1.565 0.626 116.0
23 20 January 2015 13:00 81.0 12.4 17.3 21 2.094 0.010 9.0

 

Figure 1. Land uses (%) for the 10 of 12 small Mediterranean-climate catchments selected for the
rainfall-runoff relationship analysis. Guadalperalón and Parapuños catchments have not detailed land
uses information.
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Figure 2. Relationship between (a) R and Rc coefficient, (b) rainfall and Rc, (c) IPmax30 intensity and Rc

and (d) base-flow specific discharge and Rc at Es Fangar Creek. Dotted lines show significant (p < 0.01)
fits with a power function.

Figure 3. Highest R event contribution during the study period (2012–17) at Es Fangar Creek. The
numbers located at the peak of each hydrograph indicate the ID of the events recorded in Es Fangar
Creek during the study period 2012–2017, further exposed in Table 3.
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