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Abstract: Our study was conducted in the suburban forest of Thessaloniki (Seich Sou), which consti-
tutes one of the most significant suburban forests of Greece and is located northeast of Thessaloniki.
In 1997, more than the half of the forest area was destroyed by a wildfire, while recently (May 2019),
a significant insect outbreak by the bark beetle Tornicus piniperda was detected. The insect action still
goes on, while the infestation has destroyed so far more than 300 ha of forest area. Extensive selective
logging and removal of infected trees from the forest were carried out in order to mitigate and restrict
the outbreak spread. In the current study, silt-fenced erosion plots were installed on representative
locations of disturbed (by fire and insect action) and undisturbed areas, in order to quantify the effect
of the above-mentioned forest disturbances on soil erosion and correlate the height and intensity of
precipitation with the soil erosion rate. The results show that there was no statistically significant
increase in soil erosion in the areas of insect outbreak compared with the control plots. However,
there was a statistically significant increase in soil erosion in areas where logging works had been
applied as an infestation preventive measure. In addition, the study revealed that 25 years after the
forest fire, the erosion rate is still at higher level compared with the undisturbed forest areas. This
study could be considered as one of the first attempts to evaluate the impact of an insect outbreak
infestation on soil erosion, while there is also a great lack of information concerning the assessment
of long-term post-fire effects on the soil erosion of a forest ecosystem.

Keywords: bark beetle; erosion control; forest fire; insect; infestation; logging; rainfall; rill erosion;
Tomicus piniperda

1. Introduction

Soil erosion constitutes a serious environmental problem of a global impact and
could be considered as a threat with long-term effects and different intensity levels among
different areas [1]. Soil erosion involves two stages, the detachment of soil particles by the
corrosive action of rain and the subsequent transfer of them through the surface runoff
and wind forces [2]. The process of soil erosion could be characterized as the result of
interaction between erosivity (forces that cause motion) and erodibility (soil resistance to
movement) [3].

In the natural environment, the loss of soil is balanced by the parallel soil regeneration
through rock weathering and pedogenesis. However, there are several cases in which the
rate of erosion may be increased because of the destruction of the protective vegetation
cover, attributed mainly to biotic and abiotic factors. Land use changes, forest wildfires,
insect outbreaks, intensive tillage, and wrong soil conservation practices are some of the
main disturbances, which result in increased rates of soil erosion [4-7]. Significant environ-
mental consequences of soil erosion include water quality deterioration, soil degradation,
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floods, and land disasters [8], as well as increased sediment generation, transportation, and
deposition in natural lakes and water reservoirs [9-12].

Forest wildfires are the most destructive phenomena that significantly affect the rate
of soil erosion. The destruction of surface forest vegetation, the thermal effect on the
soil, the decrease of soil organic matter, the ash cover, and the reduction of biological
activity, can cause the increase of surface runoff and flood events [7,13-17]. The negative
effects of fires on the forest ecosystems can be exacerbated, especially in the Mediterranean
region where the appearance and impact of fires are even more intense, by the presence
of fire-prone vegetation, the dry and hot summers, and the frequent events of intense
rainfalls [17-20]. Additionally, the type and recovery rate of vegetation after a wildfire
is one of the most important factors that highly influences the runoff and soil erosion
rates [21,22] However, most of the recent studies have dealt with areas that were affected
by forest fires, focusing mainly on the “disturbance window”, which is defined as the
period of the highest soil losses (compared to the period before the forest fire) and usually
ranges between 3 to 10 years [8,23-28]. The literature review reveals that there are only few
studies investigating the long-term post-fire effects on soil erosion rates, especially those
examining the period beyond 20-30 years after the forest wildfire [13,29].

In addition, other natural-related catastrophes, such as the insect outbreaks, have been
on the rise in European forests over the recent decades [30,31]. The destruction of large
forest ecosystems by biotic factors usually leads to significant economic losses and ecologi-
cal disturbances and, in others, to increased soil erosion [32,33]. After an insect outbreak,
the potential changes in surface runoff interception in the infected forests could generate
increased flood events and soil erosion, even though these negative impacts are strongly in-
fluenced by the particular watershed characteristics and the applied management practices
responding to the forest disturbances. Most studies underline the fact that insect outbreaks
could potentially affect the soil erosion processes [33-35]. However, very little is known
about the consequences of insect outbreaks on soil erosion rates. Currently, the literature
does not provide thorough information and insightful knowledge on the quantification of
soil erosion and its correlation to insect outbreaks phenomena. Quantitative and qualitative
analysis of soil erosion is of particular importance to scientists and policymakers in order
to assess the potential risk, to plan and apply mitigation measures, and to develop the
appropriate reconstruction strategy for each case.

The current study was conducted in the suburban forest of Thessaloniki (Seich Sou),
which is located at the northeast side of the city, constitutes one of the most important
suburban forests of Greece [36,37], and is integral part of the identity of Thessaloniki [38].
In 1997, more than the half of the forest area was destroyed by a wildfire. Recently (May
2019), there was a significant insect outbreak caused by the bark beetle Tomicus piniperda,
which was recognized after the necrosis of many pine trees (Pinus bruttia L.). Due to the
infestation, more than 300 ha of forest were destroyed, while the infestation still continues.
Extensive selective logging and removal of infected trees from the forest has been carried
out recently in order to mitigate and restrict the outbreak spread.

In our study, in order to quantify the effect of the above-mentioned forest disturbances
on soil erosion, silt-fenced erosion plots were installed on representative locations of
disturbed and undisturbed forest areas. The main objectives of our study were (a) the
quantification of soil erosion in representative areas: 1. areas naturally reforested after the
wildfire of 1997, 2. areas with reforestation failure, 3. areas with insect outbreak, 4. areas
with insect outbreak, followed by logging of dead trees, 5. undisturbed areas as a control;
and (b) the investigation of the potential correlation of the precipitation to the soil erosion
rate in these areas. The goal of the study was to draw conclusions about the long-term
effects of wildfire (1997) on erosion rate and, for the first time in the literature, to estimate
the effect of insect outbreak on soil erosion.
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2. Materials and Methods
2.1. Study Area—1997 Wildfire—2019 Insect Outbreak

The suburban forest of Thessaloniki, known as “Seich Sou”, extends between 22°57’
to 23°04' longitude and 40°35’ to 40°39’ latitude and covers an area of 3025.25 ha (Figure 1).
The land use distribution is forest land (89.7%), crop land (6.6%), and pastures (1.3%), while
the 2.4% corresponds to the ring road and some other special areas. The average age of
“Seich Sou” is about 70 years, and the dominant tree species is Pinus brutia L. The relief of
the forest could be characterized as hilly-semi-mountainous, relatively steep, with a mean
altitude of 306.3 m a.s.], 569.5 m max altitude, and 56.8 m min altitude, while the mean
slope is 26.2% and the dominant aspect is SE-5-SW.

" TR 7
-

.4 Rain gauge

Seich Sou
("% Burned area 1997
~~ Hydrograph

Figure 1. Study area. Thessaloniki suburban forest (Seich Sou). The red polygons depict the areas
where the silt fences were installed; (1) areas naturally reforested after the wildfire of 1997, (2) areas
characterized by reforestation failure, (3) areas infected by insects, (4) areas with insect outbreak and
logging of dead trees, and (5) undisturbed areas as a control.

The dominant rock of the study area is gneiss, which is mainly impermeable to water
and of considerable thickness. Most gneiss lithological types are easily weathered and
covered by loose weathering mantle of ranging thickness, resulting in the manifestation
of springs of usually low yield in its contact with the intact rock [39]. In May of 2001, the
Forest Research Institute [40] of Thessaloniki published a detailed study analyzing the soil
properties of “Seich Sou”, which was based on field research and lab analyses. In general,
the soils of the area can be characterized as shallow, of medium mechanical composition,
mainly sandy loam (SL), and with a distribution of horizons A, B, and C. The horizon A
rarely exceeds 3 cm, while the horizon B is usually absent and is followed directly by the
horizon C which is quite deep. The pH ranges between 6.66 and 7.35, while the soil depth
from 0 to 30 cm.

Based on the available meteorological data [41], the climate of the region could be
characterized as a typical Mediterranean climate, with very dry and warm summers and
relatively mild winters (Figure 2). The mean annual rainfall is 444.5 mm, with a maximum
in winter (December) and a secondary peak in spring (May). The mean annual temperature
is 15.9 °C, the mean max is 20.4 °C, and the mean min is 10.1 °C.
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Figure 2. The climate characteristics of Thessaloniki (HNMS 2020). Bangouls and Gaussen Rain-
Temperature diagram. The dry-thermal period begins at late May and ends at early October.

The environmental and social benefits of this forest ecosystem are undoubtedly signifi-
cant for the prosperity of Thessaloniki area, since it protects the city from floods and reduces
soil erosion, while it contributes to soil formation, groundwater aquifers” enrichment, and
water quality improvement. In general, it improves environmental conditions, absorbs the
carbon dioxide, reduces air pollutants, regulates the urban microclimate, provides oxygen,
and improves further the residents’ life quality, providing opportunities for recreation
activities and environmental education to the public [42—-44].

However, many catastrophic events have occurred in the suburban forest over the last
decades, either by human intervention or by other biotic/abiotic factors, such as diseases
and insect outbreaks, which have caused the degradation of the forest ecosystem.

After the wildfire that took place in 1997, reforestation was implemented mainly
by planting the species of Pinus brutia L., Cupressus sempervirens, Pinus halepensis L., and
Pinus pinea L., as well as the broadleaf species Quercus pubescens and Quercus ilex, while
a significant part of the burned areas was allowed to regenerated naturally [42,45]. In
addition to the forest fire, a serious insect outbreak has been in progress in this forest since
May of 2019. The infestation was identified mainly after the necrosis of many pine trees,
the discoloration of their foliage, and other symptoms of the disease. The insect Tomicus
piniperda is responsible for the destruction, which pre-existed in the forest for many years
but in a much lower, controlled population. Its catastrophic action was recorded from mid-
2019 along with the uncontrolled growth of its population, which can be attributed to the
aging and gradual degradation of the forest by various factors. Due to the infestation, more
than 300 ha of forest have been destroyed (10% of the forest) so far, while the infestation
still continues. Extensive selective logging and removal of infected trees from the forest
have been carried out to mitigate and restrict the infestation spread.

2.2. Field Plots (Silt Fences)—Data Collection

Soil erosion was measured by installing silt fences on field plots (disturbance cases) in
representative forest areas (Figure 1): (1) areas naturally reforested after the wildfire of 1997,
(2) areas characterized by reforestation failure, (3) areas infected by insects, (4) areas with
insect outbreak and logging of dead trees, and (5) undisturbed areas as a control (Figure 3).
The main characteristics of the field plots are the following;:
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Figure 3. Representative photos from the study area: (A) Sediments gathered in silt fence after rainfall
event, (B) plot with insect outbreak and logging, (C) control plot, (D) plot with natural reforestation.

(1): These plots are covered by young stands of Pinus brutia L. with a mean canopy
density > 90%. Due to the dense forest canopy, the sunlight cannot reach the ground, which
results in a very limited understory vegetation. The soil is covered with pine needles.

(2): In these plots, the forest regeneration after the 1997 fire has failed. They are
covered mainly with grass vegetation (>75%) and have scattered areas of bare soil.

(3): These plots have suffered the insect outbreak. The canopy density is <40%, while
the soil is covered mainly by grass and pine needles.

(4): In these plots, the dead trees were cut and removed by the forest service in an
attempt to limit the spread of infestation. During the logging period, low intensity works
were applied. Mainly, load animals were used to carry the dead trees from the logging areas
to the forest road network. However, since the soil has been disturbed by these logging
works and the dragging of logs, small skid trails have been created.

(5): These plots are typical and representative areas of “Seich Sou” Forest. The
mean canopy density is >70%, while there is understory vegetation mainly constituted by
grass/pine needles and sparse bushes of Quercus coccifera L.

The soil erosion in the burned areas was investigated and monitored by our laboratory
directly after the forest fire of 1997 and for a 3-year period [23,43,45]. In this study, the aim
of the field plots in the burned areas was to detect the potential long-term effects of forest
fire on soil erosion.

For the measurement of soil erosion, silt fences have been successfully applied mainly
in the United States in coniferous forests [46-50] and in Israel [51] in conditions similar to
those prevailing in Greece. The main characteristics and advantages of the method are its
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ease of installation in different conditions, the low cost of supply and transportation of the
required materials, and the measurement accuracy [52].

The site selection was based on the prevailing geomorphology conditions of the study
area, taking into account the different conditions created by the forest fire in 1997, insect
outbreak (May 2019), and the logging of dead trees that followed. The aspect (SE-S-SW),
slope (25-36%), and soil properties of the field plots were chosen to be similar among the
plots, in order to eliminate their influence on soil erosion measurements. GIS techniques
were applied to combine these factors and to locate on the map the appropriate similar
and representative areas [53,54]. Extensive field research was conducted toward the final
selection of the exact locations for the silt fences installation. In total, 25 field plots were
installed using silt fences, 5 for each case. Each plot measured 5 m along the contour and
22 m along the slope gradient, covering an area of 110 m? (Figure 4). Small ditches about
15 cm wide and deep were dug at the top of each plot to prevent the surface flow entering
the plot from above [52].

Figure 4. Silt fence during the installation process: (A) hand-dug ditch to insert the geotextile; (B) the
geotextile compacted with ground in the ditch; (C) the silt fence was fastened on 5 metal rebars.

The field plots were monitored from December 2020 to January 2022, in which 17 field
measurements were organized to collect the sediments from the silt fences. After each
intense rainfall or once in a month (in case there was no intense rain), field work was carried
out to collect the sediments retained by the silt fences. The weighing was implemented on
site using a scale of 2 decimal places. A sample of soil material was collected from each
silt fence every time and was later dried in the laboratory chamber at 105 °C for 24 h to
calculate the soil water content and the dry weight of the eroded soil [52]. The sediments
collected from each surface were summed and divided by the area of the field plot (110 m?)
to obtain the annual erosion rate.

2.3. Precipitation—Statistical Analysis

The precipitation data were obtained by the National Observatory of Athens (NOA)
automated meteorological station (MS) [55], which records at 10 min intervals. The NOA
MS is located approximately 1.6 km away from the field plots (Figure 1). Due to the
distance between the NOA MS and the study area and their altitude differences, a second
cumulative rain gauge was installed in the study area to validate the NOA MS records. As
it is evident in Figure 5, there was a slight underestimation of rainfall event values from
the NOA MS, which could be attributed to the altitude difference, and it was taken into
consideration during the statistical analysis.
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Figure 5. Scatter plot of the recorded rainfall events. Correlation between the automate NOA MS and
the daily data from the installed rain gauge.

To examine the effects of the different disturbance cases on soil erosion in relation to
the precipitation, multiple linear regression analysis and analysis of variance (two-way
ANOVA) were applied. The sediment amount values from field plots were considered
as the dependent variable, while the 5 cases, 10 min rainfall intensity, total rainfall per
event, and Antecedent Moisture Conditions (AMC) [56] were considered as independent
variables. First, the “enter” method was applied to investigate all the possible combinations
and relations between the variables. Next, the “stepwise” method was applied to exclude
the non-statistically significant variables from the analysis. The statistically significant
independent variables were subjected to two-way ANOVA in order to investigate the
potential correlation between them. The statistical analysis of all the data was carried out
at a significance level of 0.05.

3. Results and Discussion
3.1. Precipitation

During the field work in 2021, 95 rainfall events were recorded, mainly of low intensity
and variable duration. The year 2021 was a typical year from the aspect of precipitation.
The total annual precipitation was 445.4 mm, which corresponded to the mean annual
precipitation of the last few decades (444.5 mm). It is noteworthy that the majority of the
annual rainfall (405.8 mm) was generated from only 17 rainfall events. Of these 17 rainfall
events, 7 generated little or no measurable erosion, while the remaining 10 events generated
the whole sediment amount of the year (Table 1). More specifically, 68.8% of the annual
precipitation was recorded during the 10 rainfall events.

Table 1. Field observation dates and the rainfall characteristics of the rainfall events and the 5 days’
Antecedent Moisture Conditions (AMC).

. . Total Total . . Duration of
No  rield Observation Rainfall Rain  Rainfal-NOAMs ~ Max 10 min Rainfall Rainfall AMC
Dates Intensity (mm/10 min)
Gauge (mm) (mm) Events (Hours)
1 6 January 2021 40.12 37.80 7.64 24 2
2 13 January 2021 47.33 40.80 1.62 6.5 3
3 31 January 2021 11.35 9.20 0.49 5.6 1
4 25 March 2021 20.94 16.00 0.52 31 1
5 17 April 2021 3.45 3.00 0.23 1.8 1
6 22 April 2021 10.19 7.20 1.98 2.2 1
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Table 1. Cont.

. . Total Total . . Duration of
No  Field Observation Rainfall-Rain  RainfalLNOAMS  ax10min R/a“‘fa.“ Rainfall AMC
Dates Gauge (mm) (mm) Intensity (mm/10 min) Events (Hours)

7 24 April 2021 15.62 12.80 0.98 3.6 1

8 7 June 2021 13.13 11.20 0.70 5.8 1

9 13 June 2021 51.50 24.00 18.45 14 2
10 21 July 2021 18.11 17.20 6.53 0.6 1
11 8 September 2021 28.86 22.60 3.58 2.2 1
12 3 October 2021 33.95 21.00 8.73 3.2 1
13 13 October 2021 53.76 47.80 3.37 15.8 2
14 19 October 2021 82.06 66.00 1.99 29.8 3
15 3 December 2021 31.12 28.00 1.33 7.2 1
16 9 December 2021 18.11 16.20 2.01 3.6 2
17 18 December 2021 26.03 25.00 1.67 134 1

3.2. Field Plots Measurements—The Influence of Insect Outbreak and Long-Term Post-Fire
Disturbances on Soil Erosion

The erosion production values for all the plots and cases recorded in 2021 are presented
in Table 2. The total erosion production from all plots was 0.678 t/ha/year. As it was
expected, the lowest values of soil erosion were recorded in (5) undisturbed areas (the con-
trol) (0.023 t/ha/year), while the highest were recorded in (2) areas of reforestation failure
(0.51 t/ha/year), which was 22 times higher than that of the undisturbed areas (Table 2).

Table 2. Soil erosion values (in grams) of the year 2021 for each case and rainfall event. In the last
row, the total annual erosion rate (t/ha/year) for each examined case is presented.

(4) Areas with Insect

Field Observation I({l) Areas Naturally (2) Areas With (3) Areas with Insect Outbreak and (5) Undisturbed
Dates eforested after the Reforestation Outbreak (No Loggine of Dead Areas—Control (2)
1997 Wildfire (g) Failure (g) Logging) (g) sens &
rees (g)

6 January 2021 117.50 1506.19 45.10 107.97 60.97
13 January 2021 17.33 26.87 7.93 15.06 4.71
31 January 2021 0.00 0.00 0.00 0.00 0.00
25 March 2021 0.00 0.00 0.00 0.00 0.00
17 April 2021 0.00 0.00 0.00 0.00 0.00
22 April 2021 0.00 0.00 0.00 0.00 0.00
24 April 2021 9.73 14.20 5.31 7.12 6.53
7 June 2021 0.00 0.00 0.00 0.00 0.00
13 June 2021 140.54 1964.70 75.26 122.52 63.68
21 July 2021 85.10 22897 30.23 89.89 19.76
8 September 2021 63.97 165.86 30.48 57.89 17.57
3 October 2021 107.61 1355.35 62.61 96.16 42.10
13 October 2021 70.88 192.56 13.55 66.13 22.32
19 October 2021 49.94 94.56 17.58 37.06 8.10
3 December 2021 0.00 16.18 0.00 0.00 0.00
9 December 2021 19.99 30.77 9.81 17.85 7.37
18 December 2021 0.00 12.94 0.00 0.00 0.00
Total annual erosion 0.062 0.510 0.027 0.056 0.023

rate (t/ha/year)

”

Comparing the four disturbed areas, the plots in (3) “insect outbreak (no logging)
presented the lowest soil erosion rate (0.027 t/ha/year). In addition, the difference between
the plots of (3) “insect outbreak (no logging)” and (5) “control” was negligible, suggesting
that the effect of entomological infestation on soil erosion was detectable and measurable,
though very low. On the other hand, the plots with (4) “insect outbreak and logging of
dead trees” showed twice the amount of erosion compared with the plots (3) with “insect
outbreak (no logging)” and (5) “control” plots. As it is widely known, the heavy machinery
or load animals used during the logging process leads to the opening of new harvest tracks
and skid trails, which temporarily increase the soil erosion [57,58]. Additionally, harvest
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tracks and skid trails increase the connectivity with the hydrographic network, intensifying
the transportation of sediment in the streams [59]. This fact showed that logging, as a
measure to limit the infestation spread, could have positive results (not evaluated in the
current study), but it also could trigger negative effects on soil erosion rates. Since this is
the first time that a study addressed and quantified the effect of insect outbreak on soil
erosion rates, it was not possible to compare our results with previous studies’ findings.

Concerning the long-term effects of the 1997 wildfire on soil erosion, the results from
plots (1) with “natural reforestation” showed that 25 years after the wildfire, the erosion
rates were triple (0.062 t/ha/year) compared with the (5) “control” plots (0.023 t/ha/year).
Despite the fact that the erosion rate was very low, the results revealed that the forest ecosys-
tem has not been fully restored. It seems that the widely known “window of disturbance”
has not closed in the reforested area. Previous studies have reported that the “window
of disturbance” begins immediately after the forest fire and spans a range of 3-10 years,
depending on reforestation speed, site quality, and climate conditions [3,24,51,60,61]. How-
ever, most studies usually begin the measurements a few months after the forest fire and
have a short period of monitoring [3], recording mainly the short-term effects. Our study
was conducted 25 years after the wildfire, a fact which could explain why the “window of
disturbance” in “Seich Sou” forest is longer than other areas. Respectively, in a recent study
conducted in eastern Spain [29], the authors reported that 16 years after the forest fire, soil
erosion was negligible, but it was still existent and measurable. In Mediterranean condi-
tions, where the soils are often thin and stony [3], the restoration of the soil erosion rates to
normal levels can take more than two decades, depending on site quality, geomorphology,
and climate conditions.

In addition to the above analysis, it should be highlighted that in areas where the
reforestation has failed (plots 2), the soil erosion rate was found to be eight times higher
than the reforested areas (1) and 22 times higher than that of the control areas (5). The
results confirm the extremely significant positive effect of natural forest regeneration, but
they also reveal the necessity of artificial reforestation especially in cases where the natural
reforestation fails.

3.3. Statistical Analysis—Relationship among Soil Erosion, Precipitation, and Forest Disturbances

The multiple linear regression analysis showed that the AMC and total rainfall per
event were not statistically significant variables and were excluded from further analysis.
These results confirm previous studies’ findings, which reported that long duration rainfall
events independently of the AMC could not produce significant amounts of sediments,
because of the low impact force of raindrops and the higher infiltration rates of excess
runoff [62-64]. Figure 6A depicts the differences between the cases for each rainfall in-
tensity (mm/10 min). It is clear that the plots (2) present a higher erosion rate than the
other plots did, which have relatively similar erosion values. However, focusing on the
plots (1), (3), (4), and (5) of Figure 6B clearly reveals that there were differences among
these plots.

More specifically, between (5) “control” and (3) “infestation (no logging)” plots, there
is no statistically significant difference between the soil erosion values (p value = 0.854).
These two cases presented similar values of erosion with small differences, despite the fact
that plots with (3) “infestation (no logging)” had higher erosion values (Table 2). In fact,
this shows that the insect outbreak did not influence the soil erosion in a significant way. A
potential explanation could be that the standing dead trees with the remaining dry canopy
could to some extent decrease the rain impact on the soil (reduction of speed, drifting
force, etc.). In addition, when the dead trees fall on the ground, they act as contour log
barriers, retaining significant amounts of sediments and reducing the water runoff speed
and the connectivity with the hydrographic network.
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Figure 6. Multiple linear regression analysis. Differences between the cases for each rainfall intensity

(mm/10 min). (A) depicts all the examined cases, (B) zooms in cases 1, 3, 4, and 5.

On the other hand, the plots (1) and (4) presented a statistically significant different
in comparison to (5) “control” and (3) “infestation (no logging)” plots. Logging works
immediately exposed the soil to the rain’s impact, leaving it unprotected against the
corrosive action of rain. Additionally, as mentioned above, the logging works disturbed the
soil, resulting in increased erosion rate. In Table 3, the pairwise comparisons from two-way
ANOVA are provided in detail.

Table 3. Pairwise comparisons among the cases, mean differences, and significance values.

(I) Cases (J) Cases Mean Difference (I-]) Sig. (p Value)
() —379.113 0.000
1) —28.733 0.000
Control (5) 4) —24.630 0.000
3) —2.772 0.854
(5) 379.113 0.000
. . . 1) 350.380 0.000
Areas with reforestation failure (2) @) 354 483 0.000
3) 376.341 0.000
(5) 28.733 0.000
() —350.380 0.000
Areas naturally reforested (1) @) 4102 0.785
3) 25.961 0.005
(5) 24.630 0.000
- . ) —354.483 0.000
Areas with insect outbreak and logging of dead trees (4) 1) 410 0.785
3) 21.858 0.000
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Table 3. Cont.
(I) Cases (J) Cases Mean Difference (I-]) Sig. (p Value)
®) 2.772 0.854
. . . () —376.341 0.000
Areas infested by insects (no logging) (3) 1) 25961 0.005
4) —21.858 0.000

Concerning the effect of rainfall intensity on soil erosion among all cases, the statistical
analysis showed that there is a threshold above which the soil erosion production is more
intense (Table 4). This threshold value is above 6.5 mm /10 min. Specifically, 4.2% of the
variability of soil erosion of the examined cases was attributed to 6.5 mm/10 min rainfall
intensity. Soil erosion variability increases significantly, as the rainfall intensity increases.

Table 4. Two-way ANOVA results. Summary of comparisons between rainfall intensity (mm/10 min)
and the measurements of the different cases (field plots).

Rain Intensity (mm/10 min) F Sig. Partial Eta Squared
0.20 0.000 1.000 0.000
0.50 0.009 1.000 0.000
0.70 0.000 1.000 0.000
1.00 0.007 1.000 0.000
1.30 0.030 0.998 0.000
1.60 0.042 0.997 0.000
1.70 Contrast with the field plot 0.019 0.999 0.000
2.00 measurements 0.523 0.719 0.006
3.40 2.882 0.023 0.031
3.60 1.922 0.106 0.021
6.50 3.923 0.004 0.042
7.60 228.888 0.000 0.721
8.70 184.568 0.000 0.675
18.50 392.331 0.000 0.816

Specifically, for 7.6, 8.7, and 18.5 mm /10 min rainfall intensities, the variability of soil
erosion among all cases is 72.1%, 67.5%, and 81.6%, respectively. There are previous studies
concerning the beginning of intense soil erosion that discuss this threshold value. However,
there are differences among the studies that could be attributed to the different geomorpho-
logical, climate, land cover, and experimental conditions under which the measurements
were conducted [62,65-67]. Generally, the driving factor that mostly influences soil erosion
is the rainfall intensity, but the examined cases also present a statistically significant effect,
mainly during the most intense rainfall episodes (>6.5 mm/10 min.).

It should be highlighted that the mean annual erosion rate, which has been measured
in our study, could be considered as negligible compared with the previous studies con-
ducted in the Mediterranean region [7]. The annual erosion rate in the study area was
0.678 t/ha/year, which could be considered very low, taking into account the lower and
upper limits of soil erosion in Europe (0.1-19.8 t/ha/year) [7,68-70]. Additionally, the
soil erosion rate of the study area is also low when considering that the widely accepted
limits of soil formation in Europe are between 0.3 and 1.4 t/ha/year [68,71,72]. However,
it should be highlighted that low erosion rates are typical in some Mediterranean regions
where the soils are often thin, stony, and already degraded [3,6,73].

4. Conclusions

Our study was conducted in the suburban forest of Thessaloniki (Seich Sou), in which
a serious insect outbreak has been in progress since May of 2019 and has already destroyed
more than 300 ha of forest area (10% of the forest). Extensive selective logging and removal
of infected trees from the forest was carried out to restrict the outbreak spread. In addition,
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in 1997, more than the half of the forest area was destroyed by a wildfire. The current
research quantified the soil erosion using silt fences in representative areas (25 field plots):
(1) areas naturally reforested after the 1997 wildfire, (2) areas characterized by reforestation
failure, (3) areas infected by insects, (4) areas with insect outbreak and logging of dead
trees, and (5) undisturbed areas as a control, and we correlated the precipitation to the soil
erosion rate.

The results show that the erosion rate in the study area was generally low compared
with other Mediterranean regions. However, it was revealed for the first time that the insect
outbreaks could cause a soil erosion increase, depending on the climate, soil properties,
and geomorphological characteristics. Furthermore, it was proven that 25 years after the
forest wildfire, the reforested areas have not been fully restored, and the widely known
“window of disturbance” has not closed in the reforested areas. Additionally, the areas of
reforestation failure exhibited the highest values of soil erosion, indicating the need for
technical reforestation in such cases. Finally, the results reveal that the suburban forest of
Thessaloniki (Seich Sou) is not under significant threat from soil erosion since the erosion
rates are very low and lower than the soil formation rates. However, the results of the
soil erosion of the disturbed areas show that an already degraded forest ecosystem is very
sensitive against various abiotic/biotic threats. Efforts to upgrade the health and quality of
the suburban forest are imperative, while special soil-erosion preventive measures should
be planned by the respective authorities in order to successfully face asymmetric threats,
which are expected to increase in the future due to climate change.
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