- 5
ELSEVIER Procedia Environmental Sciences 19 (2013) 341 — 350

provided by Elsevier - Publisher Connector

Available online at www.sciencedirect.com

SciVerse ScienceDirect Proced iCI

Environmental Sciences

Four Decades of Progress in Monitoring and Modeling of Processes in the Soil-Plant-

Atmosphere System: Applications and Challenges

Comparing the hydraulic properties of forested and grassed
soils on an experimental hillslope in a Mediterranean
environment

M. Pirastru*, M. Castellini, F. Giadrossich, M. Niedda

“Department of Agraria, Viale Italia 39, Sassari 07100, Italy

Abstract

This experimental research compares the physical and hydraulic properties of two adjacent soils, one covered with a
native forest of Mediterranean maquis, and the other with spontaneous grass. The latter replaced the previous natural
forest. The aim is to quantify the significant differences in the soil properties caused by the removal of the natural
vegetation. Although the soil texture was similar in the different land uses, the soil under the forest had a higher
organic matter content, a lower apparent density and a higher water content at saturation than the grassed soil. The
analysis of the water retention characteristics indicated that the retained water content of the forest soil exceeded that
of the grassed soil in the range from saturation to -50 cm of water tension. This suggests that changing the land use
altered the soil pore structure within this range. The hydraulic conductivity of the forest soil exceeded that of the
grassed soil at water tensions of -10, -5 and -3 cm. Conversely the hydraulic conductivity of the grassed soil was
similar to that of the forest soil at -1 cm of water tension and at saturation. This result was probably due to the
hydraulic activation of the desiccation cracks in the grassed soil. This increased the amount of infiltrated water in
saturated and near-saturated soil conditions.

This work shows that changes in land use have an unfavorable impact on the physical and hydraulic properties of the
soil. Soil covered with grass is more vulnerability to water erosion than that under forest, and there is likely to be
general worsening of flow regimes.
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1. Introduction

The relationship between vegetation and soil water dynamics and the effects of changes in land use on
the soil water balance are central themes in eco-hydrology. The type of vegetation has an impact on soil
erosion and slope stability [1,2], and on chemical and physical soil properties, such as organic matter
content, soil structure, pore size distribution, porosity, and bulk density [1,3,4]. These properties affect the
soil's hydraulic properties, such as water retention and hydraulic conductivity. These properties govern
the transportation processes of solutes and water in the porous media. The effects of changes in land use
on the hydraulic properties of the soil and on water flow are the subject of many important recent
advances [4,5,6,7]. In these studies grazed pastures or cultivated lands appear to be more compacted and
stripped of the organic-rich upper horizon than do soils covered with native, undisturbed vegetation
(generally forest or natural grassland). A great reduction in the organic matter content, a significantly
increased bulk density, a decreased porosity and a degraded structure can be expected for these soils.
Generally speaking, the soil water retention characteristics and hydraulic conductivity are also altered by
changes in land use, and this is more evident in the topsoil, and for soil tensions close to saturation [4,8].
Stable continuous root channels and macropores caused by soil fauna activity are typically observed in
forested and natural soils. Even though macropores are only a limited fraction of the total soil pore
volume, they transport most of the water in wet soil conditions. In heavy rainfall, this allow much of the
water to infiltrate without involvement of the Hortonian runoff generation processes. Soils impacted by
human activity are generally associated with decreased rooting networks and animal activity, thereby
reducing the potential for well-developed and efficient macropore networks. These soils have low
infiltration and water storage capacity, and this increases the possibility of runoff being generated [6].

The conversion of native forests and pasture lands into croplands is often reflected in worsened flow
regimes and water availability in hydrological watersheds [9]. High peak flow, high runoff volume and
decreased concentration times for floods are generally observed after extensive land use modification
[11,12]. The levels of surface soil erosion due to atmospheric forcing (heavy rainfall, wetting-drying
cycles, etc.) and agricultural practices also increase, because the soil is more vulnerable to erosion [1,2].
In Mediterranean watersheds this worsening of regime flow and erosion processes is exacerbated by the
great frequency of high intensity rainfall events, and also by the seasonal mismatch between
evapotraspiration and rainfall. In these climatic conditions it is crucial to understand how removal of the
native vegetation influences the hydrological properties of the soil. In this way data can be provided to the
authorities which will improve regional hydrological modeling and which will forecast a catchment area's
hydrological response to changes in land use. In this work we investigate the hydrological properties of
two hillslope soils with contrasting land use, i.e. a well developed forest of Mediterranean maquis and an
uncultivated area covered by spontaneous grass, which replaced the previous natural forest. The objective
was to quantify the effects of the changes in land use on the hydrological properties of the soils.

2. Materials and methods
2.1. Site description

The experimental area is located in the Baratz Lake watershed (described in detail by [9,10]), in North-
West Sardinia, Italy. The climate is Mediterranean, semi-arid with a mild winter, a warm summer, and a
high water deficit between April and September. Average annual precipitation is about 600 mm and this
falls mainly from autumn to spring.

The experimental site was on the steep side of a hill, lateral to the main valley of the catchment area.
The hillslope faces north and has a mean elevation of 57 m a.s.l.. It is about 70 m long with a mean
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gradient of 30%. The soil is about 50 cm deep and overlies a grayish altered substratum of Permian
sandstone. This substratum has very low permeability and is very dense (at least 1900 kg m™). Two
adjacent areas on the hillslope with contrasting land use, were used in the experiment. One was a well-
developed forest of Mediterranean maquis and the other an uncultivated area covered with spontaneous
grass. The maquis is 2-4 m high and consists of a dense growth of evergreen shrubs such as Myrtus
Communis L., Arbutus unedo L., Erica arborea L., Phillirea latifolia L. and Pistacia lentiscus L.. The
grassy area developed at least 10 years ago, after deforestation and then deep plowing to create 15 m wide
firebreaks.

2.2. Soil sampling, physical and hydrological measurements

All measurements were performed in the Summer of 2010 in four representative plots on the hillslope.
Two plots were located about 15 meters inside the border of the forest cover. The other two plots were in
the center of the grassy area. In each area one plot was in the upper part of the hillside and the other in the
lower, with a distance of about 20 meters between them. In all the plots superficial litter and leaf residues
(about 10 cm thick in the forested soil and 1 c¢cm thick in the grassed area) were removed from the surface
of the soil before the measurements were taken. Several soil core samples were taken so that the textural
characteristics and organic matter content, soil bulk density, water content at saturation and the water
retention characteristics of the soil could be analyzed in the laboratory. The saturated and unsaturated
hydraulic conductivity of the soils were also estimated in the field. Soil sampling and hydrological
measurements (except that of the superficial unsaturated hydraulic conductivity) were executed at depths
of 10 (topsoil) and 20 cm (subsoil) below the exposed soil surface. The soil samplings and field
measurements were taken in a period of ten days when there was no rain. This was done to minimize the
temporal variability in soil hydraulic properties caused by soil moisture changes.

The clay, silt, and sand content were determined in disturbed soil samples, using the USDA
classification. The organic matter content (OM) was estimated to be equal to 1.724 times the organic
carbon content. This was determined by the Walkley-Black method. The water content at saturation, 6,
and the dry bulk density, p, were estimated in the laboratory by saturating and then oven-drying
undisturbed soil core samples in 10 cm high PVC cylinders with a volume of about 300 cm®. Additional
measurements of p, were taken by oven-drying small soil samples in steel cylinders (5 cm high, volume
of 100 cm®). The soil water retention characteristics, 6(h), were estimated using data from evaporation
experiments in the laboratory. These tests were carried out using the experimental and numerical
procedures described in detail in [13,14]. The procedures were applied to undisturbed soil core samples in
10 cm high PVC cylinders with a volume of about 300 cm’. The water retention data from each
experiment were fitted to the van Genuchten parametric function, using the non linear least squares
curve—fitting program RETC [15], assuming that the residual water content was zero. The field saturated
hydraulic conductivity, K;, was estimated by a constant head method, by means of a single-ring
infiltrometer [16]. The procedure involved inserting a steel cylinder (10 cm in diameter) down to the
prescribed soil depth, and establishing a constant water head (3 cm) above the soil within the cylinder by
a Mariotte bottle device. After that an apparent steady-state flow was reached (at least ninety minutes
after the start of each experiment), the outflow was manually recorded every 5 minutes for a period of 30
minutes, and the steady outflow rate was calculated averaging the last three records. Lastly, the K value
was calculated from the steady-state infiltration rate, using the single-head analysis described by
Reynolds and Elrick (2002) [17]. In the moisture range close to water saturation the superficial hydraulic
conductivity of the soil, K(%), was estimated in the field, using a tension infiltrometer apparatus (disk 20
cm in diameter). A small horizontal stair in the sloping surface was created to allow this instrument to be
installed. The infiltration rates were measured by applying the dry to wet sequence of water pressure
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heads of h="-10, -5, -3 and -1 cm at the same soil sites. The amount of water infiltrating into the soil was
measured by manually recording the drop in the water level in the graduated reservoir tower. This was
done at time interval of 5 minutes and for a total period of 30 minutes, after that an apparent steady-state
flow was reached. The steady-state infiltration rate was calculated based on the last three measurements.
Lastly, the K(h) values were calculated by means of the double tension approach described by Ankeny et
al. (1991) [18], using the Wooding (1968) [19] analytical solution for steady-state flow from a circular
source, written for two different hydraulic heads and the two corresponding water volume flux rates of
infiltration.

2.3. Data treatment and statistical analysis

In the four plots and at the two investigated soil depths, the measurements were repeated from a

minimum of two to a maximum of five times, depending on the kind of the measurement. A prior visual
analysis indicated that there was no difference in the physical and hydraulic data from the upper and
lower part of the hillslope in the two land use classes. Hence, within a land use class, all the
measurements coming from the same depth were pooled, and in this way four statistical samples were
obtained. These represented a combination of land use class and soil depth. The exceptions were the
measurements of the (k) and K(h), where two statistical samples were obtained, one for each land use
class. The minimum sample size was n,,;;=4 for the soil texture characteristics and OM, n,;, = 10 for the
pp in 100 cm’® soil samples (n;, =4 for 300 cm’® soil samples) and n,;, =4 for the 6, ny, =4 for Gh).
These soil properties are expected to exhibit low or medium variability [20], and so we believe that,
despite using the minimum sample size, we were still able to approximately characterize these physical
and hydrological properties of the soil at a given area and soil depth. For the Kz and K(%), the minimum
sample size was n,,;, =4. These hydrological soil properties are expected to show higher spatial variability
[20], so that, in general, larger sample sizes are needed in order to obtain fully representative values.
Unfortunately, the number of repeated samples was limited by the difficulties encountered during the
installation of the instruments. These difficulties were due to the steepness of the slope, the stoniness of
soil and the inaccessibility of the undergrowth in the maquis.
Each data set was summarized from their mean behavior as well as their variability (min, max, coefficient
of variation, CV, and mean absolute error, MAE). Non-parametric Mann-Whitney Rank Sum tests were
performed to test for the significance of the differences between the values of the measured properties for
a given depth and land use class. A threshold value of p=0.05 was used to define statistical significance.
All analyzes were performed using the functions of the statistic toolbox in MATLAB.

3. Results and discussion
3.1. Soil texture and organic matter content

The mean percentages of sand, silt and clay ranged from 61.1% to 68.6%, 14.4% to 21.6% and 11.8%
to 18.7%, respectively. The variation coefficients ranged from 0.09 to 0.18 for the sandy fraction, from
0.06 to 0.37 for the silt fraction, and from 0.16 to 0.45 for the clay fraction. As shown in Fig. 1a, of the
total of 16 soil samples analyzed, 13 were classified as sandy loam and 3 were sandy clay loam. When the
soil particle sizes of the forested and the grassed areas were compared, no statistically significant
differences were detected at any depth of sampling. The sand, clay and silt content at the two soil depths
of 10 and 20 cm were also not statistically significant for each land use class. These results were
expected, because the parent material was identical for the two land use classes. The similarity in the
textures of the soils is important, because it suggests that possible differences between the forest area and



M. Pirastru et al. / Procedia Environmental Sciences 19 (2013) 341 — 350

the adjacent grassed area in the other physical and hydraulic properties of the soil can be attributed with a
certain degree of confidence to the effects of land use.

The mean OM at 10 and 20 c¢cm of soil depth in the forested area were 14.8% and 8.8%, and the CV
were 0.09 and 0.33, respectively. At the same depths in the grassed area the mean OM were 4.6% and
3.3%, and the CV were 0.21 and 0.31, respectively. The differences between land use were statistically
significant at both depths. In the forested area the mean OM at 10 cm was also significantly greater than
that at 20 cm of depth. This vertical gradient in the OM was not clearly evident in the grassed area, and
the OM at 10 and 20 cm of depth did not differ in a statistically significant way. The results of the OM
analysis are in line with the findings of several other studies [1,5,6], and this indicates that forested areas
create the most favorable conditions for producing and storing OM.

3.2. Soil bulk density

The p,, data (Fig. 1b) indicate that the forested soil had a lower p, than did the grassed soil at the two
investigated depths. In the forested soil the mean p, (measured using 100 cm?® soil samples) was 1157 kg
m™ (CV=0.18) at the depth of 10 cm, and 1396 kg m™ (CV= 0.073) at the depth of 20 cm. In the grassed
soil the p, of topsoil was 1.4 times higher than that for forested soil at the same depth, and the CV was
0.076. The difference between the soil types was somewhat less at 20 cm of depth, where the p, of the
grassed area was about 1.2 times greater than that of the forest soil, and the variation coefficient was
0.071. Statistical comparison between the two land use classes showed that at all depths the differences
were significant. In the forested area the p, of the upper samples also differed significantly from that of
lower samples, whilst this physical property did not vary significantly with depth in the soil covered with
grass.

Using 300 cm® soil samples, mean p, was lower at all soil depths in both land use classes. In the
forested area the mean p,, was 1077 kg m™ (CV=0.15) at a depth of 10 cm and 1329 kg m™ (CV=0.1) at a
depth of 20 cm. In the grassed area, the mean p, was 1549 kg m™ (CV=0.1) in the upper layer, and
decreased slightly (1472 kg m™, CV=0.007) in the deeper layer. When large soil samples were used, the
statistical test also confirmed that p, was significantly higher at all soil depths in the grassed area than in
the forested area. Only in the forested soil did this physical property of the soil vary significantly with
depth. The results of our study agree with those of several other studies [3,4,21], and support the general
conclusion that after disruption of the natural land cover one must expect an increase in p, in the soil.
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Fig. 1. (a) Particle size distribution in the USDA textural triangle of the 16 soil samples collected at 10 and 20 cm of depth in the
forested and grassed soils; (b) averages, minimum and maximum values and mean absolute errors (MAE) of p, derived from 100
cm® and 300 cm® samples collected at depths of 10 and 20 cm in the forested and grassed soils.
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3.3. Soil water content at saturation

The soil water content at saturation is generally seen as a property linked to bulk density. This was
confirmed in our study, where, as shown in Fig. 2b, the 6 values are closely related (R*=0.89) to p, in the
300 cm’ soil samples. 6, values were found to be higher in the upper layer of the forested soil than in the
grassed soil (by nearly 38%), but the difference was less at a depth of 20 cm (by 8%). Mean 6, in the
forested area was about 0.56 cm’ cm™ at a depth of 10 cm, and 0.48 cm’ cm™ at a depth of 20 cm. At the
same sampling depths in the grassed soil the mean 6, were about 0.41 and 0.45 cm’ cm™ respectively. The
CV ranged from 0.04 to 0.11 for the four statistical samples. A comparison of the results for the two land
use classes found that the §; was greater at a statistically significant level in the forested soil than in the
grassed soil at both soil depths. There was a statistically significant difference between the two sampled
soil depths in the forested area, but not in the grassed area. These results are in line with those of other
studies [3,5], and show that 6, depends on land use, although the effect declines quickly with depth.
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Fig. 2. (a) Averages, minimum and maximum values and mean absolute errors (MAE) of 6; at depth of 10 and 20 cm in the forested
and grassed soils and (b) relation between the p;, and 6.

3.4. Water retention characteristics

The water retention characteristics, estimated from the evaporation experiments conducted on soil
samples coming from 10 and 20 cm of depth were similar in each land use class. Thus we pooled the
results from the samples gathered in each land use class at different depths, and only compared the
differences between the land use classes. Fitting the van Genuchten equation to the measured retention
data gave fitted values of n that varied approximately over the same narrow range of values in the two
land use classes (1.13> n >1.21 in grassed soil, 1.13> n >1.28 in forested soil). This result was expected,
because this parameter mainly determines the slope of the retention curve at larger potential values. In
this case water retention is mainly affected by the soil texture [22], which varied little among the
observed soils. There was greater variation in the a values for the land use classes (0.03> o >0.16 in
grassed soil, 0.06> o >0.74 in forest soil). This complicated the identification of differences between the
land use classes. To reduce this variability, we fixed the value of n at the observed mean value (n=1.19),
and carried out a one-parameter fit for each land use. This improved the identifiability of o while not
compromising the fit of measured retention data [8]. As a result of this fitting strategy, the a parameters
were consistently greater for the forested soil than for the grassed soil (0.03> a >0.079 in grassed soil,
0.16> o >0.23 in forested soil). This result is linked to the sharp increase in moisture in the tension range
close to saturation, which is more evident in the forested soil than in the grassed soil. The mean water
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retention characteristics, shown in Fig. 3, indicate that the potential values at which the retained water
contents of forested soil exceed those of grassed soil were limited to the range from saturation to -50 cm
of water tension. This suggests that changes in land use alter the soil pore structure mainly within this
range of potential values.
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Fig. 3. Averaged van Genuchten retention curves and mean absolute errors (MAE) of the soil water content retained at various water
tensions in the forested and grassed soils.

3.5. Field saturated hydraulic conductivity

As shown in Fig. 4a, in the forested area the Kj, values ranged from 130 to 600 mm h™'. At 10 cm of
depth, the mean Kj; was 455 mm h™' (CV=0.25), and at 20 cm of depth the mean K, value was 280 mm h!
(CV=0.52). In the soil covered with grass, the minimum and maximum K values were 9.5 and 390 mm
h' respectively. At 10 cm of depth, the mean K was 280 mm h'' (CV=0.46) This fell to 180 mm h™'
(CV=0.73) at a soil depth of 20 cm. Statistical comparison of the K; measurements indicated that in both
land use classes the Kj; did not vary significantly with depth. The K; of the forested and the grassed area
were also statistically similar for each soil depth. These results were probably due to the small Kj; sample
sizes, and of the great variation in the measurements. This variation was probably due to the local
heterogeneity in macropore flow. As a result there was some difficulty in reproducing the results. In order
to increase the sample size, measurements from different depths within each land use class were grouped,
and in this way one larger statistical sample (n,;;=8) was obtained for each land use. Testing the null
hypothesis that there was no difference between the K samples found that the null hypothesis cannot be
rejected at a probability of 0.05, although it can at p=0.1.

Our results for K are in line with those of some other field studies [1,4,23], which found that
conversion from forest to pasture (or vice versa) do not necessarily cause a statistically relevant alteration
in the saturated hydraulic conductivity of the soil. However it is well-known that the Kj; is not a steady
soil property, but varies with time, depending of the seasonal pattern of soil moisture. Bormann and
Klaassen (2008) [24] and Zhou et al. (2008) [25] found that the surface hydraulic conductivities measured
under pasture and cropland in late spring or summer were several times higher than those measured in
wetter periods. These results were connected to the increase in soil macroporosity, which was itself due to
the development of animal burrows and earthworm channels in the spring and the appearance of
dessication cracks in the surface of the soil in the dry summer months. In woodland the macropore
structure was more stable over time, and the K was less sensitive to temporal changes in soil moisture
[25]. Because we often observed desiccation cracks in the grassed soil in our experimental area, we
expect that the K of this soil exhibit a marked seasonal variability. This temporal variation may have
been superimposed on its spatial variation, thus hiding the effects associated to the land use change.
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3.6. Superficial unsaturated hydraulic conductivity

In the forested area the CV for K(h) were about 0.4 for the measurement sets from -10 to -3 cm of
water tension, and increased to 0.5 for the measurement set at -1 cm of water tension. In the grassed area,
the CV were about 0.2 for the first three applied tensions, and increased to 0.3 for the measurement set
corresponding to the tension of -1 cm. This variation was due to the local heterogeneity of the
macropores. There are more of them and they are more efficient in the forested soil than in the grassed
soil [4,6], and become progressively more important as the applied water tension approaches zero [26,27].
As shown in the Fig. 4b, the mean K(%) in the forest area were 1.38, 4.18, 8.49 and 23.72 mm h! for A= -
10, -5-, -3 and -1 cm respectively. In the grassed area, for the same sequence of applied tensions, the
mean K(h) were, respectively, 2.19, 3.31, 2.87 and 1.37 times lower. Statistical comparison of the two
land use classes showed that the K(%) for the forested area was significantly higher than that of the
grassed area for 4= -10, -5- and -3 cm. Conversely, at a water tension of -1 cm there was no statistically
significant difference between the hydraulic conductivities in the two land use classes. This last result
agrees with those for the Ky, and suggests that near to saturation the cracks in the grassed area conduct
the water flow in a way which is similar to the role of the macropores in the forested soil.
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Fig. 4. (a) Averages, minimum and maximum values and mean absolute errors (MAE) of Ky at 10 and 20 cm of depth in the
forested and grassed soils; (b) averages and minimum and maximum values of K(h) estimated in the field at water tensions of -10, -
5, -3, -1 cm in the forested and grassed soils.

4. Conclusion

The general objective of this work was to quantify the possible alterations in the hydrological
properties of the soil on a hillslope after changes from natural land use. The investigation was performed
by comparing two adjacent soils, one covered with a forest of Mediterranean maquis and the other with
spontaneous grass, which had replaced the previous natural forest. Because the soil particle size was
similar for the two soils, the differences in the physical and hydraulic properties of the soils could be
attributed to changes in land use. The forested soil had a higher OM, a lower p,, and a higher 6, than the
grassed soil. These differences were clearly evident in the upper organic-rich horizon, and slightly less so
at the deeper level. The tension values at which the retained water content of forested soil exceeded those
of grassed soil were confined within the region from saturation to -50 cm of water tension. This suggests
that the changes in land use altered the soil pore structure in this range of tension values. For modelling
purposes, a decrease in the van Genuchten parameter a, rather than n , may better represent the alterations
in the pore structure caused by changes in land use.



M. Pirastru et al. / Procedia Environmental Sciences 19 (2013) 341 — 350

Analysis of the field data collected during the infiltration experiments indicated that the hydraulic
conductivity at both field saturation and at -1 cm of water tension did not differ significantly with land
use. However, in agreement with the findings of other authors in the scientific literature, we hypothesize
that in the grassed area the conductivity values measured in the summer period are very different than
those that might be measured in wetter periods. This time-dependency of the hydraulic conductivity
should be investigated further, through infiltration measurements taken in the different soil moisture
conditions found in other periods of the year. The temporal variation of hydraulic conductivity, due to the
seasonal dynamic of soil macroporosity, may have been superimposed on its spatial variation, and this
could have masked the effects of changes in land use. For water tensions of -10, -5 and -3 c¢m, the K (%) of
the forest soil were significantly higher than in the grassed soil. For these applied tensions, macropores
and cracks are deactivated. Because the hydraulic conductivity in this range of tensions should be more
stable over time, the effect of changes in land use on the hydraulic conductivity of the soil was more
apparent.

One limitation of our investigation of the hydraulic conductivity of the soil was the small size of the
samples and the large variations in the measured results. Thus in future research larger sample sizes
should be used. In addition, given the difficulties encountered during the installation of the instruments in
the field, faster and simpler methods for carrying out field estimates of hydraulic conductivity should be
considered. In this respect, the simplified falling head (SFH) technique of Bagarello et al. (2004) [28], for
estimating Ky, and the BEST method [29], for estimating hydraulic retention and conductivity curve, may
be useful for obtaining a larger sample size.

This work showed that the spontaneous grass which grows after the natural, undisturbed
Mediterranean vegetation has been removed has an unfavorable impact on the chemical, physical and
hydraulic properties of the soil. The loss of organic matter results in significant alterations in the
superficial soil structure and this increases the vulnerability of the soil to water erosion. The general
worsening of the retention and conductivity characteristics observed in the soil covered with grass creates
alterations in the flow regime. Thus, in line with the findings of other research in the literature [6,30] for
hillslopes with modified land use, one can predict that there will be less groundwater recharge and less
water available for plants, as well as increased potential runoff, due to the excess saturation mechanism.
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