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Abstract: Rill erosion, mostly affecting steep and long hillslopes, is one of the most severe effects of
deforestation and wildfires in natural ecosystems. Specific monitoring and accurate but simple mod-
els are needed to assess the impacts of these forest disturbances on the rill detachment process. To
address this need, this study has simulated the rill detachment capacity (Dc) through flume experi-
ments on samples of soils collected in hillslopes after deforestation and severe burning. The associ-
ations between D¢ and organic matter (OM) and the aggregate stability of soil (WSA), two key pa-
rameters influencing the rill detachment process, have also been explored under the two soil condi-
tions (deforested and burned soils) using multivariate statistical techniques. Finally, linear regres-
sion models to predict D. from these soil parameters or the hydraulic and morphological variables
(water flow rate, WFR, and soil slope, S), set in the flume experiments, have been proposed for both
soil conditions. Higher D. in samples from deforested sites compared to the burned soils (+35%) was
measured. This D. increase was associated with parallel decreases in OM (-15%) and WSA (-34%)
after deforestation compared to the wildfire-affected sites. However, the discrimination in those soil
properties between the two soil conditions was not sharp. Accurate linear equations (12 > 0.76) inter-
polating Dc and the shear stress (1) have been set to estimate the rill erodibility (Kr) to evaluate soil
resistance in erosion models to be applied in deforested or burned sites.

Keywords: forest ecosystems; soil organic matter; soil aggregate stability; rill detachment capacity;
shear stress; rill erodibility

1. Introduction

Anthropogenic activities in forests can alter the ecosystem characteristics, leading to
noticeable changes in soil properties and erodibility [1,2]. Deforestation and wildfires are
among the most severe factors of ecological degradation in forests [3,4], and greatly im-
pact soil erosion [5,6]. The resulting damage to the geomorphological and ecological qual-
ity of forest ecosystems is an alarming threat to the future of the environment and human-
kind, and attention to these threats has been becoming nowadays more and more crucial
[7,8]. In particular, soil erosion in forest environments has received careful attention in
recent years from both the monitoring and modelling perspectives [9]. Much research has
been carried out on the most important drivers of soil degradation in forest ecosystems
[10], and both deforestation and wildfires have been recognised as key anthropogenic fac-
tors of soil erosion [11].

It is well known that deforestation and wildfire remove vegetation and leave the soil
bare [12,13]. Furthermore, soil heating due to fire noticeably alters some key soil proper-
ties (e.g., water infiltration capacity, hydrophobicity level, and content of organic matter)
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[14,15]. The decrease in ground cover and severe changes in its properties noticeably in-
crease runoff generation and soil detachment in both deforested and fire-affected
hillslopes [16,17], which inevitably leads to a huge production of sediments in valley areas
[18]. On forest hillslopes with steeper profiles, soil erosion is mainly due to the formation
of rills by the overland flow [19,20]. In this regard, “rill detachment capacity” (D) is de-
fined [21,22] as the maximum value of soil detachment in rills of clear water (that is with-
out any sediment load). Moreover, the so-called “rill erodibility” (K:), that is, the increase
in detachment rate for each additional unit of shear stress in rills, and “critical shear
stress” (tc), that is, the soil’s resistance to mobilization and the initiation of motion of soil
particles, quantify the soil’s ability to resist particle detachment caused by concentrated
flows [23,24]. Therefore, Kr and 1c are two key parameters to estimate the overall erosion
using physically based prediction models [25,26]. Several past studies have demonstrated
that D, K, and t. show a high variability according to changes in land use [27,28] and in
key properties of soil, such as the organic matter content and stability of aggregates
[29,30]. Therefore, physically based erosion models may give unrealistic predictions when
essential input parameters, such as D, K, and 1, are affected by noticeable errors [31,32],
especially if soil disturbance factors (e.g., deforestation, wildfires, management opera-
tions) increase the natural variability of those parameters [33,34].

Noticeable reductions in soil aggregate stability and organic matter are among the
immediate impacts of wildfires and deforestation on forest ecosystems. For instance, refs.
[35,36] stated that fire and deforestation remarkably reduce soil organic matter in pine
forests of Spain, and in loess-derived soils in Iran, respectively. Overall, the literature is
almost unanimous in associating the changes in these two important soil properties due
to deforestation and fire with the alteration of runoff and erosion rates in forestlands.

In recent years, deforestation and wildfire have been significantly increasing trends
in most countries, and this inevitably leads to increasing erosion rates [37-39]. Moreover,
the impacts of deforestation and fire on soil’s hydrological response will be exacerbated
under the forecasted scenarios of climate change [40,41].

Many studies have explored the effects of wildfire and deforestation on rill erosion
(e.g., [36,42,43]). However, the relevant investigations have been separately carried out in
deforested (e.g., [43,44]) or severely burned (e.g., [45]) areas. No comparisons in D. and
key physical-chemical properties of disturbed soils (such as the organic matter content
and aggregate stability) in forest ecosystems have been made, to the authors’ best
knowledge. The evaluation of the dynamics of organic matter and aggregate stability and
their association with the rill detachment process in deforested and burned sites is essen-
tial to support land managers and public authorities, who must protect the forest ecosys-
tems against natural and anthropogenic degradation [46—48].

To fill this gap and address this need, this study has modelled the changes in Dc due
to wildfire and deforestation by flume experiments on soil samples collected in steep
hillslopes of Northern Iran. The specific objectives are the following: (1) assessing the
changes in soil organic matter, aggregate stability, and D¢ in burned and deforested soils;
and (2) analysing the possible discrimination in those properties between the two soil con-
ditions using multivariate statistical techniques.

2. Materials and Methods
2.1. Study Area Experimental Site

The study area was the Khortum Forestland Park (coordinates 37°07'11" N; 49°29'31"
E), covering an area of 70 hectares 17 km south of Rasht City (Northern Iran) at an altitude
of 66 m above the mean sea level (Figure 1). The climate of the area is Mediterranean, Csa
type, according to the Képpen classification system [49]. The mean temperature and rain-
fall are 16.3 °C and 1360 mm/year, respectively, according to historical weather data of the
Iranian Meteorological Organization. The prevalent slope of the area is in the range of 3
to 39%. The soil texture is prevalently silty clay loam (sand 12.9%, silt 47.8%, and clay
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39.3%), based on the findings of ref. [50], and can be classified as Cutanic Luvisols (Clayic)
(WRB classification) and Ultic Hapludalfs (USDA classification). This park is one of the
most visited destinations in Guilan Province, due to its children’s playgrounds, bike and
car paths, hiking trails, and rest areas on hillslopes. However, in recent years (10-12), un-
sustainable management has been practised in this park, such as deforestation by logging
to install high-voltage towers, which was stopped one to three years before the investiga-
tion [19]. From then, the tourist density on holiday days and the number and frequency
of cars on the soil increased. Moreover, forest fires with variable severity (from low, due
to tourist barbecues, to high, for fraudulent fires) occurred in the park. These disturbances
have caused noticeable impacts on the ecosystem, such as loss of biodiversity and severe
changes in soil properties (e.g., compaction, ash leaching, and modifications in organic
matter and nutrients).

49°E 50°E

38°N
L

37°N
L

Figure 1. Geographical location of the study area (left) and an aerial view of the experimental sites
(A to E, burned forestlands, and F to J, deforested lands) (right) in the study area (Khortum For-
estland Park, Northern Iran) (source: Google® Map®).

2.2. Experimental Design

Ten experimental sites, of which five were burned by wildfires (hereinafter indicated
as “B”) and five deforested (“D”), were selected in the study area (Figure 1). The site char-
acteristics were selected to be as homogenous as possible according to slope, type, texture,
and past management of soils. Concerning the B sites, the fires were classified as being of
low severity [51,52], based on the flame length (1.8-2.3 m) [53]. In the D sites, the vegeta-
tion cover was completely removed in the past to install high-voltage towers, and there-
fore the deforestation was severe [43].

The very similar characteristics (climate, soil, and vegetation) of the experimental
sites, coupled with the same hydraulic conditions in the laboratory flume used for D«
modelling, allow a clear identification of changes in two key soil properties (soil organic
matter and aggregate stability) and the rill detachment process for the case study.

2.3. Soil Sampling

Five soil samples, each of about 150-200 g, were collected in September 2022 from the
soil surface (0-10 cm) in five experimental sites under each soil condition (B and D sites),
totalling 50 samples (2 conditions x 5 sites x 5 samples). Since the operation was carefully
and gently carried out, no variations in soil structure were detected. Soil samples were
also collected in undisturbed (non-deforested and unburned) sites in a parent study [52].
The sampling depth was chosen to measure only rill erosion rates at the surface slope as
influenced by the aforementioned factors (fire and deforestation) on the upper layer of
soil.
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After removing rocks, weeds, and litter, a steel ring with a diameter of 0.1 m and a
height of 0.05 m was used to gently extract the sample from the ground. After collection,
each soil sample was immediately transported to the laboratory, and the residual gravel
and vegetation were removed by sieving (4 mm mesh) for the subsequent flume experi-

ments until March 2023. Figure 2 reports the weather variability in the monitoring period
(2022-2023).
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Figure 2. Variability in mean monthly temperature and rainfall in study area throughout the moni-
toring period (2022-2023) (Khortum Forestland Park, Northern Iran) (source: IRIMO).

2.4. Description of the Laboratory Flume and Experiments

The soil detachment process was simulated on the collected samples (area of 19.6
cm?) in an experimental flume (width of 0.2 m, length of 3.5 m, and sides of 0.05 m) with
a rectangular cross section (Figure 3). A 5 cm soil layer with a mean grain size of 5 mm (to
be considered as non-erodible, the particles being coarse and the flow being shallow) was
put over the flume bed, in order to reproduce the natural roughness of the soil [54]. The
D. was measured at five water flow rates (0.31, 0.42, 0.55, 0.67, and 0.79 L s) and five soil
slopes (4.2%, 10.2%, 16.1%, 24.4%, and 33.6%). These values were chosen according to the
prevalent hydromorphological characteristics of the area, based on field measurements of
overland flows and hillslope profiles in previous studies carried out in forestlands of the
province [52,55]. Before each experiment (each repeated seven times under the same soil
condition and slope, and water flow rate), the collected soil sample was saturated (28-30%
w/w, equal to the field capacity, and bulk density of about 1490 kg/m?) by absorption by
placing its bottom in a water container for 24 h [56]. Then, the sample was covered with a
panel, to prevent scouring due to the water flow adjustments. The sample was placed in a
hole with the same dimensions as the steel ring on the downward side of the flume. The
ring was positioned with its central axis aligned with the longitudinal axis of the flume
(and then with the water surface). The soil slope of the flume bed was first set at the de-
sired value by adjusting the profile of the flume. Then, tap water was poured from up-
stream, and the stabilised water flow rate was measured five times per experiment by
collecting water in a graduated plastic cylinder for a given time. After removing the panel
on the sample, the experiment started with soil scouring. Each run ended when the depth
of the eroded soil in the steel ring reached approximately 0.015 m —measured at a gradu-
ated scale inside the ring —or after five minutes [20,57], in order to minimize the influence
of the side-wall of the steel ring on the D.. The steel ring was not taken out after each
experiment under a specific soil slope and water discharge. However, this does not affect
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the detachment process at a scouring depth over 15 mm [48]. After the experiment ended,
the soil in the sampler was oven-dried at 105 °C for 24 h and then weighed.
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Figure 3. Laboratory flume (plant and section) used to simulate rill detachment on soil samples
collected in the study area (Khortum Forestland Park, Northern Iran).

The experimental design consisted of two soil conditions (B and D sites) x five soil
slopes x five water flow rates x seven replications per experiment, totalling 350 experi-
ments with as many measures of De.

2.5. Measurement of Hydraulic Parameters and Rill Detachment Capacity

With stabilised water in the flume, the flow depth (h, [m]) was measured using a
level-probe with an accuracy of 1 mm and averaged across three points in each of two
cross sections (0.4 m, over the scouring point, and 1 m upstream of the flume outlet, in an
undisturbed place): in the centre of the flume, and at 0.01 m from each side. The flow
conditions were variable along the experimental flume, mainly due to the water turbu-
lence and viscosity as well as the presence of the water inlet and outlet, and this made the
flow depths and, as a consequence, the mean velocity (V, calculated as the ratio between
the water flow and depth) variable point by point. However, the flow condition was uni-
form in the area, where the sample was positioned, and the water viscosity influenced
only the water regime (expressed by Reynolds number). Since flow velocity is a key pa-
rameter to estimate the hydraulic variables associated with the soil detachment process,
following the methodology suggested by [58], the value of surface velocity (Vs, [m s7])
was directly measured over the soil sample in five replications using a fluorescent dye
technique [59,60]. The Reynolds number (Re, [-]) was calculated from the values of Vs and
h (also measured over the sample) to identify the flow regime, which was laminar under
each flow condition (Re < 1200). A reduction coefficient of 0.6 (extracted among the values
of 0.6, 0.7, or 0.8 for laminar, transitional, or turbulent flow, respectively, suggested by ref.
[61], was applied to Vs to calculate V in the scouring section. The water temperature (T,
[°C]) was also recorded to calculate the water viscosity (approx. 10 m? s™).

Based on the measured hydraulic parameters over the scouring point (Table 1), the
flow shear stress (1, [Pa]) [25] was calculated using the following equation:

7= pgRS (1)

where g is the clean water density [kg m=], g is the acceleration of gravity [m s2], R is the
hydraulic radius [m], and S is the slope of the flume bed [m m™].
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Table 1. Hydraulic parameters to calculate D. after the flume experiments on soil samples of burned and deforested sites in the study area (Khortum Forestland
Park, Northern Iran).

Experiment Slope . Flow Depth Flow Velocit Hydraulic Radius Flow Velocit Shear Stress
(Each witll:7 Replications) [S, (I;/)o] Flow Discharge [Q, L s7] [h, mmr; [V, ms™] Y ' [R, mm] [Vs, m s] *y [t, Pal
1 0.062 4.1 0.38 3.94 0.27 1.62
2 0.084 5.5 0.38 5.21 0.35 2.15
3 4.2 0.110 6.8 0.40 6.37 0.48 2.62
4 0.134 7.5 0.45 6.98 0.56 2.87
5 0.158 9.3 0.42 8.51 0.58 3.50
6 0.062 3.8 0.41 3.66 0.38 3.66
7 0.084 5.1 0.41 4.85 0.46 4.85
8 10.2 0.110 6.3 0.44 5.93 0.58 5.92
9 0.134 7.1 0.47 6.63 0.67 6.63
10 0.158 8.4 0.47 7.75 0.77 7.75
11 0.062 34 0.46 3.29 0.41 5.19
12 0.084 4.3 0.49 4.12 0.49 6.50
13 16.1 0.110 5.2 0.53 4.94 0.59 7.80
14 0.134 6.1 0.55 5.75 0.67 9.07
15 0.158 7.3 0.54 6.80 0.79 10.73
16 0.062 2.3 0.67 2.25 0.53 5.38
17 0.084 2.8 0.75 2.72 0.62 6.51
18 24.4 0.110 3.6 0.76 3.47 0.71 8.31
19 0.134 4.7 0.71 4.49 0.78 10.73
20 0.158 5.9 0.67 5.57 0.86 13.32
21 0.062 2.1 0.74 2.06 0.61 6.77
22 0.084 2.6 0.81 2.53 0.72 8.34
23 33.6 0.110 3.3 0.83 3.19 0.79 10.52
24 0.134 3.6 0.93 3.47 0.86 11.44
25 0.158 4.7 0.84 4.49 0.97 14.78

Note: * measured by the dye technique.
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The rill detachment capacity (D, [kg s m™2] was calculated using the dry weight of
detached soil (AM, [kg]) measured before and after the experiment, scouring time (At, [s]),
and the area of the soil sample (A, [m?]), as shown in Equation (2):

AM
D, =——+ 2
¢ =T AL @)

2.6. Measurement of Soil Properties

Among the large number of soil properties that are impacted by human disturbance
in forest soils, we specifically focused on organic matter (OM), and aggregate stability of
soil. The latter are among the most sensitive properties to fire [14,15], and, moreover, it is
well known that heavy machinery can severely modify soil structure, impacting OM stock
and breaking soil aggregates [62,63]. To compare the changes in soil properties between
B and D sites, organic matter content and aggregate stability in water (WSA) were meas-
ured on an additional 50 soil samples (5 samples x 5 sites x 2 soil conditions, each of 250
g) collected very close (less than 20-30 cm) to the points, where the samples for the flume
experiments were extracted. These two soil properties, showing high variability after de-
forestation [64] and wildfire [65], were determined by the potassium dichromate colouri-
metric method [66] and the wet-sieving method [67], respectively, after sieving (4 mm
mesh).

2.7. Modelling the Rill Detachment Capacity
After calculating the rill detachment capacity, rill erodibility (K, [s m™]) and critical

"1y

shear stress (1., [Pa]) were estimated as the slope and the intercept on the “y” axis, respec-
tively, of the line interpolating Dc and shear stress, as shown in Equation (3) [68]:

D, =K,.(t —1.) 3)

2.8. Statistical Analysis

A one-way ANOVA was used to identify significant differences in the soil properties
and rill detachment capacity between the two soil conditions (burned and deforested
soils) at p-level < 0.05. Previously, the normality of sample distribution was checked using
QQ-plots.

Then, Pearson’s correlation matrix was computed, to find associations (expressed by
the coefficient of correlation, r) between pairs of soil parameters. A Principal Component
Analysis (PCA) was also applied to explore whether one derivative variable (a Principal
Component, PC) [69] can synthesise the original parameters, losing as little information
as possible. The number of PCs explaining at least a percentage of 75% of the original
variance was retained. The observations were grouped in clusters using Agglomerative
Hierarchical Cluster Analysis (AHCA), a distribution-free ordination technique to group
samples with similar characteristics by considering an original group of variables. As a
similarity—dissimilarity measure, the Euclidean distance was used.

Finally, by coupling these multivariate statistical techniques (PCA and AHCA), the
possible discrimination in D, WSA, and OM between B and D soils was assessed.

All statistical analyses were performed using XLSTAT software (Addinsoft, Paris,
France, release 2019.1).

3. Results
3.1. Variations in Soil Properties and Rill Detachment Capacity Between Burned and
Deforested Soils

According to the ANOVA, OM and WSA were significantly different between the
burned (B) and deforested (D) sites (F < 19.763, p < 0.001) (Table 2). In more detail, both
properties were significantly lower in D sites (1.06 + 0.14%, OM, and 0.19 + 0.05 mm, WSA)
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compared to B areas (1.21 + 0.1% and 0.25 + 0.05 mm, respectively). Moreover, D. was
significantly (F = 5.320, p < 0.05) higher in D sites (0.06 + 0.05 kg m=2 s) compared to B
areas (0.09 + 0.05 kg m2 s™) (Figure 4 and Table Al).

Table 2. Results of ANOVA applied to parameters measured on soil samples collected in burned
and deforested sites in the study area (Khortum Forestland Park, Northern Iran).

Soil Parameters Sum of Squares Mean Squares F Pr>F
D« 0.013 0.013 5.320 0.025

oM 0.307 0.307 21.862 <0.0001

WSA 0.050 0.050 19.763 <0.0001

Notes: Dc = rill detachment capacity; OM = soil organic matter; WSA = soil aggregate stability in
water. Values in bold are significant at p < 0.05.
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Figure 4. Boxplots of parameters measured in soil samples collected in burned and deforested sites
(n = 25) of the study area (Khortum Forestland Park, Northern Iran); all differences between means
were significant after Tukey’s test (p < 0.05).

As expected, D. increased under both soil conditions with water flow rate and soil
slope. This increase was gradual at the lower soil slopes (4.2% to 16.1%). In contrast, a
sudden increase in D. was noticed at the highest flow rates for slopes higher than 24.4%
(Figure 5 and Table A1l).
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Figure 5. Variability in rill detachment capacity of according to the soil slope and water flow rate
measured in flume experiments on soil samples collected in burned and deforested sites (Khortum
Forestland Park, Northern Iran).
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3.2. Analysis of Correlations Between Soil Parameters and Discrimination Between Burned and
Deforested Soils

According to Pearson’s correlations, high and negative coefficients between D. on
one side, and OM (r = —0.813) and WSA (r = —0.689) on the other side, were achieved, and
these coefficients were always significant (p < 0.001). The latter parameters were also fairly
and positively correlated with each other (r = 0.509) (Figure 6).
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302 :oo °
@ ° *S o
g o2 ° o. °
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0.0 \ :

0.0 0.5 1.0 1.5

Organic matter (%)

Figure 6. Correlation between organic matter content and water aggregate stability measured in soil
samples collected in burned and deforested sites (Khortum Forestland Park, Northern Iran).

The PCA provided one derivative variable (the first PC), which alone explains 78.3%
of the total variance in the original soil parameters, while the second PC explains only
16.8% of this variance. All parameters, which lay very close to the “x” axis, have very high
loadings on the PC1, positive (0.950) for D., and negative for OM (-0.882) and for WSA
(-0.818) (Figure 7). In other words, D« is strongly linked to the latter soil properties, but it
decreases when both OM and WSA increase.

PCA coupled with AHCA discriminated two separate clusters for the individual soil
conditions. However, this discrimination was not sharp, since some observations overlap
in the PC1 vs. PC2 scatterplot. In other words, the two clusters identified by AHCA did
not include all soil samples collected in sites with homogenous conditions (deforested or
burned). More specifically, the first cluster consisted of 20 B and 6 D samples, respectively,
while the other cluster grouped 19 D and 5 B samples of soil (Figure 7). Therefore, the
modelling activity was separately carried out for B and D soils.
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Figure 7. Biplot of soil properties (rill detachment capacity, D, soil organic matter, OM, and soil
aggregate stability in water, WSA) (upper) and dendrogram (lower) provided by the Principal Com-
ponent Analysis and Agglomerative Hierarchical Cluster Analysis, respectively, applied to soil sam-
ples collected in burned (B) and deforested (D) sites (1 = 25) of the study area (Khortum Forestland

Park, Northern Iran). Note: the lines in different colours highlight different clusters.

3.3. Modelling Rill Detachment Capacity in Burned and Deforested Soils

The linear interpolation of Dc and shear stress (1) provided the values of the rill erod-
ibility (K:) for B and D sites with appreciable accuracy (coefficients of determination over
0.79, p < 0.01). The values of Kr c were 0.0132 s m™ in deforested sites and 0.0094 s m™ in
burned conditions (Figure 8). The intercept of the interpolating line was assumed to be
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zero, in order to avoid negative and thus unrealistic values. Therefore, the critical value of
T (tc) should be considered null.

0.25
e Deforested D, =0.01321
e Burned r* = 0.82
0.20
:w 0.15 -
=
2
= 0.10 -
(m)]
0.05 1 D, = 0.0094
?=0.79
0.00 ‘ ‘ ‘
0 5 10 15 20

1 [Pa]

Figure 8. Linear interpolation between rill detachment capacity (Dc) and shear stress (1) estimated
by flume experiments on soil samples collected in burned and deforested sites of the study area
(Khortum Forestland Park, Northern Iran). Vertical bars are the standard errors from the replicated
measured of D. in the flume experiments.

4. Discussion

4.1. Variations in Soil Properties and Rill Detachment Capacity Between Burned and
Deforested Soils

Deforestation and wildfires are recognised worldwide as the most severe threats to
forest ecosystems [70]. This study has evidenced that two key soil properties are noticea-
bly impacted by these forest disturbances, but to different extents. Under these experi-
mental conditions, deforestation reduces both soil properties by 15% for OM and 34% for
WSA compared to the burned soils. A previous investigation, carried out by [52] in the
same environment, measured a mean OM content of 1.74% and a WSA of 0.69 in undis-
turbed forests, which can be considered a natural and ideal condition. When these values
are compared to the corresponding measurements of this study, it is evident that wildfire
reduces OM by 30% and WSA by 64%, and the effects of deforestation are even more se-
vere (reductions in OM and WSA by 39% and 73%, respectively).

These results may be surprising at first sight: both disturbances indeed remove the
vegetal cover of the forest, but, in addition, soil heating due to fire further changes these
important soil properties [71,72]. A deeper analysis of the measured data must consider
two factors that may have influenced the soil response to fire and deforestation. First, the
severity of the fire was low, which could have limited the detrimental effects that more
severe wildfires exert on soil properties, such as the reduction in OM and destruction of
soil aggregates [14,15]. Presumably, the soil temperature should not have been so high to
result in almost total combustion of OM [73,74]. According to Varela et al. (2010), soil ag-
gregate stability is not altered or slightly increases at temperatures up to 220 °C, and
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therefore, such soil burning is not as severe as in the case of wildfires with long duration
and high temperatures that noticeably impact soil aggregate stability [75,76]. The effects
of forest fires on WSA can be more complex than other soil properties, such as organic
matter content, microbiology, water repellency, and mineralogy [65], and this impact de-
pends on many characteristics of soil and fire. Second, the site was deforested using heavy
machinery, and this technique resulted in soil compaction that markedly reduced the
WSA.

The higher OM content of the soil in the burned site in comparison to the deforested
area may be again explained by the incomplete combustion of the organic matter
[74,77,78], forest floor decomposition [79], and leaching of partially pyrolyzed plant resi-
dues [14,71] and organic compounds in ash [77], due to the precipitation after the wildfire.
Most studies state that OM content usually decreases in wildfire-affected areas, due to the
combustion of plant biomass and organic soil layers [80,81]. Since OM and WSA are
strongly associated, a decrease in OM can result in less stable aggregation of soil [63,65].
In contrast to what is above, some relevant studies support this explanation, since in-
creased OM in burned areas has been recorded compared to the unburned sites after low
to moderate fires (e.g., prescribed fires [77,82]). The significant decrease in WSA detected
in the deforested soils could be again associated with the reduction in OM, and this agrees
with the findings by refs. [83,84], who stated that soil aggregate stability follows the evo-
lutionary dynamics of OM. Under this condition, the decrease in OM should be ascribed
to the drastic removal of vegetation, which led to a high mineralisation of organic com-
pounds (e.g., [85,86]). Theoretically, also the action of root systems in grasses may influ-
ence the OM stock in soil and noticeably impact its structure [87-89]. However, the dom-
inance of herbaceous plants with root systems not well developed in the most superficial
layer of topsoil suggested giving less emphasis to the actions of the morphological traits
of roots on rill detachment capacity, which is a process acting only on the soil surface.

Concerning the rill erosion process, this investigation has shown that deforestation
can significantly increase D. (+35%) compared to fire with a low severity. The comparison
of Dc measured in the burned and deforested soils of this investigation to the values re-
ported in the parent study by ref. [52] for undisturbed soils shows that the wildfire in-
creases D. by 155% and deforestation by even 289%. Again, the increases in particle de-
tachment in rills must be ascribed to the noticeable changes in the soil properties due to
fire and, especially, deforestation [43,90-92]. Also, soil compaction due to heavy machin-
ery on deforested sites might have affected both WSA and OM, and, indirectly, D.. Com-
paction reduces soil porosity, limiting water infiltration and plant root penetration, there-
fore exacerbating soil’s susceptibility to erosion and increasing the rill detachment capac-
ity. Moreover, deforestation and soil compaction usually lead to important losses of soil
organic carbon and reduction of WSA [93], thus leading to soil degradation [94].

4.2. Analysis of Correlations Between Soil Parameters and Discrimination Between Burned and
Deforested Soils

The correlation analysis has shown close and inverse associations between the stud-
ied properties (OM and WSA) of soil, and its erodibility due to rill flow. These relation-
ships explain why Dk significantly increases in burned and deforested sites. The scientific
literature is quite unanimous about the decrease in D when soil OM (e.g., [95]) or aggre-
gate stability (e.g., [96]) or both parameters (e.g., [19]) increase. Many other studiees have
shown that the two soil properties adopted in this study as drivers of the rill detachment
process have significant effects on Dc [97-99]. Therefore, these variables are key parame-
ters for accurate estimations of D., and this implies that the studied soil properties have
important effects on Dc and can be used for modelling purposes.

Another aspect that confirms the close associations among the three soil parameters
measured in this study is the existence of one derivative variable (that is, the PC1) that is
simultaneously and noticeably influenced by WSA, OM, and D« (although with different
effects). This variable can, therefore, be adopted as a measure of the effects of soil
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disturbance due to fire or deforestation on the forest ecosystem, since it synthesises the
variability of more properties between different soil conditions in one parameter.

An important result of this study is the noticeable, although not extreme, discrimina-
tion between the two soil conditions revealed by PCA and AHCA in a quantitative ap-
proach. This differentiation demonstrates that the effects of fire and deforestation are no-
ticeably variable between the two soil conditions as the result of the different processes
behind these forest disturbances (e.g., vegetation burning, soil heating, hydrophobicity,
ash leaching —for burned sites—and tree cutting, logging, soil compaction—for deforesta-
tion—[13,17,100,101]).

4.3. Modelling Rill Detachment Capacity in Burned and Deforested Soils

Simple but accurate models to estimate the rill detachment capacity from some easily
measurable parameters are of utmost importance for land managers and hydrologists. To
this aim, several studies have proposed equations with different structures and input pa-
rameters (e.g., hydraulic and/or soil variables), to estimate Dc in a variety of environments
and land conditions [96,102].

The evaluation of the effects of disturbances and land use changes on rill erodibility
and critical shear stress is an important issue, since K: ¢ is an essential parameter of soil
resistance to runoff [19,25] and is a sensitive input variable in physically based erosion
models [26,95,103], such as the WEPP model [104]. The linear equations that interpolate
Dc and t show high accuracy in predicting K: for burned and deforested sites. These linear
models reveal that not only is Dc higher in deforested sites compared to the burned areas,
but K: increases by about 5%. The K: in both burned and deforested sites is more than 2.5-
fold the value (0.0036 s m™) measured by [52] in undisturbed soils under the same envi-
ronmental conditions. Also, ref. [105] estimated a high decrease in Kr on steep hillslopes
throughout two years after a wildfire, and ref. [84] found a consistent result in burned
pine stands compared to dense shrublands. All authors agree on the significant contribu-
tion of the changes in important soil properties to the increase in soil erodibility after a
wildfire. However, other drivers of soil erosion (i.e., fire intensity, slope gradient, weather
conditions) play a noticeable role in these factors of ecosystem degradation [106-108].

The high accuracy of the two equations proposed in this study to predict Dcis in close
agreement with other studies. In this regard, ref. [102] found a very high accuracy of linear
regressions between Dc and t under different land uses in the Loess Plateau of China. The
accuracy of models with the same structure set up by [43] in deforested and deforested
sites of Northern Iran was highlighted by an r? in the range of 0.86-0.88. This accuracy was
even higher in soils deforested and treated with rice husk biochar (r2=0.89-0.93) [109] and
with four different land uses (12 =0.90-0.98, croplands, grasslands, forestlands, and wood-
lands, again in Northern Iran) [19].

Other mathematical forms (logarithmic, power, and exponential) in addition to linear
expressions were checked in this study to interpolate the pairs D1. Only a power function
(that is, Dc = atb, a2 and b being regression coefficients) gave higher interpolation accuracy
(r2=0.87 and 0.92 for deforested and burned soils, respectively) compared to a linear equa-
tion. However, according to [57] and other authors, a linear equation should still be pre-
ferred, since this allows the calculation of K:, which is an essential parameter to be used
as input in physically based models to predict erosion.

5. Conclusions

The comparison of key soil properties measured in deforested and burned sites in
forestlands of Northern Iran has shown increases in the organic matter and aggregate sta-
bility by 15% and 34%, respectively, after deforestation compared to the wildfire-affected
soils. Due to the close associations among WSA, OM, and D. (shown by the correlation
analysis), deforestation impacts soil erodibility more than fire (+35%). These unexpected
results may be explained by the low severity of the fire, which moderately changed those
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soil properties, and the use of heavy machinery for deforestation, which may have notice-
ably compacted the soil.

According to PCA and AHCA, wildfire and deforestation noticeably discriminate
(although not sharply) burned from deforested sites, and therefore separate models must
be set up to predict rill erosion for the two conditions.

The simulation of the rill detachment process by flume experiments gave accurate
linear equations interpolating Dc and t. These linear models allow the estimation of Kr (an
essential parameter of soil resistance when using erosion models) under the two soil con-
ditions. Clearly, the models proposed in this study are not original but were adapted to
the need for prediction tools of rill detachment capacity in sites deforested and burned by
high-severity fires (surprisingly little used for modelling soil hydrology). This adaptation
has provided the rill erodibility under these soil disturbances. Therefore, these models
may be used for erosion predictions in areas with similar climatic and geomorphological
characteristics to the experimental sites (e.g., the burned and deforested areas in the Med-
iterranean basin). More research is needed to extrapolate the proposed models to different
environmental contexts and under a variety of land and weather conditions for their ulti-
mate validation.

Overall, this study provides insight into the hydrological effects of two severe dis-
turbances (namely fire and deforestation) on soil erodibility, and simple tools for the pre-
dictions of key physical variables associated with the rill detachment process, in order to
help land managers and hydrologists to limit the degradation rate and hydrological haz-
ards in delicate forest ecosystems.
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Appendix A
Table Al. Soil detachment capacity, organic matter, and aggregate stability in water of soil collected

in burned and deforested sites for flume experiments at given slope and water flow rates on soil
samples in the study area (Khortum Forestland Park, Northern Iran).

Soil Slope  Water Flow Rate Soil Detachmint_1Capacity Organioc Matter Water Aggregate Stability
%) (L s) (kg m2s7) (%) (mm)
D B D B D B

0.062 0.011 0.031 1.26 1.23 0.33 0.27
0.084 0.015 0.039 1.25 1.22 0.32 0.24

4.2 0.110 0.017 0.048 1.24 1.24 0.31 0.24
0.134 0.021 0.059 1.35 1.11 0.29 0.25
0.158 0.027 0.067 1.29 1.21 0.29 0.21
0.062 0.018 0.043 1.28 1.11 0.25 0.18
0.084 0.023 0.051 1.26 1.18 0.28 0.18

10.2 0.110 0.027 0.063 1.35 121 0.22 0.15
0.134 0.039 0.071 1.22 1.11 0.21 0.18
0.158 0.044 0.081 1.21 1.09 0.29 0.17
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0.062 0.026 0.061 1.24 1.02 0.25 0.15
0.084 0.047 0.074 1.21 1.07 0.29 0.18
16.1 0.110 0.053 0.081 1.33 0.95 0.28 0.28
0.134 0.069 0.089 1.23 0.91 0.21 0.27
0.158 0.078 0.091 1.19 0.91 0.25 0.26
0.062 0.041 0.076 1.26 1.11 0.24 0.18
0.084 0.054 0.089 1.19 1.12 0.26 0.15
244 0.110 0.073 0.097 1.31 1.09 0.21 0.16
0.134 0.089 0.176 1.18 0.89 0.27 0.13
0.158 0.139 0.192 1.19 0.86 0.16 0.13
0.062 0.059 0.089 1.06 1.14 0.33 0.13
0.084 0.077 0.098 1.11 1.09 0.22 0.17
33.6 0.110 0.139 0.182 1.01 0.87 0.19 0.14
0.134 0.155 0.189 1.05 0.82 0.16 0.16
0.158 0.186 0.198 1.02 0.81 0.17 0.14

Note: D = deforested soil; B = burned soil.
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