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Abstract
Purpose Shallow soils previously cultivated under terraced
systems may change their properties after agricultural release
and spontaneous plant colonization. Investigations were con-
ducted in terraced fields (NE Spain) to prove that vegetation
installed after the abandonment may generally improve soil
properties by the formation of stable organic horizons.
However, restriction in plant species along the natural vegeta-
tion succession and intensification of erosion processes may
occur after abandonment depending on fire frequency and soil
use history.
Materials and methods Ten environments with different plant
covers under a Lithic Xerorthent were selected and erosion
plots (Gerlach type) installed providing their best adaptability
at the terrace scale. Selected soil environments represented the
sequence of abandonment: from current poorly cultivated
soils, soils under pasture, soils under shrubs, and soils under
stands of pine and cork trees. Relevant rainfall events produc-
ing runoff and erosion were recorded from November 2011 to
May 2012. Erosion rates and erosion components were
analysed in sediments and water in order to monitor carbon,

nitrogen and other nutrient removal by overland flow.
Similarly, the physical and chemical properties of the soil
environments under study were determined at the same time
interval of runoff erosion.
Results and discussion Soils under pasture, vines and recently
burnt pine forest produced the highest runoff followed by soils
under shrubs and forest. However, eroded soil yields and nu-
trient removal weremuch higher in cultivated soils and soils in
recently burnt sites, which had shown poorer soil properties
with respect to soils abandoned for longer and preserved by
fire. Fire-affected soil environments also showed a thinner
organic horizon and reduced water retention. Although ero-
sion rates and nutrient depletion were low in all environments
with respect to other areas of Spain, higher splash than water
erosion was an early warning indicator of the high suscepti-
bility to degradation of these shallow soils.
Conclusions Results outlined that the renaturalization dynam-
ics after agricultural abandonment are complex biophysical
processes involving the parent material, depth to bedrock
and other soil properties as well as the succession of vegeta-
tive cover and plant associations responsible for building a
new soil mantle contrasting with erosion processes. Planning
for management of land abandonment is strongly
recommended.

Keywords Land abandonment . Nutrient removal . Organic
matter . Plant cover . Sediment yield . Terraced fields

1 Introduction

Hillside soils in the Mediterranean region were exploited
for centuries and then progressively abandoned when in-
dustrial agriculture shifted to the best plots of plain areas
(Lasanta et al. 2000). After land abandonment, the
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spontaneous plant colonization tends to occupy the previ-
ously cultivated sloping fields, though periodical wildfire
occurrence may cause set-backs to natural vegetation suc-
cession, delaying the improvement of soil properties
(Pardini et al. 2004a). Thus, severe erosion processes are
likely to occur after fire, especially when poor soil condi-
tions prevail at agricultural release (Pardini et al. 1991). A
major aim in studying the ability of an ecosystem to re-
turn to the original state after disturbance is the prediction
of the response of such a system to a variety of natural
and human-induced disturbances. Cultivation followed by
abandonment may make the recovery of soil properties
difficult because of the elimination of autochthonous veg-
etation which in turn favours the colonization of opportu-
nistic species. Puigdefabregas (1995) inferred that de-
pending on physiographic characteristics, climate and soil
use history, land abandonment may trigger desertification
processes and ultimately loss of the soil resource especial-
ly under shallow profile conditions and reduced organic
matter input. Other authors reported of positive effects
after land abandonment from the development of renewed
biodiversity at the plant and soil scale (Lesshen et al.
2007). In the North Eastern part of the Spanish
Pyrenees, land abandonment of the mid-mountainous
areas has been the general direction over the last decades.
Previously cultivated terraced soils are currently covered
by different stages of spontaneous vegetation due to wild-
fire frequency, with the result of a disorganized and frag-
ile territory and a considerable loss of landscape hetero-
geneity. An understanding of the process of plant recolo-
nization and biological diversity is paramount to facilitate
the recovery of an ecological role by environments which
have undergone stress caused by land abandonment (Flinn
and Vellend 2005). In the overall area, only small patches
are still cultivated with vineyards and olive groves and
have proved to be efficient firebreaks reducing the prop-
agation and severity of wildfires, which may cause restric-
tions in plant species, reduction of recovery periods and
intensification of erosive processes (Pardini et al. 2003;
Pardini et al. 2004b). When the effects of land abandon-
ment and wildfire occurrence on the Mediterranean land-
scape are evaluated, the evolution of soil properties is
often neglected (Scarascia-Mugnozza et al. 2000). In spite
of this, understanding the rainfall/runoff/erosion relation-
ships and related nutrient dynamics is of great relevance
in terms of soil quality, especially in the shallow soils
with low organic matter content existing in the area of
study. In this paper, we propose to investigate the soil
response to seven natural rainfall events generating run-
off at the plot scale with the objective to compare soil
properties, runoff erosion rates and related components
in abandoned and cultivated soil environments differing
in land use and cover change. Those soils resulting as

less susceptible to erosion and degradation may trace
appropriate management of this territory after land
abandonment.

2 Materials and methods

2.1 Area of study

The area of study is located in the Serra de Rodes catchment,
Natural Park of Cap de Creus, Catalonia, NE Spain (42° 18′ 4″
N, 3° 12′ 22″ E) and covers approximately 30 km2.

The site has a Mediterranean xerotheric climate, with hot
summers and mild winters, annual average temperature of
16 °C (minima of 3 °C and maxima of 36 °C) and a mean
annual rainfall of 450 mm mainly distributed in spring and
autumn. Ninety percent of the territory is covered by dense
shrub growth, mostly occupied by the Cistus monspeliensis,
Cistus albidus, Calicotome spinosa and Ulex parviflorus as-
sociation, with a minor extension of Erica arborea shrub and
Quercus coccifera which represent the most mature stage of
vegetation succession more preserved by fire. While the her-
baceous cover under the Cistaceae is scant, probably because
of allelopathic effect of the exudates secreted by Cistus leaves
and roots, under Ericaceae and Fagaceae, an abundant herba-
ceous cover is detected. The residual 10 % is divided into still
cultivated vines and olive trees, pasture covered with herba-
ceous plants partially abandoned and in transition into Cistus
association, pine forest (Pinus halepensis) corresponding to a
plantation of 1954 after a devastating fire and stands of cork
trees (Quercus suber) representing the residual of ancient cork
tree cultivation oriented towards the optimization of cork pro-
duction. Both stands of pine and corks trees have understory
composition mainly composed by Lavandula stoechas,
Asparagus oficinalis and Brachipodium retusum. The aban-
doned areas either covered with shrubs or both pines and cork
trees receive neither periodical clearing nor forest manage-
ment resulting in a very disorganized and vulnerable land-
scape. However, grazing activity is often observed especially
under cleared stands of pines.

Ten different land use/land cover types were selected in this
area, representing soils under (1) Vitis vinifera (V); (2) Olea
europaea (O) cultivation maintained under insufficient agri-
cultural management; (3 and 4) pasture (PRa, PRb) mainly
covered by species adapted to the strong North wind called
Tramuntana such as Brachypodium retusum, Dactylis
glomerata, Trifolium stellatum, Stipa capensis, Plantago
lanceolata, Eryngium campestre, Astragalus massiliensis,
Seseli farrenyi, Limonium geronense and early invasion of
Cistaceae; (5) Erica arborea shrub (MB); (6) Cistus
monspeliensis shrub (MC); soils (7) stands of Pinus
halepensis (PI); (8) stands ofQuercus suber (S); (9) a recently
burnt area covered with Pinus halepensis (PIC) now
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completely destroyed, with growing undergrowth of Cistus
monspeliensis; and (10) a recently burnt area covered with
Quercus suber (SC) also with Cistaceae understory. After
the fire occurred in August 2008, burnt cork trees (SC) have
largely sprouted and recovered. All soils, formed on
Palaeozoic slates and classified as Lithic Xerorthents (Soil
Taxonomy 2010), present A, C/R horizon development, are
shallow (0–40 cm depth) and poorly developed. Site and soil
characteristics are listed in Table 1.

2.2 Experimental layout

Rainfall events were recorded by a meteorological station
(Davis Instruments, Hayward, CA, USA, Vantage Pro-Plus
model) installed in the area and collecting data every
15 min. Runoff and erosion were quantified by means of 20
(2 per soil environment) open plots (Gerlach 1967) formed by
two 2-m-long strips of iron sheeting, connected on each side
with an erosion tank (50 cmwide × 30 cm high × 30 cm deep),
equivalent to 45 l of runoff collection capacity. Moreover, a
hole in the rear part of the tank was equipped with a turncock
connected to another reservoir of 20-l capacity. The total
width of each plot was of 4.5 m and the plot area was 36 m2

considering the 8-m distance from one terrace to another. The
erosion tank borders the terrace and the iron strips are
collecting runoff and eroded soil from the soil surface above
into the reservoir. An example of some environments under
study and detail of erosion plots is reported in Fig. 1.
Hydraulic conductivity was determined by using a handheld
minidisk infiltrometer (Decagon Devices, Pullman, WA,
USA) at 2-cm suction capacity (Zhang 1997).

Three composite soil samples of the A horizon (0–
10 cm depth) were collected at any selected rainfall event
(from November 2011 to May 2012) in an area of approx-
imately 0.5 ha as representative of each land use/land

cover type. The total number of processed samples was
210. Rainfall characteristics during the observed period
are reported in Table 2.

Bulk samples were air-dried and gently crushed to pass
through 5.6- and 2.0-mm sieves for subsequent analysis. The
fraction 5.6–2.0 mm was reserved for aggregate stability.
Other soil parameters were analysed in the 0–2.0-mm fraction.
Particle size distribution was determined by the pipette meth-
od. Measurements of pH were carried out on 1:2.5 (p/v) soil-
water suspensions by means of a Dyson pH-meter. Cation
exchange capacity (CEC) was determined according to the
method of Gillman (1979). Organic carbon (SOC) was deter-
mined by using the wet-combustion method (Walkley and
Black 1934). Total soil nitrogen (NT) was determined accord-
ing to the Kjeldhal method (Bremner and Mulvaney 1987).
Available phosphorus (PAV) was determined by using the
Olsen method (Olsen and Sommers 1987). The Eijkelkamp
wet-sieving apparatus was used to determine the structural
stability of aggregates (Kemper and Rosenau 1986).
Aliquots of previously separated and air-dried 5.6–2.0-mm
fraction aggregates were placed in a 2.0-mm sieve and sub-
jected to mechanical vertical immersion-emersion cycles
(34 cycles min−1) in cans with deionized water for 3 min.
Soil aggregates surviving disruption and detachment were
dried at 105 °C and weighed. The stability of aggregates to
water (WSA) was calculated as following:

WSA %ð Þ ¼ M aþ sð Þ−Ms
Mt−Msð Þ 100

with WSA representing the percent of water-stable aggre-
gates, M(a + s) the mass of the resistant aggregates plus sand
(g),Ms the mass of the sand fraction alone (g), andMt. the total
mass of the soil sample (g).

Both eroded soil and runoff water were collected after each
rainfall event that is on November 16 and after 105, 7, 25, 5, 5,

Table 1 Site and soil characteristics of selected land cover/land uses

Soil Surface
[ha]

Plant cover
[%]

Slope
[ %]

Depth
[cm]

Horizon
development

Sand
[%]

Silt
[%]

Clay
[ %]

V 0.50 10 17 39 Ap, C/R 81.54 (10.65) 12.34 (3.42) 6.12 (1.88)

O 0.50 20 18 38 Ap, C/R 79.20 (8.65) 13.98 (2.06) 6.82 (2.13)

PRa 0.50 60 17 32 Ap, C/R 70.88 (10.92) 17.06 (2.96) 12.06 (2.33)

PRb 0.50 60 17 33 Ap, C/R 71.73 (9.74) 16.45 (4.22) 11.82 (3.51)

MB 0.50 70 18 35 Ap, C/R 72.48 (6.19) 16.16 (5.12) 11.36 (5.23)

MC 0.50 50 18 33 Ap, C/R 78.62 (12.45) 15.08 (4.98) 6.30 (3.55)

PI 0.50 40 17 30 Ap, C/R 72.66 (10.64) 19.66 (6.17) 7.68 (1.66)

S 0.50 50 18 41 Ap, C/R 75.45 (7.47) 16.13 (4.19) 8.42 (2.35)

PIC 0.50 5 19 38 Ap, C/R 73.92 (12.45) 17.82 (6.06) 8.26 (2.52)

SC 0.50 20 18 40 Ap, C/R 76.18 (9.44) 15.25 (5.08) 8.57 (3.10)

Soil. V under vines, O under olive groves, PRa,b under pasture,MB under Erica shrub,MC: under Cistus shrub, PI under pine trees, S under cork trees,
PIC under burnt pines, SC under burnt corks
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and 26 days (corresponding to rainfall generating runoff) and
analysed soon after. Moreover, splash erosion was measured
at each rainfall event by collecting the splashed particles in
5 × 8 cm cylindrical pots placed around each plot. Splashed
particles were oven dried, weighed and reported as gram per
metre square. Runoff water was stored in plastic bottles to
determine dissolved organic carbon (DOC) according to the
method of Vance et al. (1987) and total dissolved nitrogen
(TDN) by the Kjeldhal method. Phosphate (PO4

−3), nitrate

(NO3
−) and ammonium (NH4

+) content were also measured
in runoff water by using the CADAC 200 spectrophotometer
equipped with the Dr. Lange test for rapid analytical determi-
nation of these compounds. Eroded soils were analysed for
eroded organic carbon (EOC) and total eroded nitrogen (TEN)
content with the Walkley and Black method and the Kjeldhal
method respectively. After each recorded rainfall, the field
measurements of surface mechanic impedance (MI) with a
static cone penetrometer Terzaghi UFL-031 model and bulk

Fig. 1 Examples of studied soil
environments: a, c, e represent the
soil under vines (V), under Cistus
monspeliensis dominated shrub
and under burnt pines (PIC); b, d,
f show the Gerlach plots installed
in the area

Table 2 Rainfall characteristics of the seven recorded events from November 2011 to May 2012

Rainfall number 1 2 3 4 5 6 7

Date 11/16/11 02/27/12 03/06/12 04/04/12 04/09/12 04/12/12 05/10/12

DOY 320 58 66 95 100 103 131

Rainfall [mm] 60.10 12.30 18.90 139.70 23.30 57.90 79.60

Rainfall duration [h] 24 38 29 24 15 62 30

Average rainfall intensity [mm h−1] 2.55 0.34 0.65 5.82 1.55 0.93 2.65

Total kinetic energy [J m2] 936 69 174 2462 189 484 1260

DOY day of the year
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density (BD) with the core method (Forster 1995) were also
carried out around the erosion plots. Soil moisture was derived
from bulk density measurements after drying the samples
overnight at 105 °C.

2.3 Statistical analyses

Statistical analysis wwrw carried out by using the program
Statistics (version 7.1, 2007, Statsoft Inc., Tulsa, OK, USA).
ANOVA was used to investigate the data variations into and
among soil environments along the recorded rainfall events.
Accordingly, ANOVAwas run by using the number of replica-
tions (3), mean and standard deviation of a given parameter at
any rainfall event (7) when comparing data variability into one
environment. Likewise, to compare data variability among en-
vironments, the mean of three values of a given parameter per
each rainfall (7) and all environments (10) were run.

Patterns of runoff, erosion and nutrient removal along the
different land uses/soil environments under the effect of se-
lected rainfall events were investigated bymeans of regression
equations. Principal component analysis (PCA) was per-
formed to provide information on the relationships between
the measured variables and soil environments. Components
were selected by using the eigenvalue which measures the
variance in all the variables accounted for by one component.
The Kaiser criterion allowed dropping all components with
eigenvalues under 1.0. Components were named according
to variable’s loadings and the correlation coefficients between
the original variables and each component. Scores for compo-
nents assisted in determining the relevance of each soil envi-
ronments for contributing to soil properties improvement.

3 Results and discussion

3.1 Influence of soil environments on soil characteristics

Soil properties differed largely according to land use/land cov-
er type. As may be observed in Table 1, the sand fraction was
predominant within the particle size separates and the textural
class ranged from loamy sand (V, O, MC soils) to sandy loam
(PRa, PRb, MB, PI, S, PIC and SC soils) for the Ap horizon.
The total profile depth varied from 30 cm in soils under pines
to 39 cm in soils under vines; all soils developed over
compacted slates. The A horizon scarcely reaches 10 cm in
depth. Selected soil parameters were analysed at each rainfall
event and mean values of three replicates with the standard
deviation are reported in Table 3.

Along the seven rainfall events, soils under cultivated vines
(V) and olive groves (O) showed the lowest organic carbon
(average 3.70 ± 0.41 and 12.23 ± 1.20 g kg−1), total nitrogen
(average 0.51 ± 0.04 and 1.45 ± 0.06 g kg−1), structural sta-
b i l i ty of aggregates (average 25.52 ± 8.30 and

47.22 ± 15.87 %) and cation exchange capacity (average
5.47 ± 0.46 and 6.55 ± 0.13 cmol kg−1), while values of these
parameters increased progressively according to the extent of
vegetative cover and fire occurrence (Table 3). The highest
values of these parameters were recorded in soils PRa, PRb
and MB, though WSA resulted somewhat higher in recently
burnt soils, probably due to a hardening effect of temperature
on soil aggregates (Mataix-Solera and Doerr 2004). Likewise,
considerable differences were noticed in soil properties of
MB, MC, PI and S environments. The soil under Erica
arborea shrub (MB) seems to contribute to better physico-
chemical properties than the MC soil, as in the former, the
average increase of SOC and CEC was 104 and 152 % with
respect to the latter. Lower organic carbon (SOC), total nitro-
gen (NT) and cation exchange capacity (CEC) ofMC soil may
be ascribed to frequent forest fires, interrupting the succession
of heterogeneous spontaneous vegetation along the
renaturalization processes. Fire-affected areas are rapidly col-
onized by opportunistic plants like Cistus species, competing
against other species (Jackson et al. 2002). Trabaud and
Oustric (1989) reported that in frequently fire-affected areas,
the undergrowth germinating plants (through fire-resistant
seeds, like Cistaceae) may overwhelm sprouting plants (like
Ericaceae) with stumps repeatedly affected by fire and gradu-
ally losing their sprouting ability. This substitution is detri-
mental to soil properties and represents a step back in the
renaturalization process (Pardini et al. 2004a). A similar trend
was observed in PI and S environments, where soils under
stands of cork trees (S) increased SOC and NT content by
220 and 101 % with respect to soil PI, suggesting that less
degradable pine litter my delay C and N entry into soil.
However, WSA increased on average only by 17 % in soil
MB and S with respect to soil MC and PI probably indicating
the complexity of aggregate stability evaluation in abandoned
soils periodically affected by fire. Mataix-Solera et al. (2011)
hypothesized different fire effects on soil aggregation depend-
ing on the soil surface exposition to temperature: from almost
no effect to a sharp increase of WSA due to the recrystalliza-
tion of Fe and Al oxyhydroxides. The recently burnt sites PIC
and SC showed rather similar values of pH, which were higher
with respect to other environments because of the ash effect,
buffering the acidic nature of the investigated soils (Noble
et al. 1996). The average values of available phosphorus
(PAV) were consistent with amounts expected in cultivated,
abandoned and burnt environments though numbers differed
slightly (Table 3). Soil V showed a mean value of
37.41 mg kg−1 against 35.88 mg kg−1 of soil O, i.e., 4 %
higher; a 2.6 % difference was found between PRa and PRb,
6 % between MB and MC, 5 % between S and PI, and 1 %
between SC and PIC. The lowest PAV values were found in
soils MB and MC while values increased sharply in PIC and
SC soils probably because of the intense mineralizing effect
on organic P produced by fire with a consequent increase of
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Table 3 Physicochemical characteristics of the studied soils

Soila Rainfall
number

Nb WSAc

[%]
pH SOCd

[g kg−1]
NT

e

[g kg−1]
PAV

f

[mg kg−1]
CECg

[cmol kg−1]

V 1 3 22.8 (3.7) 6.1 (0.5) 3.5 (0.8) 0.5 (0.1) 22.6 (6.3) 5.1 (1.1)

2 3 39.6 (6.8) 6.4 (0.5) 3.8 (0.9) 0.4 (0.1) 43.7 (11.5) 5.3 (1.0)

3 3 32.2 (4.9) 6.2 (0.6) 4.1 (0.9) 0.5 (0.1) 35.2 (12.5) 6.1 (0.1)

4 3 13.8 (3.0) 6.2 (0.6) 2.9 (0.4) 0.5 (0.1) 26.1 (13.2) 5.0 (0.9)

5 3 22.6 (9.2) 6.2 (0.9) 3.8 (0.7) 0.6 (0.1) 50.3 (12.5) 5.8 (0.7)

6 3 26.2 (5.2) 6.3 (0.6) 3.9 (0.2) 0.5 (0.1) 54.6 (14.1) 5.9 (0.9)

7 3 21.5 (8.6) 6.3 (0.8) 4.0 (0.3) 0.6 (0.1) 29.5 (12.6) 5.1 (0.8)

O 1 3 38.7 (9.5) 6.2 (0.8) 11.9 (2.1) 1.4 (0.3) 35.3 (10.3) 6.4 (1.2)

2 3 71.8 (7.2) 6.2 (0.7) 13.2 (2.1) 1.6 (0.5) 37.5 (10.2) 6.8 (1.0)

3 3 56.9 (4.4) 6.2 (0.7) 12.0 (1.8) 1.4 (0.3) 38.5 (12.5) 6.5 (1.0)

4 3 22.6 (5.4) 6.3 (0.5) 12.2 (1.1) 1.4 (0.3) 34.2 (13.4) 6.6 (1.1)

5 3 38.9 (6.8) 6.2 (0.6) 14.1 (2.0) 1.5 (0.3) 35.9 (10.8) 6.6 (1.2)

6 3 55.1 (9.2) 6.2 (0.5) 10.2 (1.9) 1.4 (0.4) 36.5 (11.9) 6.6 (0.9)

7 3 46.6 (11.8) 6.2 (0.6) 12.1 (1.7) 1.5 (0.4) 33.8 (13.4) 6.4 (0.9)

PRa 1 3 86.4 (10.3) 5.8 (0.7) 34.8 (9.2) 3.2 (0.9) 38.9 (14.1) 18.7 (2.5)

2 3 88.4 (7.5) 5.8 (0.8) 38.4 (11.3) 3.3 (0.8) 20.1 (6.6) 20.1 (3.5)

3 3 95.3 (13.9) 5.9 (0.5) 37.5 (10.5) 3.3 (0.8) 39.3 (11.7) 19.4 (2.7)

4 3 95.8 (8.3) 6.0 (0.6) 35.1 (12.2) 3.2 (0.7) 17.4 (9.5) 18.6 (2.0)

5 3 84.7 (5.3) 5.7 (0.7) 36.9 (10.7) 3.0 (0.6) 37.6 (4.3) 17.9 (3.0)

6 3 89.5 (10.3) 5.9 (0.6) 34.8 (8.9) 3.0 (0.8) 28.2 (12.6) 20.9 (2.3)

7 3 89.5 (4.1) 5.9 (0.6) 36.6 (14.1) 3.2 (0.8) 40.4 (6.9) 19.6 (2.5)

PRb 1 3 87.1 (7.2) 5.9 (0.7) 36.8 (11.7) 2.9 (0.8) 37.4 (10.1) 16.4 (3.8)

2 3 90.2 (15.4) 6.0 (0.6) 38.2 (13.1) 3.0 (0.7) 39.2 (13.6) 17.1 (4.6)

3 3 98.4 (2.5) 5.9 (0.5) 34.6 (9.2) 3.1 (0.7) 28.1 (4.9) 16.9 (3.5)

4 3 86.1 (1.4) 5.9 (0.6) 39.2 (12.1) 2.9 (0.7) 27.6 (5.5) 17.5 (4.0)

5 3 91.1 (4.5) 5.9 (0.6) 39.5 (13.5) 2.9 (0.6) 19.1 (3.2) 18.0 (2.9)

6 3 88.5 (6.1) 6.0 (0.5) 37.2 (14.3) 3.1 (0.7) 26.8 (6.2) 17.2 (3.1)

7 3 82.7 (3.9) 6.0 (0.6) 36.5 (10.7) 3.1 (0.8) 38.1 (2.4) 16.8 (2.8)

MB 1 3 86.9 (7.9) 6.2 (0.5) 47.7 (13.1) 3.1 (0.8) 23.7 (8.9) 18.4 (6.1)

2 3 92.4 (5.1) 6.2 (0.7) 45.9 (12.6) 3.2 (0.8) 25.1 (10.1) 20.1 (3.6)

3 3 88.2 (1.8) 6.1 (0.3) 49.1 (15.2) 3.2 (0.8) 24.7 (9.9) 19.5 (3.8)

4 3 89.4 (6.0) 6.2 (0.5) 44.7 (13.5) 3.2 (0.9) 26.2 (11.0) 21.2 (2.9)

5 3 85.2 (2.6) 6.3 (0.5) 46.8 (18.7) 3.0 (0.7) 22.9 (9.8) 18.4 (4.1)

6 3 90.1 (3.5) 6.2 (0.4) 48.7 (11.7) 3.1 (0.7) 23.8 (10.2) 19.4 (3.9)

7 3 84.3 (5.0) 6.2 (0.4) 45.2 (13.5) 3.2 (0.6) 25.1 (10.8) 19.4 (5.1)

MC 1 3 63.5 (1.9) 6.0 (0.9) 23.8 (10.1) 1.8 (0.7) 26.6 (9.2) 7.5 (2.7)

2 3 82.5 (3.4) 6.1 (0.5) 18.9 (8.3) 2.2 (0.6) 20.5 (9.8) 8.1 (2.2)

3 3 88.5 (0.4) 6.1 (0.3) 21.7 (10.5) 2.2 (0.7) 21.7 (10.1) 7.2 (3.1)

4 3 57.6 (1.2) 6.2 (0.6) 22.2 (11.7) 1.9 (0.8) 25.9 (9.0) 7.3 (3.1)

5 3 77.1 (4.6) 6.2 (0.67 24.8 (9.2) 1.9 (0.6) 20.9 (9.5) 8.1 (2.5)

6 3 80.3 (3.8) 6.1 (0.5) 26.1 (9.8) 1.9 (0.70) 18.8 (9.7) 8.2 (3.2)

7 3 78.6 (5.2) 6.1 (0.8) 23.4 (10.3) 1.8 (0.6) 26.8 (10.1) 7.8 (2.0)

PI 1 3 76.3 (1.9) 6.0 (0.7) 8.5 (3.1) 1.6 (0.3) 28.8 (10.6) 10.3 (2.3)

2 3 82.2 (3.6) 6.1 (0.7) 10.2 (4.5) 1.5 (0.4) 29.1 (10.1) 11.4 (2.0)

3 3 77.4 (1.1) 6.0 (0.2) 9.5 (3.2) 1.4 (0.3) 27.8 (13.5) 10.7 (3.6)

4 3 66.8 (1.3) 6.1 (0.3) 10.5 (6.6) 1.5 (0.4) 28.4 (9.2) 11.9 (3.1)

5 3 75.3 (3.6) 6.1 (0.7) 11.4 (5.1) 1.5 (0.3) 29.3 (10.3) 10.8 (4.1)

6 3 79.6 (2.9) 6.0 (0.6) 10.8 (3.6) 1.6 (0.5) 27.9 (10.4) 12.0 (3.7)
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inorganic P (Saa et al. 1993; Certini 2005). On average, PAV
concentration in PIC and SC soils increased by 130 and 120%
with respect to soils PI and S (same type of environments but
unburnt). The relatively high amount of available phosphorus
found in cultivated sites was probably due to phosphate fertil-
ization carried out in the past, which may last for longer pe-
riods. The overall data reported in Table 3 indicated that soils
V, O, MC and PI present poorer soil properties with respect to
other soils (PRa, PRb, MB, S), due to agricultural misman-
agement (V, O), fire effect (MC) and probably unsuitable re-
population (PI) for soil recovery.

The selected land use/land cover type reacted differently to
the seven recorded rainfall events; characteristics for these are
listed in Table 2. No significant difference was found in any of
the land use/land cover types for MI, pH, SOC, NT and CEC,
revealing that the different rainfall intensities did not cause

relevant changes in these parameters. Soil moisture (SM) data
varied significantly only in soils O, S and SC, as bulk density
did in soils V and O (Table 4). When values of SM were
plotted against MI and BD, significant positive and negative
correlations were obtained (Fig. 2a, b). The two linear regres-
sion equations point out some peculiarities already reported by
Gispert et al. (2013), regarding the susceptibility to surface
compaction of soils with higher organic carbon content such
as PRa, PRb and MB, showing MI increasing in a range of
350–450 kPa at 35–45 % SM content (Fig. 2a). This pattern
suggests that organic soils may be subjected to fast wetting-
drying cycles causing strong particle packing at the surface.
However, the negative correlation between SM and BD is
logical, attributing higher SM values to soils with lower BD.

The relationships between eroded soil concentration, run-
off, splash and hydraulic conductivity may reflect the

Table 3 (continued)

Soila Rainfall
number

Nb WSAc

[%]
pH SOCd

[g kg−1]
NT

e

[g kg−1]
PAV

f

[mg kg−1]
CECg

[cmol kg−1]

7 3 73.2 (4.3) 6.1 (0.4) 12.3 (6.1) 1.4 (0.5) 28.1 (8.6) 11.3 (4.1)

S 1 3 88.9 (6.5) 6.4 (0.8) 31.8 (14.1) 2.8 (0.5) 29.7 (9.5) 15.4 (3.5)

2 3 94.3 (4.5) 6.3 (0.6) 30.8 (10.4) 2.9 (0.4) 30.3 (10.1) 15.0 (2.2)

3 3 92.5 (7.2) 6.2 (0.5) 33.5 (12.6) 3.0 (0.4) 31.3 (11.2) 14.8 (2.8)

4 3 84.3 (1.9) 6.4 (0.2) 38.4 (11.3) 3.1 (0.4) 29.6 (9.4) 15.6 (2.4)

5 3 87.6 (4.7) 6.4 (0.4) 34.2 (13.5) 3.1 (0.6) 29.8 (11.6) 16.0 (2.0)

6 3 91.5 (2.7) 6.3 (0.5) 35.3 (10.7) 2.9 (0.5) 30.1 (8.8) 15.8 (2.2)

7 3 84.2 (3.6) 6.4 (0.4) 30.6 (11.5) 2.9 (0.4) 28.9 (9.9) 15.4 (2.1)

PIC 1 3 93.2 (5.7) 7.7 (0.3) 27.4 (9.9) 2.4 (0.6) 73.9 (21.1) 10.3 (3.6)

2 3 90.4 (3.1) 7.5 (0.4) 28.3 (11.2) 2.5 (0.6) 60.4 (16.4) 10.7 (2.8)

3 3 89.6 (2.5) 7.5 (0.4) 26.6 (12.4) 2.4 (0.7) 66.2 (10.5) 19.1 (1.7)

4 3 94.2 (4.6) 7.8 (0.5) 27.2 (10.5) 2.5 (0.6) 57.4 (7.4) 18.9 (2.4)

5 3 88.7 (4.1) 7.7 (0.6) 29.4 (12.4) 2.5 (0.5) 59.2 (14.2) 10.4 (3.1)

6 3 93.6 (1.9) 7.4 (0.7) 27.1 (12.6) 2.6 (0.6) 69.7 (17.8) 10.9 (3.6)

7 3 90.3 (4.8) 7.5 (0.3) 30.1 (9.8) 2.5 (0.6) 71.6 (13.4) 11.9 (2.7)

SC 1 3 94.9 (10.1) 7.6 (0.6) 32.8 (11.1) 2.7 (0.8) 75.2 (15.9) 14.0 (3.1)

2 3 89.5 (3.7) 7.7 (0.3) 29.4 (10.6) 2.7 (0.8) 67.1 (21.1) 13.9 (3.2)

3 3 91.5 (6.8) 7.6 (0.6) 29.8 (10.3) 2.6 (0.7) 59.3 (9.5) 14.1 (2.6)

4 3 90.6 (4.8) 7.7 (0.3) 31.5 (12.6) 2.9 (0.7) 76.4 (12.2) 14.3 (2.2)

5 3 88.7 (2.1) 7.7 (0.8) 33.6 (9.9) 2.6 (0.6) 61.1 (13.9) 13.7 (3.9)

6 3 92.4 (8.2) 7.6 (0.3) 30.3 (10.8) 2.9 (0.6) 54.4 (17.2) 14.2 (4.0)

7 3 87.9 (3.4) 7.6 (0.5) 31.7 (11.6) 2.5 (0.8) 68.1 (14.7) 14.3 (4.1)

Results are the mean of three replications per recorded rainfall event (standard deviation in parenthesis)
a Soil environments. V under vines, O under olive groves, PRa,b under pasture, MB under Erica shrub, MC under Cistus shrub, PI under pine trees, S
under cork trees, PIC under burnt pines, SC under burnt corks
b Number of soil replications per each soil environment at any rainfall event
cWater-stable aggregates
d Soil organic carbon
e Total nitrogen
f Available phosphorus
g Cation exchange capacity
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behaviour of the studied soils (Fig. 3). The trend depicted by
eroded soil concentration (grey bar) and runoff (white bar)
agrees with poorer properties of soils V, O,MC and PI resulting
in higher eroded soil yield even at comparatively lower runoff
volume, with splash erosion (coarse line) following the same
trend. However, hydraulic conductivity values (fine line) show
an opposite trend with values decreasing in soils PRa, PRb and
MB, corroborating that temporary surface particle packing may
occur in these apparently more structured soils, thus limiting
water entry and diffusion. Although reduced infiltration means
increased runoff and erosion, soils do not seem to be affected
by severe particle dragging by overland flow (Fig. 3).
Nevertheless, these results may warn of long-term effects in
such shallow soils under renaturalization because compacted
surface layers may alter the soil carbon pool by limiting addi-
tions of fresh organic matter to the soil (Emran et al. 2012).

As expected, ANOVA established significant data variabil-
ity for all soil properties among land use/land cover types at
any rainfall event while in each land use/land cover type sig-
nificance was scant (Table 4). Water stability of aggregate
(WSA) data varied significantly in soils under vines
(p = 0.005), olive groves (p = 0.000), Cistus shrub
(p = 0.000) and stands of pine trees (p = 0.000) probably
due to the effect of rainfall intensity on weaker soil surfaces

with lower organic carbon content, where easier aggregate
disruption by raindrop kinetic energy may have occurred
(Dunjo et al. 2003). Significant data variability of PAV were
also found along the seven rainfall events in soil under vines
(p = 0.023) and pasture (PRa p = 0.049; PRb, p = 0.043),
suggesting (i) different release of PAV in previously fertilized
vines at the time of full cultivation for wine production and (ii)
recent grazing activity and manure addition in pasture soils,
where alternate rainfall intensity may produce differential PAV
availability in soil. Though working with different soils,
Swaine (1996) reported that rainfall gradient and nutrient
availability strongly covary suggesting a clear effect on plants.

Previous data reported by Pardini et al. (2003) inferred that
changes in soil properties under a similar environment sub-
jected to natural evolution after abandonment may not be rel-
evant over a short sequence of even strongly changing rainfall
intensity, thus increasing statistical significance among soil
environments. Besides that, mechanic impedance (MI)
showed significant data variability among soil environments
only at 5.82 and 1.55 mm h−1 probably due to marked soil
surface response to different raindrop impact.

3.2 Erosion and nutrients losses

Significant linear relationships were found between both re-
corded rainfall events and runoff and runoff and eroded soil
(ES) for each soil environment (Table 5). Soil erosion was
always higher at higher recorded rainfall intensity and runoff
independently of total eroded soil yield, indicating that overland
flow may also affect more stable soils. Erosion patterns may be
seen in Fig. 4, depicting the susceptibility to erosion in the order
V > O > PIC = SC while the erosion in soils PRa, PRb, MB,
MC, PI and Swas negligible. The soils VandO eroded together

a y = 0.139x - 12.840
r = 0.910, p<0.01
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Fig. 2 a, b Linear regression equations showing the positive and
negative correlations between soil moisture (SM) and mechanic
impedance (MI) and bulk density (BD) respectively for all the ten soil
environments along the seven recorded rainfall events

Fig. 3 Trend of runoff in litre per metre (white bar), eroded soil
concentration in gram per litre (grey bar), splash erosion in gram per
metre (coarse line) and hydraulic conductivity in millimetre per day
(fine line) for all the ten soil environments along the seven recorded
rainfall events
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2606.87 g of soil along the seven rainfall events, equivalent to
115.86 g m−2, though soil under vines (V) eroded 101 % more
than soil under olive groves (O). Their total eroded soil yield
increased by 5043, 3129, 2321 and 159 % with respect to
PRa + PRb, MB + MC, PI + S, and PIC + SC soils.
However, when analysing differences in each soil environment,
the total erosion of soil PRb was 14 % higher than soil PRa
accounting for rather similar soil response to rainfall impact.
Soils MC, PIC and PI eroded 38, 29 and 19 % more than soils

MB, SC and S respectively suggesting that plant species and
recurrent fires in the former soils may cause higher susceptibi-
lity to erosion (Pardini et al. 2004b). Both the eroded organic
carbon (EOC) and total eroded nitrogen (TEN) were expressed
as percent of the eroded soil (Fig. 5a, b). EOC amount in eroded
soils V, O, PRa, PRb, MB,MC, PI, S, PIC and SC increased by
45, 45, 15, 57, 48, 104, 36, 40, 191, and 132 %, respectively, at
the highest recorded rainfall intensity (5.82 mm h−1) with
respect to the mean of the other recorded rainfall period.

The soils MC, PI, PIC and SC showed the highest EOC
removal (Fig. 5a). Total eroded nitrogen (TEN) had a similar
trend (Fig. 5b), except values of soil under pasture (PRa and
PRb), with higher values probably due to recent grazing and
deposition of animal. In general, EOC amount released with
the eroded soil from each soil environment at any rainfall was
higher than the SOC of the soil itself, except for the soil under
Erica arborea shrubs which on average mobilized only
3.72% of EOC from soil surface against 4.69 % of SOC stock
(i.e. a negative balance of −26 %). Similar findings have been
reported by De Nobili and Maggioni (1993) who stated that
the partially humified decaying debris removed from the sur-
face organic fraction may reach several times that of the soil.
In fact, by averaging the values of SOC and EOC along the
seven rainfall events, EOC was 521, 180, 74, 58, 53, 51, 30,
29, and 16 % higher than SOC in the following order: Soil PI,
O, MC, PIC, SC, V, PRb, PRa, S, accounting for the

Table 5 Linear regression
equations: runoff as a function of
rainfall and eroded soil as a
function of runoff in each soil
type along the observed period

Soil environment Equation Correlation Significance

Vineyards (V) Runoff =6.997 Rainfall +11.505 0.965 **

Olive groves (O) Runoff =4.714 Rainfall +14.830 0.967 **

Pasture (PRa) Runoff =4.806 Rainfall +7.873 0.898 **

Pasture (PRb) Runoff =6.216 Rainfall +10.616 0.864 **

Erica arborea shrub (MB) Runoff =3.818 Rainfall +5.278 0.935 **

Cistus monspeliensis shrub (MC) Runoff =4.825 Rainfall +8.203 0.934 **

Stands of pine trees (PI) Runoff =4.273 Rainfall +7.383 0.932 **

Stands of cork trees (S) Runoff =3.075 Rainfall +6.391 0.920 **

Burnt pine trees (PIC) Runoff =5.381 Rainfall +15.954 0.974 **

Burnt cork trees (SC) Runoff =4.303 Rainfall +8.360 0.963 **

vineyards (V) Eroded soil =8.847 Runoff +19.003 0.925 **

Olive groves (O) Eroded soil =5.038 Runoff +0.336 0.855 **

Pasture (PRa) Eroded soil =0.073 Runoff +2.064 0.640 NS

Pasture (PRb) Eroded soil =0.070 Runoff +2.236 0.869 **

Erica arborea shrub (MB) Eroded soil =0.152 Runoff +2.826 0.956 **

Cistus monspeliensis shrub (MC) Eroded soil =0.338 Runoff +1.967 0.910 **

Stands of pine trees (PI) Eroded soil =0.294 Runoff +8.511 0.875 **

Stands of cork trees (S) Eroded soil =0.174 Runoff +7.460 0.470 NS

Burnt pine trees (PIC) Eroded soil =3.129 Runoff +10.736 0.889 **

Burnt cork trees (SC) Eroded soil =0.904 Runoff +41.547 0.606 NS

NS Not significant

**p < 0.01

Fig. 4 Linear regression of eroded soil in grammes vs runoff in litres to
indicate the different response of soil environments to the recorded
rainfall events
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impoverishment of organic debris from soil surface.
According to Lal (2003), water erosion submits particulate
organic carbon to detachment, breakdown, transport/
redistribution and deposition elsewhere. This process prefer-
entially removes the low density, labile organic fraction ex-
posing this material to mineralization and causing severe de-
pletion of the SOC pool, especially in more vulnerable soils.

Runoff data varied significantly within each soil environ-
ment at each rainfall event (Table 6). However, data variability
of runoff products in each environment was random probably
depending on many morphological and pedological factors.
Eroded soil (ES) data varied significantly only in soils V, O
and MC; EOC data in soils PRb, MC, PIC and SC, and TEN
data in soils MB, MC, PI, PIC and SC. Besides that, ES, EOC
and TEN data varied significantly among soil environments at
each rainfall event (Table 6).

Dissolved organic carbon (DOC) data were not significant-
ly different in each environment nor among environments for
the recorded rainfall events (Table 6). By contrast, ANOVA

showed significant data variability for dissolved organic nitro-
gen (TDN) in V, O, PRa, PRb,MB,MC, PIC, and SC soils but
not among environments, corroborating that C and N may
undergo different erosion dynamics (Pardini et al. 2004b).
While the significant data variability of EOC data in MC,
PIC and SC soils may be explained through aggregation
breakdown by raindrop impact and shearing force of runoff,
EOC data in soil PRb (high WSA and SOC) may have
changed significantly from periodical grazing impacts, caus-
ing differential removal of organic and mineral surface
particles, accentuating the loss of previously protected
organic matter. Celik (2005) found that water-stable aggrega-
tion data (WSA) were greater in the pasture and forest soils
compared to the cultivated soils, while Abril et al. (2005)
reported that soil carbon under undisturbed conditions was
relatively constant throughout the year with respect to sites
both burned and grazed where carbon values fluctuated mark-
edly. The erosion dynamics may be more related to aggregate
disruption and the dragging force of the overland flow
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removing mineral particles, whereas C and N dynamics may
be controlled by both abiotic and biotic processes and thus
more difficult to explain (Pardini et al. 2003).

Significant variability of Phosphate, Nitrate and
Ammonia data from runoff water was mainly found
among environments at each rainfall event. However, am-
monia concentration in runoff varied significantly in soil
under pasture indicating its direct dependence on grazing
activity. No significant data variability was found for ni-
trate and phosphate in runoff water in each environment
indicating a roughly constant concentration along the sev-
en rainfall events. Patterns of these compounds are shown
in Fig. 6 where cumulated values are plotted against cu-
mulative runoff for each environment. Soluble phosphate

concentration (Fig. 6a) was much higher in PRa
(r = 0.985), followed by environments such as o and SC
(r = 0.991), PRB (r = 0.979), MB (r = 0.993), PI, MC and
S (r = 0.994), V (r = 0.975), while the lowest amount
removed by runoff was detected in burnt pines (PIC).
Recent grazing in pastured soils and fire effects in burnt
pines may explain this trend. Linear regressions of cumu-
lative nitrate and ammonia plotted against cumulative run-
off (Fig. 6b, c) were highly significant (r > 0.900 in all
cases) and showed the highest values in soil under pines
and the lowest in soils under burnt pines, indicating that
the passage of fire may cause volatilisation of nitrogen
forms (Certini 2005) in upper soil layers, its content being
inconsistent during runoff washing.
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3.3 Rainfall-runoff erosion relationships

Seven rainfall events (Table 2) were analysed for runoff and
eroded soil yield. Managing erosion research projects under
natural rainfall is complex, labour-intensive, time-consuming
and costly (Caroll et al. 2000). However, valuable data may be
obtained to improve the knowledge of abandoned
Mediterranean ecosystems in order to detect early warning
indicators of land degradation and desertification (Kosmas
et al. 2000).

According to Albaladejo et al. (1988), eroded soil yields
ranging from 0 to 3 T ha−1 year−1 were considered negligible
or low in areas of Southern Spain. The erosion rates calculated
fo r V and O env i ronmen ts amounted 1 .44 and
0.76 T ha−1 year−1 respectively, belonging to this range. In
Fig. 3 that the amount of splashed particles was higher than
that of eroded soil concentration. The ratio of total splashed
soil to total eroded soil was 182 for vines (V) and 149 for olive

trees (O), accounting for the easy detachment of surface ag-
gregates and the true potential for erosion under strong down-
pours. A much lower amount of eroded soil concentration was
found for PRa, PRb, MB, MC, PI, and S environments,
though splashed particles were always higher than eroded par-
ticles, warning of the fragility and vulnerability of apparently
stable soils (Pardini and Gispert 2006). As may be observed in
Fig. 3, splashed particles are also higher in MC, PI and PIC
environments suggesting that in each environment the differ-
ence in plant species and occupation may be relevant to or-
ganic matter impoverishment and potential erosion rates, es-
pecially when aiming at soil quality recovery after agricultural
abandonment in hillside soils. Many authors have reported
that soils beneath shrubs form fertile islands in fallow or aban-
doned land (Wezel et al. 2000; Bochet et al. 1998) due to their
ability to capture nutrients and improve water retention.
Nevertheless, little information is available on the difference
between soils under Erica arborea (MB) and under Cistus
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monspeliensis (MC). As may be observed from Table 3, soil
parameters differed largely in these two environments andMB
always resulted in improved soil properties (Pardini et al.
2004b). Replacement of Erica arborea by Cistus
monspeliensis, due to repeated wildfire occurrence may lead
to less favourable soil physicochemical conditions and, later
on, increasing degradation and erosion.

Accordingly, accurate monitoring of these fragile areas is
paramount to protect soil quality trough organic carbon survey
and detection of early warning indicators of degradation pro-
cesses. Erosion preferentially removes soil organic carbon
(SOC) concentrated in the vicinity of the soil surface (Lal
2005) and easier to be transported than the mineral fraction
along changing rainfall.

4 Factor analysis

The principal component factor analysis approach was carried
out to relate the analysed variables with the natural dynamics
occurring under the different studied land use/land cover
types. Though three components were initially selected, ac-
counting for 78.13 % of the total variance into variables
(47.42 %, 20.43 % and 10.28 % respectively) we reported
only the first two components which better explained the pat-
terns of land use/land cover types (Fig. 7). Component 1 was
named organic reserve and soil protection as it showed pos-
itive loadings on canopy, silt, clay, soil moisture (SM), me-
chanic impedance (MI), water stable aggregates (WSA), soil
organic carbon (SOC), total nitrogen (NT), cation exchange
capacity (CEC), eroded organic carbon (EOC) and total erod-
ed nitrogen (TEN). Negative loads were recorded on sand,
bulk density (BD), runoff and erosion. Component 2 was
named acidity and nutrient solubility since it was character-
ized by positive loadings on runoff washed compounds such
as dissolved organic carbon (DOC), dissolved total nitrogen
(TDN), phosphate (PO3), nitrate (NO3) and ammonia (NH4),
and negative loadings on slope, pH and available phosphorus
(PAV). While the first component includes the majority of soil
properties favourable to renaturalization along the process of
abandonment, the second component remarks on the impor-
tance of slope and pH on nutrient depletion and availability.
These indications were somewhat corroborated by scoring the
components and associated variables with the studied land
use(land cover types (Fig. 8). From the graph of the factor
score, it can be observed that soil environments PRa, PRb,
MB and S are mainly involved in securing organic reserve
and soil protection. Scores for land use/land cover types of
component 2 depicted more sensitivity to nutrient loss in soils
V, O, PRa, PRb, MC and PI, with land use/land cover types
subjected to grazing activity being more prone to nutrient
washing by surface runoff. The negative contribution to nutri-
ent loss of soils PIC and SC may be ascribed to fire effects, in

agreement with was is depicted in the graphs of Fig. 6. By
contrast, the negative contribution to nutrient release by MB
and S soils should be considered as related to enhanced soil
properties avoiding loss of nutrients.

5 Conclusions

Data proved that discontinuous and unmanaged vegetative
cover may have beneficial or detrimental effects on soil prop-
erties and affect soil susceptibility to erosion. In general, ero-
sion is reduced with increasing plant cover, though dynamics
are complex and need further study in order to ascertain the
real contribution to soil fertility and soil structural stability of
diverse plant species and plant associations. Agriculture aban-
donment in mid-mountainous soils of the Mediterranean re-
gion and the lack of forestry management result in a serious
erosion hazard for land degradation and desertification. The
resulting scenario is aggravated by altered fire regimes bring-
ing about a reduction in vegetative growth and competition
between plant species, and causing progressive soil organic
matter impoverishment and less favourable soil conditions.
Reduced erosion rates in these areas may be misleading and
cause erroneous evaluations of the real conditions of the soil
systems, where regolith outcropping may occur in shallower
soils after repeated degradation processes. This study showed
that it is paramount to consider many factors in planning land
use changes from arable to unmanaged pasture and complete
abandonment, a relevant aspect in soils under a Mediterranean
type of climate.
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