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Abstract: The easy implementation of ecologically-sound remediation measures for the prompt
stabilisation of burned areas may be crucial in Mediterranean forest environments. Manual in situ
contour redirection of burned felled logs could aid in soil erosion control and facilitate forest self-
regeneration. In this study, a plot-scale runoff/sediment yield survey was conducted in Calabria,
Italy, within a Mediterranean pine forest that was affected by an extreme wildfire spanning over
15,000 hectares in the summer of 2021. The hydrological response to 24 rainfall events was analysed
after one year of monitoring using nine Wischmeier and Smith 20% sloping plots, which were
distributed into three plot-blocks representing different conditions (forested, burned with randomly
directed fallen logs, and burned with fallen logs manually redirected along contour lines). The
post-fire condition (with felled logs in random positions) exhibited a consistent overall increase
(approximately four times) in runoff and sediment yield compared to the pre-fire situation. This
degradation effect was mitigated by approximately 30% through the manual redirection of burned
logs, which promoted early (three to five weeks) vegetation regeneration (including tree emergence)
and enhanced coverage as vegetation spread from the log positions. The results obtained so far
provide encouraging insights and warrant further research on steeper slopes and complementary
aspects (regulatory, biological, mechanical, economic, etc.).

Keywords: forest wildfire; mountain areas; burned logs; soil erosion; erosion control; erosion barrier;

runoff; sediment yield; forest regeneration

1. Introduction

Mediterranean forest fires have a long history [1] and represent a relevant ecological
factor [2]. Since the early 1960s, the expansion of the wildland-urban interface, rural
depopulation, and the abandonment of land management practices have dramatically
increased the frequency and extent of wildfires [3].

While wildfires are widely classified according to their intensity [4-6] and sever-
ity [7-9], the scientific literature shows a wide terminological variability in the definition
of forest fires depending on the fire characterization criteria (e.g., fire size or burnt area
distinguishing “large/mega/giga/tera-fires”, fire behaviour, fire resistance to control, de-
scending socio-economic, environmental, or human impacts). However, the differentiation
between “ordinary” and “extreme” wildfire events is easy and intuitive to perceive. Ex-
treme events of high intensity and severity can certainly produce devastating effects on
the forest ecosystem. Approximately 65,000 fires take place every year in the European
region, burning an average of approximately half a million forested hectares. In the EU
Mediterranean area, approximately 85% of wildfires affect approximately 300,000 to almost
one million ha y~!, with an average burnt area of approximately 550,000 ha y~! (data
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updated to 2021 [10-12]). Of these fires, 95% are of human origin, with arson accounting
for 55.8% of cases. In the Mediterranean basin, extreme events are fortunately rare (less
than 3%), but they are responsible for over 50% of the total burned area, as observed in
Portugal, Spain, and Greece [13]. High-intensity and severity extreme wildfires have been
relatively frequent [11] in recent decades and recur every two to three years. These extreme
events often manifest as simultaneous fires that can affect large areas (more than 10,000 ha,
as occurred in Italy in 2021), exhibiting extraordinary characteristics in terms of size and
complexity, which usually escape human control operations.

In the European Mediterranean region, large areas have been reforested with monospe-
cific tree species (e.g., conifers) that are more vulnerable to fire. The ongoing changes in
socio-economic and climate scenarios [14] could favour the diffusion and magnitude of
wildfires [15-18].

Among others, the worst consequences of high-intensity and severity wildfires are:
(i) the loss of biodiversity [19-22], and (ii) the degradation of the physical-chemical prop-
erties of soil due to high heating effects [2]. Fire causes a decrease in soil porosity and
an increase in bulk density due to prolonged and elevated temperatures. High-intensity
fires also alter organic matter and produce ash, which forms a hydrophobic coating on the
soil surface. This coating reduces soil moisture and infiltration capacity, increasing runoff
propension and soil erodibility [2]. The chemical properties of the soil show changes in
pH in the top soil horizons, an increase in electrolyte concentration, a decrease in cation
exchange capacity and sodium adsorption ratio, and pronounced leaching of nutrients
caused by precipitation. These factors result in a reduced infiltration rate, increased runoff,
and soil erosion [2].

After a wildfire, the soil protection provided by forest cover is weakened [23-25].
The bare soil is exposed to the action of raindrop impact, leading to enhanced runoff and
erosion processes [26-30]. In the Mediterranean area, summer wildfires can be followed by
frequent and high-intensity rains [2]. Studies have measured runoff volume and sediment
yield ranging from 14 orders of magnitude higher in burnt areas of several Mediterranean
countries (e.g., [2,31-37]), both at the plot scale and to a lesser extent at the watershed level.

A high-intensity /severity fire can easily move upward, spreading through tree crowns
(known as a crown fire), causing trees to fall either during the event or later (when weak-
ened are felled by the weather). Trees felled by extreme fires may slide downstream,
particularly on steep slopes. As they slide down, the logs can reach the hydrographic
network, where they may (i) obstruct channel water sections, and (ii) compromise the
hydraulic functionality of river works and infrastructure that interact with watercourses.

The need to restore the protective action of the forest is especially felt in the semi-arid
Mediterranean area (e.g., in morphologically complex territories such as Calabria). In
these regions, hydro-geomorphological, climatic, and anthropic factors accentuate erosive
phenomena and hydrogeological instability [38].

Many techniques are available for the stabilisation of areas damaged by wildfires,
commonly classified as “bioengineering techniques”. The objective of these techniques is
to trigger the protective action of the vegetation cover after the adverse event. However,
these techniques have a certain level of invasiveness. Among them, log erosion barriers
(LEBs) show a lower ecological impact coupled with relative affordability. The use of logs
(including logs fallen by wildfires), along contour lines as a post-fire measure to control
erosion processes and trigger natural forest auto-regeneration capacity, has been widely
investigated by several authors [2,13,39-45]. There are few (if any) experiences in Italy,
especially in the South (which is characterised by a semi-arid Mediterranean climate).

The standard installation technique involves felling burned trees and laying them on
the ground along the slope contour [44,46]. Each log is anchored in place and gaps between
the log and the soil surface are filled with soil to create a storage basin on the upslope side
of the log. This configuration obstructs overland flow and traps sediments. The LEBs are
usually laid out in staggered tiers designed to eliminate long uninterrupted flows paths [44].
A number of experiences with LEBs have been conducted in Mediterranean environments,
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providing highly variable (though generally positive) results across a wide range of slopes
tested (25-60%) [41,47-50]. The effectiveness of LEBs depends on climatic conditions, soil
characteristics, forest type, and the timing of intervention. However, Raftoyannis and
Spanos [49] reported a limited post-fire ecosystem recovery, specifically regarding the
regeneration of Quercus coccifera, which is a notoriously non-pioneer species. The slope
gradient seems to have a significant influence on the effectiveness of this measure, which
tends to decrease above a 30% gradient [13,42—44]. Moreover, LEBs appear ineffective
for rain events with larger return periods [44]. This reclamation measure emulates the
philosophy of other more common and well-tested bioengineering techniques (e.g., brush
barriers, live palsied, fascines, live branches, wattles /bundles, the use of logs as construc-
tion elements, etc.) [51]. However, these measures, which can be relatively labour-intensive
and not always implemented manually, do not consider the utilization of landed burnt logs
as an ecological tool.

In Italy, the current legislation on forest fires (Law n. 353/2000) prohibits, among
other actions, “ ... reforestation and environmental engineering activities supported with
public financial resources ... ” in areas affected by fire, except for areas with “documented
hydrogeological instabilities ... ” (Art. 10 par. 1). The law’s main objective is to discourage
any form of speculation on fire-damaged areas. It may be administratively difficult to
quickly document hydrological instabilities (as the lawmaker suggests), especially potential
instabilities linked to the disappearance of the forest’s protective action. Environmental
engineering activities would require the installation of a worksite, which could further
disturb the already fragile ecosystem due to mechanised operations (e.g., soil compaction,
removal of new/young plants, etc.). Even the simple removal of collapsed logs (e.g.,
skidding) is very expensive [52] (approximately up to 15-20 € m~2, depending on local
condition such a slope steepness and a 28-40 cm log diameter), and it can have significant
impacts [53]. On the other hand, fallen logs can play an important ecological role as they
degrade and add organic matter to the soil [54].

A feasible mitigation action that complies with the different constraints is the in
situ use of collapsed burned logs, which are manually redirected along the contour lines.
This elementary operation (i) appears to comply with the law, (ii) requires minimal work-
force and is cost-effective, (iii) can be implemented quickly (a few weeks after the fire),
(iv) is ecologically sustainable, and (v) can contribute to slope stabilization and ecosystem
auto-regeneration. The implementation of this measure could also facilitate the prompt
registration of forest fires, as required by the law but only in partially enforced. In this
context, the aim of this work is to evaluate, the effectiveness of the in situ use of collapsed
burned logs redirected along the contour lines to control erosive phenomena (in terms of
runoff volume and sediment yield) and trigger a stabilisation effect that supports ecosystem
auto-regeneration through a case study in Calabria, Italy.

2. Materials and Methods
2.1. Description of the Extreme Fire Events in Summer 2021 in Aspromonte Massif, Southern
Calabria, Italy

In the summer of 2021, Italy, particularly the southern part of the country, was affected
by extreme wildfires in terms of intensity and severity [13]. In the southernmost part of
the Calabria region (Aspromonte massif), 14,840 ha were burned, with 5600 ha located
within the Aspromonte National Park (data measured through ground surveys and satellite
imagery, Copernicus Emergency Management Service). These wildfires resulted in the loss
of two lives, several hundred livestock, and ruinous damage to many buildings and farms.
The extraordinary wildfires, some of which started simultaneously, affected even the most
remote areas of the Aspromonte Massif, including the centuries-old beech forest (known
as “Valle infernale”, a UNESCO World Heritage and site) and the pine forest (known as
“Acatti” and “Afreni” woods, which are old-growth forests of more than 500 years old).
Among the most affected areas by that wildfire was Roccaforte del Greco, a mountain village
within the well-known “Greek island” within the Aspromonte National Park. Within a
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few days (approximately ten), a high-intensity /severity crown-fire destroyed hundreds
of hectares of forest (mostly pine reforestations from the 1950s), resulting in the felling of
thousands of trees (Scheme 1). This provided the occasion to implement the experimental
monitoring site and campaign described herein.

Scheme 1. Representative photo of the Aspromonte areas affected by the wildfires in the summer of
2021.

2.2. Study Area Description

The study area is located in the southernmost part of the Calabria (Southern Italy,
Figure 1), specifically within the mountain municipality of Roccaforte del Greco (As-
promonte, Metropolitan area of Reggio Calabria, Figure 1). It is located at the headwaters of
the fiumara Amendolea watershed (150.4 km?), with an average hillslope gradient of 97.2%.
The hydro-geomorphological, ecological, and climatic conditions in this region are typical
of Southern Italy [55]. The headwater areas consist of igneous and metamorphic rocks, with
sequences of grey and black biotite schist [56,57]. High-magnitude erosion processes are
common after heavy storms, and large amounts of coarse material are transported to the
valley reach of the flumara Amendolea, which has a large riverbed (up to 1 km) [55]. These
hydro-geomorphological activities result in significant land instability and vulnerability,
which are subject to specific regulatory hydro-geological restrictions that cover a large
part of the Aspromonte Massif. The environment is characterised by dense Mediterranean
scrub and forests with a wide variety of trees, both deciduous and evergreen. Coniferous
reforestation projects have been implemented since the middle of the last century to control
erosion phenomena. In the experimental area, the vegetation cover mainly consists of Pinus
subsp. Afforestation, with Pinus radiata, an exotic species from the west coast of North
America, being the dominant species. This species was imported to address the shortage
of native conifers [58]. No specimens survived to the wildfires that occurred in 2021. The
climate and forest characteristics of the study area are reported in Table 1.
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Figure 1. The study area located within the territory of Aspromonte Massif, Metropolitan Area of
Reggio Calabria, Southern Calabria, Italy. Satellite imagery provided by Google Earth Pro shows
the study area (red circle) before and after the wildfire that occurred in August 2021 (territory of
Roccaforte del Greco).

Table 1. Main characteristics of the study area within the territory of Roccaforte del Greco (As-
promonte, Calabria, Italy).

Coordinates 38°03' N; 15°54' E
Orography Altitude 970 m a.s.L
Aspect North
Condition (according to the Koéppen Csal
o classification [59])
é Mean monthly air temperature * 5 °C (January)-23 °C (August)
O Mean annual rainfall depth * 1036 mm
Mean monthly rainfall depth range * 13.7 mm (July)-153 mm (December)
%‘3 Species Pinus radiata
§ Density 800-1000 per ha
‘g Height 1420 m
2 Crown diameter 4-75m

Notes: ! Hot Mediterranean climate and semiarid conditions. * Database ARPACAL, meteorological station of
Roccaforte del Greco (time series covering the period 1940-2022, n = 57, variation coefficient = 29%).

2.3. Experimental Scheme

Three plot-blocks (up to 120 m apart) were established in the north-facing study area
in September 2021, with a down slope of 20% = 2% (Figure 2a). Each plot-block represented
a specific condition as follows (Figure 2b):

e  “Forested” (F): representative of the pre-fire condition;

e  “Burned” (B): casually directed downed logs, representative of the post-fire asset;

e  “Burned and rearranged” (BR): contour-redirected downed logs, resembling log ero-
sion barriers.
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Figure 2. (a) Location of the three plot-blocks in Roccaforte del Greco, Southern Calabria, Italy;
(b) experimental sketch showing the three conditions studied: F, forested; B, burned with casually directed
downed logs; BR, burned rearranged with manually redirected downed logs along contour lines.

Each plot-block was further divided into three 22 x 5 m sub-plots of the Wischmeier
and Smith type (Figure 2b). These sub-plots were hydraulically isolated using aluminium
foil embedded into the soil to a depth of 20 cm.

In the B sub-plots, there were casually directed downed logs, with lengths ranging
between 1.5 and 4 m. Two cases had 6 logs, while one case had 9 logs (Figure 2b). In
the BR plot-block, the downed logs were manually redirected (by a local rotation) along
the contour lines within each sub-plot (Figure 3). The number of downed logs redirected
within the BR sub-plots was 7 in 2 cases and 6 in one case. The logs, approximately 4 m
long with an average diameter of 33 cm (ranging from 21 to 49 cm), were reallocated
at an average downslope distance of 4 m, resulting in partial fragmentation of the slope
path (Scheme 2a). The rotation and locking of the logs only required manual work and
light equipment (hammer) to fix the wooden stakes (Scheme 2b,c). The ratio between the
sub-plot area (110 m?) and the total length of the contour logs was within the range of
3.94.6 m.

Figure 3. Sketch of the manual redirection along the contour lines (brown lines) and hammering of
downed burned logs (dashed yellow lines indicate the rotation of logs).
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Scheme 2. (a) Overall view of the BR sub-plots under construction (in orange, plastic gutters),
(b) view of the burned log hammering, and (c) rearranged burned sub-plots (BR).

The necessary manpower for the in situ manual redirection of the felled logs can be
extrapolated at 4 days ha~! for two operators.

2.4. Data Collection and Processing

The experimental campaign took place from September 2021 (approximately 1 month
after the wildfire ended and before the first autumn rains) to September 2022, covering a
period of 13 months.

2.4.1. Soil

Within the 5 cm of the topsoil, 27 soil samples (3 x 9 sub-plot) were collected, located
at the top, middle, and bottom of the nine sub-plots along their median axis (Table 2).

Table 2. Main physical-chemical characteristics of the soil in the three plot-blocks.

Physical/Chemical Features Plot-Block
F B BR
= =downed log .-. .-. ... A P _\./ = T
« =burned gump ® ® -/ Z 17/ — | —
_ | 9 . ®. °y o'\ \.\ e = | -
# =ganding tree ° | A — | —
I ® ® —( 1| i e P
» =sampling point ‘9| @ .'. -\ _\'\ N — | =
Silt (%) 94+ 1.1
Clay (%) 11.7 £ 0.1
Sand (%) 78.9 +0.94
pH 576 £0.2 6.19 £0.3 6.21 £0.3
ECy.1 (dS/m) 0.199 £ 0.043 0.202 £ 0.031 0.274 £ 0.047
Organic matter (%) 3.38 2.98 2.96
C (%) 1.96 +0.2 1.72 £ 0.1 1.71 £ 0.1
N (%) 0.79 £ 0.1 0.83 £0.0 0.83 £0.0
C:N 22.8 25.3 26.1
Mean infiltration rate (mmh~1) 23.8 16.1 15.8
Soil water repellency 39.6 93.6 94.3
Ash cover (%) 0.0 47.0 £ 4.8 46.6 £5.1
AS o E~ 0.25-0.50 78+ 1.0 72+£13 72+12
(n=3) Uﬁ) éé 0.50-1.0 (%) 83+14 76 £14 76 £1.3
= 1.0-2.0 31+14 28 +1.2 28+1.3

Soil texture was measured using the hydrometer method with sodium hexametaphos-

phate as a dispersant [60] and classified using the USDA triangle method.

pH values were measured using a soil/water suspension ratio of 1/2.5 (w/v) with a

glass electrode.
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Electrical conductivity (EC) was determined in distilled water using a 1/5 residue/water
suspension. The suspension was mechanically agitated at 15 rpm for 1 h to dissolve soluble
salts, and EC was then measured using a Hanna conductivity meter.

Organic carbon (C) content was determined using the dichromate oxidation method
according to Walkley and Black [61] and titration with iron sulphate (FeSOy, 0.2 N).

Total nitrogen (N) was measured using the method described by Kjeldahl [62].

Water infiltration rate (IR) was determined using an Eijkelkamp® portable rainfall
simulator [63].

Soil water repellency (SWR) was estimated using the Water Drop Penetration Test (WDPT)
method [64], conducted in the vicinity (approximately 0.25 m) of the IR measurement point.
In this test, 15 drops of distilled water were released on the soil surface using a pipette. The
time taken for the droplets to penetrate the soil was measured to estimate the WDPT.

Before measuring IR and SWR, the litter was removed, and the soil surface was lightly
levelled.

Soil aggregate stability (AS) was determined using the rain simulator method (working
with an intensity of 6 mm min~!). One sample per sub-plot was tested for the three size
fractions (0.25-0.50, 0.5-1.0, 1.0-2.0 mm), following the method described by Roldan
et al. [65] based on the method of Benito et al. [66].

According to the USDA Soil Texture Classification System, the analyzed soil falls into
the sandy-loamy category (Table 2). It is acid, low in organic matter, and exhibits a high
infiltration rate and a moderate aggregate stability.

2.4.2. Rainfall

Rainfall data were continuously recorded at the meteorological station located in
Roccaforte del Greco (approximately 3 km away from the plot-blocks). In addition, cu-
mulative rainfall depth was gauged within each plot-block. Due to logistical limitations
(mountainous context, distance), it was generally not possible to collect runoff volume
and sediment yield immediately after each rainfall event. Consequently, rainfall data were
cumulated (except in one case) in 24 rainfall event groups.

2.4.3. Runoff

Runoff volume was measured on 24 occasions using a tank connected to a plastic
gutter (with a 2% gradient towards the outlet) at the bottom of each sub-plot. The collected
volume was then divided by the sub-plot area.

2.4.4. Sediment Yield

Sediment dry weight was measured by collecting sediment from the plastic gutter
at the bottom of each sub-plot and sampling the sediment concentration in the stored
runoff volume. Sediments in the plastic gutters were collected at the same frequency as
the runoff volume. The wet sediment samples were weighed and dried in an oven at
105 °C for 24 h. Organic matter was removed from the samples using the LOI Method
(at approximately 375 °C for 16 h [67]), and the dried samples were weighed. Sediment
concentrations were collected by mixing the stored volume in the tank and taking three
successive samples, totalling approximately 0.5 L. The dried sediment from the samples was
weighed and related to the sample volume in order to evaluate the sediment concentration.
The sediment concentration was multiplied by the runoff volume to estimate the dissolved
sediment yield component. Finally, the sediment yield was obtained by adding to the
amount of sediment deposited in the plastic gutter (averaging 10% = 6 of the total).

2.4.5. Vegetation Cover

The vegetation cover in each B and BR sub-plot was monitored twice a month using
the grid method [68] with a 0.75 x 0.75 m square. The abundance-dominance index
of each species collected within the sub-plots was determined according to the Braun—
Blanquet method [69]. In order to assess the effect on vegetation development, the degree
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of vegetation cover in plot-blocks B and BR was compared, and the relationships between
vegetation cover, runoff volume, and sediment yield were investigated.

2.4.6. Statistical Analysis

The statistical analyses of runoff volume and sediment yield data were carried out
using Jamovi v.2.3.21 (2022). A descriptive assessment was first carried out to determine
whether the data set was normally distributed using the Shapiro-Wilk test. Based on
this result, a correlation matrix was applied using Spearman’s correlation coefficient to
determine the degree of relationship between the “runoff” and “sediment” measures with
the “rainfall depth” and “rainfall intensity” factors.

In order to assess the differences between the variables recorded in the “runoff” and
“sediment” data collection plots, a repeated measures ANOVA was applied using Fried-
man’s method (non-parametric). Pairwise comparisons were obtained using the Durbin—
Conover test, which was employed to determine the differences between treatments in the
analysed plots with a confidence interval of 95%.

Furthermore, the effects of rainfall depth and intensity on runoff volume and sedi-
ment yield were evaluated using a factorial analysis. A One-Way ANOVA following the
Kruskal-Wallis test (non-parametric) was performed, with three categories used as group-
ing variables based on the following parameters: rainfall depth—first category: values
between 0-35 mm, second category: values between 35-70 mm, third category: values
greater than 70 mm; rainfall intensity—first category: values between 0-10 mm h~!, second
category: values between 10-30 mm h~!, third category: values greater than 30 mm h~1.
Pairwise comparisons of the categories were carried out using the Steel-Dwass—Critchlow—
Fligner method, with a 95% confidence interval used to establish the thresholds of change
in the effect of the variables analysed. Finally, the existence of statistical differences between
the average values of the degree of vegetation cover in the two different burned plot-blocks
(B and BR) was verified.

3. Results and Discussion
3.1. General View of Plot Hydrological Responses

The recorded rainfall data for the 13-months monitoring period are reported in
Table Alin Appendix A. There were a total of 88 rainy days, and the 24 rainfall event groups
ranged in depth from 14 mm (April 2022) to 249.4 mm (October 2021). The maximum
5-min intensity varied from 2.2 mm h! (April 2022) to 35.4 mm h! (August 2022). The
consequent total annual rainfall sum (10 September 2021 to August 2022) was 1278.6 mm,
which was significantly above the mean historical annual depth. This higher value was
within the range of variability observed in the historical series (variation coefficient of 29%).
The cumulative rainfall measured within the plot-blocks was systematically lower, likely
due to lower altitude (with respect to the main meteorological station) and the location
of the rain gauges at the base of the slope. Except for plot-block F, which experienced
expected canopy interference, the average rainfall deficit compared to the Roccaforte del
Greco station was 3.09% and 2.92% for B and BR, respectively. Since there were no statistical
differences between the rainfall values recorded at the meteorological station (Roccaforte
del Greco) and those collected in the plot-blocks (except for F), the subsequent analysis of
the plot’s hydrological response was based on the Roccaforte del Greco data set, which also
provided maximum intensity data. The summary values of runoff volumes and sediment
yields measured for each event group are reported in Table 3.
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Table 3. Descriptive values (n = 24) of sub-plot runoff volume and sediment yields. The Shapiro-Wilk
test shows the assumption of normality at p values > 0.05.

Runoff Volume (mm) Sediment Yield (kg)
Plot F Plot B Plot BR Plot F Plot B Plot BR

Mean 0.73 3.84 2.87 0.196 1.028 0.791
Median 0.40 2.29 1.73 0.171 1.040 0.615
Standard 0.93 3.77 2.70 0.141 0.838 0.746
deviation

Minimum 0.02 0.30 0.20 0.007 0.060 0.018
Maximum 3.84 15.82 10.87 0.575 2.434 2.312
Shapiro-Wilk p <0.001 <0.001 0.002 0.199 0.007 0.007

Two particularly severe events occurred during the observation period (Table Al):

e Event no. 7, which occurred in November 2021, had a cumulative rainfall depth of
249.4 mm and a maximum 5-min rainfall intensity of 30.6 mm h~. This event occurred
over the plots that were only partially covered by vegetation, producing the highest
values of runoff volume (15.77 mm) and sediment yield (2076.25 g) from plot-block B.

e  Eventno. 23, which occurred in August 2022 (105.4 mm, 35.4 mm h’l), generated a
runoff volume of 7.03 mm and a sediment yield of 403.65 g (plot-block B).

Nevertheless, the absolute highest sediment value (2.434 kg corresponding to 0.022 kg m~2,
plot B) was recorded after event no. 1, despite its relatively moderate characteristics (36.4 mm,
18.0 mm h~'). This event occurred immediately after the wildfire when the ground was
completely bare. For the same events, slightly lower values of runoff volume and sediment
yield (33% = 12% and 76% = 80% on average, respectively) were observed in plot-block BR.

The correlation analysis conducted between rainfall and runoff/sediment data showed
statistically significant relationships in every sub-plot (Table 4). The Spearman’s correlation
coefficient indicated that the highest values for runoff were observed between rainfall depth
and intensity. Regarding the sediment data, the correlation was stronger with intensity
data compared to rainfall depth.

Table 4. Correlation matrix of runoff and sediment with precipitation and intensity using Spearman’s
correlation coefficient.

Runoff Sediments
Plot F Plot B Plot BR Plot F Plot B Plot BR
. Spearman Rho 0.93 *** 0.79 *** 0.78 *** 0.57 ** 0.47 * 0.43*
Rainfalldepth "1 <0.001 <0.001 <0.001 0 0.02 0.04
Rainfall intensit Spearman Rho 0.66 *** 0.78 *** 0.77 *** 0.67 *** 0.58 ** 0.6 **
y p value <0.001 <0.001 <0.001 <0.001 0 0

Note: *p < 0.05, ** p < 0.01, ** p < 0.001.

A direct relationship between runoff and rainfall volumes was observed (Figure 4a).
In contrast, sediment yield was more closely associated with rainfall intensity (Figure 4d),
although no cohesive trend was observed. The recorded data showed an increase in runoff
volume and sediment yield depending on the loss of forest vegetation coverage. This effect
was somewhat mitigated by the redirection of burned logs in plot-block BR. The decreasing
distribution of sediment yield, regardless of the rainfall or intensity patterns reported in the
rainfall events, suggests the possibility of studying how the presence of additional factors
may explain the evolution of erosion processes.
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Figure 4. Evolution of mean values (n = 3), runoff volumes (a,b), and sediment yields (c,d) in
sub-plots related to rainfall depth and maximum 5-min intensity.

3.2. Relations between Vegetation Cover Evolution, Runoff, and Sediment Yield after Wildfire

The analysis of the values shown in Figure 4 (Table A1) highlights that the runoff
volume and sediment yield were always lower in the BR plots compared to the B plots,
with an average (n = 24) reduction of approximately 30% (standard deviation of 80%, which
includes events with differences ranging from 5% in event 1 to values greater than 200% in
events 6, 20, 22, 23) and 29% (£14%), respectively. However, the minor differences occured
in the first three events. The first rains immediately after the wildfire encountered soil
without vegetation and covered by a blanket of ash (Table 2), leading to a drastic reduction
in soil infiltration [70]. In the first three events, the hydrological response of the BR and B
plots appeared high, even though the rainfall characteristics (rainfall depth and intensity)
were not particularly severe. A significant reduction in runoff and sediment yield in the
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BR plots was recorded from the fourth rainfall event. On the other hand, the absence of
tree cover resulted in accentuated insolation; this encouraged the entry and development
of wild vegetation (mainly bracken and bramble), which tends to cover the plots within
a short time. Monitoring (twice a month) of the ground cover exerted by spontaneous
vegetation showed consistently higher values (35% on average; n = 48) in the BR plots [71].
The combined effect of redirected logs and vegetation became evident from the 13th event
onwards, with a drastic decrease in runoff volume and sediment yield even during the
heaviest rainfall events (for example, see events 17, 19, 23, and 24 in Figure Al).

The mean values (n = 3) of vegetation cover were consistently higher in the BR
plots, where the vegetation settled and established itself immediately upstream of the logs
(Scheme 3b). From there, it gradually spread, occupying larger areas until it uniformly
covered the entire plot (Scheme 3c). This phenomenon (although less pronounced) was
also observed in the B plots.

The positive effects of the vegetation were quantified by correlating the differences
in vegetation cover (VCgr — VCg) with those of runoff volume (Rp — Rpr) and sediment
yield (Sp — SpRr) for each rainfall event group. The analysis showed that the increased stage
of vegetation cover in the BR plots contributed to the reduction in both runoff volume
(R? = 0.63) and sediment yield (R? = 0.66) (Figure 5).

Correlation Correlation
Vegetation cover - Runoff volume Vegetation cover - Sediment yield
6 800
R2=0.6296 R2=0.6606
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Figure 5. Correlation between the differences in the values of vegetation cover (VCgr — VCp) and
runoff volume (Rg — RpR) (a) and sediment yield (Sg — Spr) (b) for each event group.

This observation highlights the positive control action of the redirected contour logs,
which stabilize the slope and promote the rapid colonization of herbaceous vegetation
(Rubus ulmifolius L., Pteridium aquilinum L., Cytisus villosus L., Lolium sp. pl., Hypochaeris
achyrophorus L., Hypochaeris laevigata L., Geranium robertianum L., and Myosotis arvensis L., as
indicated by their abundance-dominance value). This vegetation quickly protects the soil
after the fire. This propitious action creates favourable conditions for the auto-regeneration
of the wood, as demonstrated by the presence of young pine seedlings (Scheme 3d).

This result can be explained by the partial “breaking effect” of the slope length due
to the contour-directed logs. The presence of contour logs, which fragment the slope
path, limits the runoff velocity (which also encourages infiltration and runoff volume
control) and reduces the detach/transport capacity of sediments. These effects arise as
the result of complex interacting processes and representative relationships [72,73]. This
effect is influenced by the incomplete logging of the transversal section, which results in
the presence of zig-zag overland flow between logs, log overflow, underpass, and local
sediment trapping. The effect is partially appreciable in the case of casually directed burned
logs (B plot-block) and may be somewhat linked to the extent of their geometric contour
projection (maximized in the case of contour-directed logs).
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Scheme 3. View of (a) the BR sub-plot during initial setup, (b) vegetation established immediately upstream
of the contour logs after a few months, (c) vegetation cover spreading, and (d) young pine seedlings.

3.3. Comparative Analysis of Runoff and Sediment Yields

The results obtained from the repeated measures ANOVA revealed evidence of dif-
ferences among all plots in terms of hydrological aspects. Pairwise comparisons showed
significant differences between plots F vs. B, F vs. BR, and B vs. BR, which indicates a high
variability in the runoff results. The analysis of the effect of rainfall depth and intensity
provided by the one-way ANOVA showed significant differences in all plots, highlighting
a greater effect of rainfall (Table 5).
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Table 5. Runoff analysis on rainfall depth and intensity using a one-way ANOVA following the
Kruskal-Wallis test (non-parametric).

Rainfall Depth Rainfall Intensity
Kruskal-Wallis 2 2 2 2
X gl p € X gl p £
Plot F 16.6 2 <0.001 0.724 10.4 2 0.005 0.453
Plot B 16.6 2 <0.001 0.723 12.3 2 0.002 0.537
Plot BR 16.2 2 <0.001 0.706 12.2 2 0.002 0.530

Notes: Bold p values show statistically significant relationships greater than a 95% confidence interval.

Furthermore, differences in runoff volume were observed among plots across all
ranges of rainfall, highlighting the strong correlation between runoff and rainfall volume
(Table 6). On the other hand, rainfall intensity only provided differences in all plots within
the 0-10 mm h~! range. Beyond that range, the runoff data recorded in plots B and BR dd
not show significant differences, except for plot F at rainfall intensities above 30 mm h~1.
This finding can be explained by the interception effect of the canopy cover as well as by
the wetting processes of the vegetation, which can store significant volumes of rainfall. The
decrease in runoff occurs at low rainfall intensities, whereas lower vegetation coverage at
higher rainfall intensities decreases the water retention effect [74].

Table 6. Pairwise comparison of runoff volume for different categories of rainfall depth and intensity
using the Dwass-Steel-Critchlow-Fligner method. Rainfall depth: 1st category, values between
0-35 mm; 2nd category, values between 35-70 mm; 3rd category, values greater than 70 mm. Rainfall
intensity: 1st category, values between 0-10 mm h~1;2nd category, values between 10-30 mm h1;
3rd category, values greater than 30 mm h—!.

Rainfall Depth Rainfall Intensity
Pairwise Comparisons
(Dwass Steel Critchlow-Fligner) Plot F Plot B Plot BR Plot F Plot B Plot BR
W 4 w p W 4 w p W 4 w p
Category 1 Category 2 3.63 0.028 3.56 0.032 3.50 0.036 3.59 0.030 4.30 0.007 4.30 0.007
Category 1 Category 3 4.94 0.001 4.93 0.001 4.94 0.001 3.13 0.069 3.13 0.070 3.14 0.068
Category 2 Category 3 3.54 0.033 3.64 0.027 3.43 0.040 2.67 0.142 2.00 0.334 1.67 0.466

Notes: Bold p values show statistically significant relationships greater than a 95% confidence interval.

Compared to the F plot-block, the B plot-block shows an average increase in sediment
equal to an order of magnitude (about five times higher). In comparison to the B plot-
block, the BR plot-block demonstrated a control effect of approximately 20% (Table 3). This
distinction is evident from the average plot-block sediment yield of 0.196 kg (corresponding
to 0.002 kg m~2 and to 0.40 ton ha~! y~! in the F plot-block), 0.791 kg (0.007 kg m~2;
2.07 ton ha=! y~! in the B plot-block) and 1.028 kg (0.009 kg m~2; 1.59 ton ha—! y~! in the
BR plot-block). Similar sediment yields to those produced by the F plot-block were found
in Spain, Israel, and Italy by other authors [33,37,75-78] under similar climatic conditions.

In order to analyse the aspects related to soil erosion, a repeated measures ANOVA
was used to determine the variances among the plots under study. The results showed
the existence of significant differences between all three cases, as confirmed by Durbin-
Conover pairwise comparisons. To establish the effect of rainfall depth and intensity on
each plot, a more detailed study was carried out by applying a one-way ANOVA based on
the Kruskal-Wallis test. The results showed that the effect of rainfall was not involved in
plots B and BR, whereas rainfall intensity was a determining factor (Table 7).

The factorial analysis results made it possible to determine the thresholds at which soil
loss was affected, in which changes were only observed for plot F when rainfall increased
considerably (pairwise comparison of Category 1 vs. Category 3). The effect of intensity
on sediment production was higher, revealing significant differences between categories 1
and 2 in all three analysed plots (p values: 0.033, 0.047, and 0.027 for plots F, B, and BR,
respectively). However, for the rest of the pairwise comparisons, there were no differences
(Table 8). Therefore, rainfall intensities below 10 mm h~! determined differences in sediment
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yield depending on the rainfall events. However, higher rainfall intensity resulted in erosion
processes to varying degrees in every plot due to the rise in kinetic energy of raindrops [79].

Table 7. Sediment statistic analysis on rainfall depth and intensity using a one-way ANOVA following
the Kruskal-Wallis test (Non-parametric). Bold values show statistically significant relationships
greater than a 95% confidence interval.

Pl Rainfall Depth Rainfall Intensity
ot

x> gl p g2 x> df p g2
Plot F 6.34 2 0.042 0.276 8.36 2 0.015 0.364
Plot B 3.12 2 0.211 0.135 6.35 2 0.042 0.276
Plot BR 2.44 2 0.295 0.106 7.26 2 0.027 0.316

Notes: Bold p values show statistically significant relationships greater than a 95% confidence interval.

Table 8. Rainfall depth and intensity category pairwise comparison in sediments using the Dwass—
Steel-Critchlow-Fligner method. Rainfall depth: 1st category, values between 0-35 mm; 2nd category,
between 35-70 mm; 3rd category, greater than 70 mm. Rainfall intensity: 1st category, values between
0-10 mm h~'; 2nd category, between 10-30 mm h~!; 3rd category, greater than 30 mm h~!.

Rainfall Depth Rainfall Intensity
Pairwise Comparisons
(Dwass Steel Critchlow-Fligner) Plot F Plot B Plot BR Plot F Plot B Plot BR
W 4 w p W 4 w p w 4 w p
Category 1 Category 2 0.142 0.994 1.706 0.450 1.14 0.701 3.54 0.033 3.35 0.047 3.64 0.027
Category 1 Category 3 3.522 0.034 2.241 0.252 2.11 0.294 2.64 0.148 1.92 0.363 1.92 0.363
Category 2 Category 3 2424 0.200 0.808 0.836 1.01 0.755 1.33 0.614 0.00 1.000 0.00 1.000

Notes: Bold p values show statistically significant relationships greater than a 95% confidence interval.

4. Conclusions

The results of the plot-scale experimental investigation conducted after the extreme
wildfires in August 2021 in Calabria, Italy, generally support the effectiveness of the in
situ contour re-direction of felled burned logs, inspired by log erosion barriers, in terms of
runoff and sediment yield control. This approach shows promise as a means of promptly
stabilizing topsoil and triggering forest auto-regeneration.

The reference forest asset (F) with Pinus radiata shows a runoff volume and sediment yield
conservative control under natural rainfall (about 1300 mm in one year from
24 event groups of 14 to about 250 mm) similar to that previously found in Spain, Israel, and
Italy. However, the presence of randomly felled burned logs (B plot-block) following the high-
intensity /severity wildfire exacerbates the hydrological response, resulting in approximately
five times higher runoff volume and sediment yield. The implemented remediation measure
in September 2021, targeting the 20% sloping plots, showed an overall significant reduction in
runoff volume and sediment yield (30% and 29%, respectively, compared to condition B). A
direct relationship linked the runoff and rainfall volume, while the sediment yield was more
dependent on the maximum 5-min rainfall intensity (ranging from 2.2 to 35.4 mm h~1). With
respect to the existing post-fire situation conditions (bare soil with randomly directed fall-
down burned logs) and the pre-fire Pinus radiata asset, a prompt colonization of spontaneous
herbaceous vegetation was observed three weeks after the treatment. This was followed by
the establishment of natural forest renewal within five weeks. There was a positive correlation
between the increased vegetation cover stage in the areas behind the re-directed logs and
the reduction in both runoff volume and sediment yield. The implemented measure was
exclusively manual and has the potential to be economically/environmentally sustainable. It
also complies with the stringent Italian law on burned forests, making it well-suited for timely
intervention in hydrogeologically fragile contexts.

An extended monitoring period and further in-depth research are required to further
understand the effects of the treatment at higher rainfall intensities and operational slopes
(e.g., 30% or more), as well as to explore other aspects (e.g., regulatory, biological, mechani-
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cal, economic. These efforts aim to establish a comprehensive framework that is effective in
developing protocols and facilitating the dissemination of this measure.
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Appendix A

Table A1. Main characteristics of rainfall events recorded by the meteorological station located in
Roccaforte del Greco, Southern Calabria, Italy.

Number of Rain Cumulated Maximum 5-min
Month Event Group D. y Rainfall Depth Rainfall Intensity
ays 1
(mm) (mm h-1)
1 2 36.4 18.0
September 2021 2 3 15.8 13.0
3 6 79.6 22.4
4 3 19.4 6.0
5 3 752 16.0
November 6 2 14.0 46
7 5 249.4 30.6
8 5 180.2 10.2
9 5 66.4 10.6
10 2 334 9.0
November 11 2 200 106
12 4 37.2 44
13 5 14.4 2.6
December 14 5 70.4 7.8
15 3 34.2 3.2
January 2022 16 6 23.8 5.4
Februar 17 3 24.4 114
Y 18 2 35.6 54
March 19 5 58.8 3.4
April 20 3 14.0 2.2
May 21 4 53.2 7.0
June 22 1 17.4 4.6
August 2022 23 7 105.4 35.4
September 2021-August 2022
(12 months) 86 1278.6 -

September 2022 24 2 89.0 18.6

Overall period 24 88 1367.6 (2.2-35.4)
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