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Abstract

Soil physical and chemical properties can be seriously affected by forest operations. There is a
knowledge gap on this topic for oak ecosystems, which can play a significant role in the context
of multiple-use forestry.

The main objective of this study was to analyse forest floor and topsoil changes (0-10 cm) two
years after the application of small-scale thinning (50% reduction of basal area) and clear-cut
operations using mules to carry harvested material in a Northern Greece oak (Quercus frainet-
to Ten) ecosystem. The total amount of forest floor (O;+0, horizons) was reduced by 37.8%
in the thinned and 30.8% in the clear-cut plots compared to control plots. These large reduc-
tions are mainly due to reduction in the O, horizon in the treated plots. Decomposition was
reduced in the treated plots, possibly due to the new drier conditions. Treatments increased
the soil pH but not to a significant extent. No evidence of erosion was found in the experimen-
tal plots due to the protective function of the forest floor and the use of designated mule trails.
The areal extent of soil compaction was limited to only 3% of the total area mainly due to the
careful planning and implementation of animal skidding. Small differences in C (%) and N
(%) were found among control, thinned and clear-cut plots.

The limiting growth factors in Mediterranean oak ecosystems are soil depth and the seasonal
change of soil moisture, especially during the summer dry period. More research on the defini-
tion of the optimum thinning degree and extraction systems in similar ecosystems will be
important to satisfy the need to improve soil characteristics.
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1. Introduction

The role of soil in forest ecosystems is of primary
importance ensured by providing nutrients and water,
supporting plants and their growth and regulating
water yield and infiltration rates (Brady and Weil
2008). With the growing demand for wood globally
(FAO 2018), there is an increased concern about the
environmental impacts of forest operations on forest
ecosystems and their productivity (Venanzi et al.
2016). The importance of mature forests has been gain-
ing interest and awareness because of their unique
ecosystem benefits and their loss from many land-
scapes (Dean and Wardell-Johnson 2010, Gibson et al.
2011, World Resources Institute 2019). Timber harvest-
ing can cause a loss of soil organic matter and nitrogen
(Grigal 2000, Jurgensen et al. 1997), increased soil com-

paction and reduced porosity (Grigal 2000, Marshall
2000, Powers et al. 2005), rutting (Aust et al. 1995),
reduced soil microbial activity (Hartmann et al. 2012).

There is a strong relationship between vegetative
cover and soil condition. Vegetative cover exerts an
important influence on soil (Grigal 2000), whereas soil
condition and characteristics also determine the condi-
tion of the vegetation (Lukina et al. 2019). Soil func-
tions that support plant growth by means of control-
ling plant resource availability (Schoenholtz et al.
2000) can be altered by the impacts of harvesting ac-
tivities such as increased biomass removal (Slesak et
al. 2017) and soil compaction (Solgi et al. 2016). As a
result, understanding the impact of forest operations
on soil productivity is critical. The effects of organic
matter removal and soil compaction on soil properties
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are site-specific, which generally aligns with concepts
of soil quality and its influence on vegetative growth
(Slesak et al. 2017).

Soils in the Mediterranean region are particularly
affected by erosion (Pereira et al. 2017) with an associ-
ated loss of topsoil. The loss of organic-rich topsoil is
regarded to be the greatest degrader of soil quality
and, in most cases, cannot be restored (Alewell et al.
2015). The impact of forest operations on forest soil
and water continue to be an issue of concern to forest
management. Research that has evaluated the impact
of forest operations on forest soil and water is gener-
ally limited to mechanized operation (McFero Grace
et al. 2006).

A large number of oak ecosystems are found in
Greece, varying from evergreen shrublands along the
coastline to productive forests in higher elevation areas.
These ecosystems are important as they constitute 44%
of the total forested area of the country (Ministry of
Agriculture 1992). Hungarian or Italian oak (Quercus
frainetto Ten. or Quercus conferta Kit.) are the most wide-
ly distributed oak species in Greece (Konstantinidis et
al. 2002) and are also native in parts of Italy, the Balkan
peninsula, Hungary and Turkey (Tutin et al. 1996). The
Greek Forest Service manages these oak ecosystems for
both timber and non-timber ecosystem services (recre-
ation, erosion protection, water yield production).

In Greece, the low harvest volumes per hectare and
the lack of investment capital or a well-trained forest
workforce currently inhibit the implementation of
highly mechanized harvesting systems (Koutsianitis
and Tsioras 2017). The implementation of small-scale
forestry has been reported to provide both a quantita-
tive and qualitative improvement of heavily degraded
forest soils (Dafis and Kakouros 2006). This objective
isimperative in Greece, given that half of the country’s
total area is covered by the most important water pro-
ducing areas such as forests and rangelands (Ministry
of Agriculture 1992).

There is an increasing interest in the use of forested
areas for improving soil characteristics such as soil
carbon (Aryal et al. 2013, Alvarez and Rubio 2016), and
soil nitrogen (Homyak et al. 2008). However, the lit-
erature examining the effects of different harvesting
treatments in the Mediterranean region is limited
(Marchi et al. 2016) and often crucial information on
the harvesting systems is lacking (Cambi et al. 2015).
This topic has been studied in Greece for Q. frainetto
by Alifragis (1984) and Ganatsios (2004). Internation-
ally, the impacts of thinning operations on soil have
been examined much less than those of clearcutting
due to many factors (e.g. more often even-aged man-
agement is used as the silvicultural method, setting of
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specific research goals such as examining the use of
forests for flood control) (Serengil et al. 2007). Addi-
tionally, the comparability of results is difficult, if not
impossible, due to the differences between the ecosys-
tems examined and their respective attributes.

This study evaluated the effects of the use of mules
to transport harvested Q. frainetto during clearcutting
and thinning operations in Northern Greece on the
forest floor and topsoil (0-10 cm) properties (organic
C, organic N and pH) under the broader objective of
improving forest soil conditions.

2. Materials and Methods

2.1 Study Area

The study was conducted in the Taxiarhis University
Forest (TUF) (40°25'45.91"" N, 23°30'18.90” E), man-
aged by the Aristotle University of Thessaloniki in
Greece, primarily for educational and research pur-
poses (Fig. 1). TUF has an area of 3895 ha, is located in
central Halkidiki and is dominated by hardwoods,
mostly Q. frainetto. TUF is representative in terms of
its topography, soil characteristics and tree species of
the Mediterranean coppice stands and is also one of
the most studied forests in Greece, where experiments
have been carried out in many fields such as silvicul-
ture, soil science and hydrology. Its forest ecosystems
are under sustainable management and support older,
more mature, self-dependent ecosystems capable of
producing multi-purpose ecosystem services.

The study area has a typical temperate mesother-
mal climate (subtype CSb), according to the Képpen
classification system (Chen and Chen 2013). While
moderate temperatures (average annual air tempera-
ture 11.4° C) and rainy weather prevail during the
winters, summers are characterized by a short hot and
dry period. Mean annual precipitation is 795 mm,
which mainly falls from October to March. All climat-
ic data are collected at the TUF weather station (860 m
above sea level), located only 150 m away from the
boundaries of the study area (exposure SE).

Soil parent material is vertically stratified schist
(mica and talc). The soil is acidic (pH 4.5-5.2) with a
subangular blocky structure. The soil belongs to Chromic
Luvisols (IUSS Working Group WRB 2006) and could
be described as degraded due to a history of intense
erosion. More specifically, the protective vegetation
cover has been removed as a result of alternating land
uses in the past, including intensive wood harvesting,
grazing and use of the area as agricultural land
until the 1950s. After that time, the area was re-
stored to its forest land status, and currently the soils
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Fig. 1 Overview of study plots before and after treatment and animal trail network

are well-protected from erosion by vegetation and for-
est floor. The soil has an average depth of 45-60 cm in
the upper part of the plots and is deep (>90 cm) only
at the lower part of one plot. The soil is fertile but un-
der the prevailing stand conditions, the limiting factor
for forest growth is their depth and seasonal change
of soil moisture. Annually, these soils are dry for more
than two months during the summer period.

The forest floor, comprised of both the O, (litter
layer composed of leaves and branches) and the O,
(decomposed organic material) horizons, has a mean
depth of 4-5 cm that increases infiltration and decreas-
es overland flow. For this reason, little soil erosion is
currently evident. The H horizon (humus layer) is
found below O, and consists of well-decomposed or-
ganic material (Fisher and Binley 2000). It is thinner
with a mean depth of 0.5-1 cm and, in the context of
our study and for practical reasons, it has been includ-
ed in O,. According to Alifragis (1984), the decomposi-
tion rate within the H horizon is high as a result
of favorable temperature and moisture conditions
(Alifragis 1984). Once the forest floor is removed, the
topsoil characterized by a high organic matter content
and a sandy clay loam texture is revealed.

2.2 Study Layout

The predominant tree species in the study plots are
Q. frainetto and Fagus spp. Tree age ranges from 45 to
53 years and the forest stand is healthy with an aver-
age tree height of 16 m. Dry treetops can be witnessed
inisolated instances only after dry periods. During the
summer, canopy closure is 100%.

Four plots (W2 to W5), having micro-catchment
characteristics (area range 1558-2000 m?) were estab-
lished in the study area, based on their almost identical
attributes in terms of exposure, size, shape, mix of tree
species and former management actions (Fig. 1). The
soil has an average depth of 45-60 cm in the upper part
of the plots and is deep (>90 cm) at the lower part of
only one plot. Site quality ranged between medium
and good. A detailed description of the study layout
is presented in Ganatsios et al. (2010).

The four plots were used for data collection for
various experiments in the past. Plot W5 was previously
used during a five-year study until 1984 (Alifragis 1984)
and, in our case, was used as the control plot where no
vegetation was removed. The upper part of W3 (W3a)
served as our second control plot. A professional
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Table 1 Study plot characteristics by treatment
Plots
W2 W3a W3b W4 Wiab W5 Total
Treatment thinning control clearcut clearcut thinning control -
Number of trees in plot 241 107 124 85 85 365 1007
Tree density, trees ha” 1247 1460 1503 1104 966 1825 -
Basal area, m* 29 9.3 10 8 10 36 102.3
Standing volume, m* ha 149 126.9 121.1 103.9 115.8 180 122.3
Number of harvested trees 99 0 124 85 4 0 349
Harvested volume, m’ 10.8 0 10.3 8 3.8 0 33
Area, m’ 1946 733 825 770 864 2000 7138
Slope range, % 10-30 5-20 5-20 0-10 0-10 0-5

forester marked removal trees in the other study plots.
In W2 the basal area was decreased by 50%. W3b and
W4a were clearcut and in W4b, 50% of the trees were

removed. Study plot characteristics are reported in
Table 1.

Harvesting operations in TUF are practiced motor-
manually by a forest workers’ cooperative and are
closely supervised by the Greek Forest Service. As de-
scribed in the management plan, all thinning opera-

tions aim to convert the existing coppice into a high
quality forest (Taxiarhis University Forest 1991).

All harvesting operations were conducted by a
team of three forest workers who used chainsaws for
tree felling, delimbing and bucking in October 2001.
The forest workers had an average of 12 years of expe-
rience felling, delimbing and bucking in thinnings and
clearcut areas. Once severed from the tree, processed
firewood and thicker branches were bunched together

Fig. 2 Manual felling and processing with chainsaw (a), wood extraction by mules (b), loaded travel (c) and unloading point (d)
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and loaded on two mules, which were also used for log
extraction (Fig. 2). The mules always stayed on trails
where they were loaded to carry around 200 kg prior
to transporting their load to a centralized location. The
forest workers were instructed to minimize the number
of skidding cycles (each cycle consisted of empty trav-
el, loading, loaded travel and unloading) and to use
pre-existing animal skidding trails to minimize the area
affected by soil compaction. Fine woody debris, in the
form of branches with a maximum diameter of 10 cm
(Nordén et al. 2004) were removed from the study plots
and manually dispersed to adjacent forested areas out-
side of the study plots. Only the stump and the root
system of the harvested trees remained in the forest in
order to facilitate the comparison between treatments.
The in-woods harvest process was closely monitored
by the study team.

2.3 Sampling and Data Collection

Prior to implementing the harvest treatments,
baseline data was collected. These data included an
inventory of all the trees in the four plots with their
exact position recorded using a GPS, their DBH and
total tree height. Our study focused on changes at the
soil depth of 0-10 cm, because the upper portion of the
topsoil is more susceptible to observed changes after
harvesting treatments in Mediterranean ecosystems
(Gakis et al. 2003). Furthermore, soil organic C and N
concentrations were measured as they are important
regulating factors of microbial activity and soil fertil-
ity (Salmon 2018).

Systematic sampling was carried out with the use
of a sampling grid (Kohl and Magnussen 2016). Thirty
soil sampling points were designated in each of the
plots W2-W5, or 120 in total. A square frame (25x25 cm)
was used to delimit the sampling points where:

=> all the forest floor was collected

= soil samples from depths of 0-2, 2.1-5 and
5.1-10 cm were put in separate plastic bags,
labeled and transported to the laboratory for
analysis. The sampling process was repeated
two years after the harvesting treatments.

The network of animal skidding trails was mapped
with a measuring tape and GPS coordinates were
taken with a Garmin eTrex”handheld device after the
wood extraction was completed. Furthermore, the
width of the trails was measured every 5 m in order to
determine their areal extent prior to and after harvest.

2.4 Laboratory Measurements

Forest floor samples were dried at 84°C until a con-
stant weight was achieved and weighed in the labora-
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tory. All mineral soil samples were air dried and sieved
through 2 mm mesh screens and stored in numbered
boxes.

Sample pH was determined using a glass electrode
on a soil/water suspension (1:1, by weight) (Miller and
Kissel 2010, Kavvadias et al. 2001). Soil organic carbon
was determined by means of wet oxidation (Papaioannou
2013). Finally, organic N was determined using the
Kjeldahl method (Stevenson 1982).

2.5 Soil Erosion

Soil erosion was measured by means of graduated
metal pins (Myers et al. 2019). Ten erosion pins were
randomly inserted in each plot before the harvesting
operations and were examined two years after.

2.6 Statistical Analysis

One-way ANOVA was used to assess the signifi-
cance of observed differences in means. Tukey’s HSD
post-hoc test was used to identify homogeneous groups
of means among different treatments and soil depths
(Zar 1999). All statistical analyses were conducted with
the SPSS software version 23 and R version 3.5.1 (R Core
Team 2018). Significance level was set at 0.05.

3. Results

A total of 349 trees were harvested during the
study resulting in 33 m’ of firewood produced (Table
1). A thinning rate of 37% of the standing volume was
applied to thinned plots. The number of harvested
trees per plot ranged from 41 to 124, depending on the
basal area and the treatment type. No deviations from
the guidelines given to the forest workers were ob-
served by the study team.

3.1 Forest Floor Changes

The results of the forest floor change two years af-
ter treatment application are presented in Table 2. Data
analysis revealed significant differences (F=27.759,
p<0.0001) among the treatments in the O, horizon, where
the control plots (15,316 kg ha™) were characterized by
45.7% more forest floor than the thinned (8206 kg ha™)
and 56.6% more than the clearcut (6558 kg ha™) plots.
On the contrary, no significant differences (F=1.533,
p=0.219) were identified among the treatments in the
O, horizon, where the mean values ranged from 4749
to 5372 kg ha™. Asin O,, the amount of O; in the forest
floor within the thinning treatment was found to be
higher compared to the clearcut plots.

Similarly, the total amount of forest floor (O,+O,)
was found to be significantly different among the three
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Table 2 Forest floor weight (kg ha) and 0,/0, ratio in study treatments two years after harvest operations

Control Thinning Clearcut
Variable Before treatment g tZ::{;ZEfr Before treatment g t:::{;g:fr Before treatment 2t\r/s:trrsnae:fr
0, 5238° 5372° 5846 * 4815° 5151° 4749°
0, 15,118° 15,316 ° 15,097 8206° 11,177° 6558 °
0,+0, 20,356 ° 20,688° 20,942° 13,021° 16,328" 11,307°
0,/0, 2.88° 2.85° 2.58° 1.70° 2.17° 1.38°

treatments two years after the harvest operations
(F=24.743, p<0.0001) following the considerable changes
in O,. More specifically, O,+O, was found to have, in
descending order, its highest value in the control plots
(20,688 kg ha™), the thinned plots (13,021 kg ha™) and
finally in the clearcut plots (11,307 kg ha™) (Table 2).

In our study, the O,/O, ratio was 2.85 in the control
plots and decreased to 1.70 and 1.38 in the thinned and
clearcut plots, respectively (Table 2). These differences
were significant (F=10.546, p<0.0001).

3.2 Surface Soil Changes

The results of the soil sampling analysis for pH and
organic C (%) and organic N (%) concentrations are
included in Table 3. We found that pH decreased with
increasing soil depth. Soil pH ranged from 5.019 to
5.119 and from 4.830 to 4.988 at soil depths of 0-2 cm
and 5.1-10 cm, respectively. At all depths (0-2, 2.1-5
and 5.1-10 cm), the pH values of clearcut plots were
significantly higher than those of the other two treat-
ments with the exception of the thinning treatment at
the depth of 5.1-10 cm.

The concentration of organic C decreased with in-
creasing soil depth. In all treatments and starting from

the 0-2 cm depth, C values ranged from 4.944 to
5.177%, from 3.977 to 4.870% for the 2.1-5 cm depth,
and from 3.747 to 4.160% at the depth of 5.1-10 cm
(Table 3). The decrease of organic C was significantly
different only at the depths of 2.1-5 cm (F=44.382,
p<0.0001) and 5.1-10 cm (F=6.384, p<0.0001) among the
three treatments. At all soil depths, the largest concen-
tration of organic C was found in the clearcut treat-
ment followed by the thinning and control treatments.

Similar trends were noted for organic N, whose
concentration decreased with increasing soil depth.
Organic N values ranged from 0.257 to 0.451% within
the 0-2 cm depth, 0.416 to 0.221% for the 2.1-5 cm
depth, and 0.168 to 0.302% at the depth of 5.1-10 cm
(Table 3). The concentration of organic N was signifi-
cantly different among all treatments with the excep-
tion of the 5.1-10 cm. At all soil depths, the largest
concentration of organic N was measured in the con-
trol treatment followed by the thinning and clearcut
treatments.

At the 0-2 cm soil depth, the C/N ratio differed
among the treatments ranging from 10.96 to 20.14
(F=1133.907, p<0.0001) (Table 3). The lowest ratio (9.56)
was recorded in the control plot within the 2.1-5 cm

Table 3 Mean values of pH, organic C (%), organic N (%), and C/N ratio per soil depth and treatment two years after the harvest operations

pH C, %
Variable 0-2 | 215 | 5110 0-2 21-5 5.1-10
cm
Control 5.019° 4.997° 4830° 4.944° 3977° 3.747°
Thinning 5,078 ° 5.020° 4940 5.104° 4427° 3924
Clearcut 5.119" 5.089° 4.988° 5.177° 4870° 4160°
N, % C/N
Variable 0-2 215 5.1-10 0-2 215 5.1-10
cm
Control 0.451° 0416° 0302° 10.96° 9.56° 12.40°
Thinning 0314" 0.263" 0,187° 16.25" 16.83" 2098"
Clearcut 0.257° 0221° 0.168° 2014° 22.03° 24.76°
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depth (F=1341.897, p<0.0001). The thinning and clear-
cut treatments had C/N ratios that were 76.04% and
130.44% higher, respectively, than the control treat-
ment. Significant differences between thinning and
clearcut C/N treatment means were not found at the
5.1-10 cm soil depth (F=1.497, p=0.249).

3.3 Areal Extent of Soil Compaction and Surface
Erosion

The harvesting system used in the study imposed
very limited influence on soil compaction. Animal
skidding was limited to the existing trails that covered
less than 3% of the study area. The majority of the
trails were used for only two skidding cycles during
the wood extraction phase of the operation, with the
exception of the central trail that led to the drop-off
point, close to the forest road. Furthermore, the trail
width remained unchanged apart from a very limited
number of cases. However, even in these cases the in-
crease was minimal and hard to identify.

The most intense rain incident during the study
period was recorded one month before the treatments
were applied (49 mm in 3 h). No erosion was observed
post-harvest because the soil was dry and ground veg-
etation was retained intact during the harvesting op-
eration. No displacement of the forest floor on the
surface soil was observed either at the sampling spots
or on the animal trails. As expected, the forest floor
acted as a protective shield.

4, Discussion

4.1 Change in Organic Matter

Skidding operations may lead to considerable im-
mediate reductions of organic matter, depending on
the slope, traffic intensity and equipment used. Such
reductions may be up to 64% (Naghdi et al. 2016b) and
93% (Naghdi et al. 2016a) of the organic matter on the
skid trails, as reported by two studies in hardwoods in
Northern Iran. The forest floor dry weight (O,+O,) was
36% lower in the thinned plots and 44.5% lower in the
clearcut plots as compared to the control plots. Marchi
etal. (2016) reported similar results with the amount of
organic matter being higher in the control area than in
other treatments after examining the impacts of log-
ging operations in Mediterranean Quercus cerris cop-
pice stands with applicable standards. In North America,
Hix and Barnes (1984) reported a 35% reduction of
organic matter weight in mixed stands 46 years after
applying the treatments, while Briggs et al. (2000) re-
ported a 47% reduction in conifer stands four years
after treatment application. In other studies, the amount
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of organic matter increased after applying logging
treatments in hardwoods in North America (Johnson
et al. 1991, Yanai et al. 2000). However, the results are
not directly comparable due to the different tree spe-
cies, site and stand conditions and the time span be-
tween the harvesting treatment and data collection.

For the control plot W5, Alifragis (1984) reported a
forest floor dry weight (O,+O,) of 13,368 kg ha™ as well
as a net input of organic matter to the forest floor of
917 kgha for a period of two years. At that time, trees
were 34 years old. Our reported mean value for the
control plots was 20,688 kg ha™. During the harvesting
operations in this study, all branches were removed
from the plots, and the biomass was equivalent to
5732 kg ha™', which is comparable to the initial amount
of O, horizon (5372 kg ha™) in the control plots. The
reduction of organic material can be attributed to the
lower input of foliar litter on the ground in the two
years after the harvest occurred (Alifragis 1992, Brix
1981, Klemmedson 1987) as well as the increased de-
composition rate of the forest floor (Alifragis 1992). In
the O, horizon of the thinned and clearcut plots, the
reduction was limited (8.1% and 9.3%, respectively).
According to Wallace and Freedman (1986), the input
changes of organic material on the forest floor after
harvesting hardwoods in Canada are more important
than the changes in decomposition rates.

The control plot was characterized by 45.7% more
O, horizon than the thinned and 56.6% more than the
clearcut plots. These considerable differences suggest
the large impact of harvesting treatments on the re-
moval of O,. Reports of forest floor reduction after
hardwood logging in North America are very com-
mon, especially when mechanized skidding equip-
ment is used, due to the mixing of the O, horizon with
inorganic soil (Huntington and Ryan 1990, Mroz et al.
1985, Ryan et al. 1992, Yanai 1998). The use of machine
skidding equipment was forbidden in TUF in order to
minimize adverse impacts of harvesting treatments to
the residual stands. The overall level of harvest mech-
anization in Greece is still relatively low (Tsioras 2012)
but is increasing due to the declining number of forest
workers. Thus, the reduction in forest floor in Greece
due to the use of skidding machinery should be ad-
dressed in future studies.

Harvesting leads to a significant reduction of soil
organic matter (Jurgensen et al. 1997). The reduction
of organic matter found in the current study suggests
higher decomposition rates in thinned plots as com-
pared to clearcut plots. Thinning, in general, is consid-
ered to be a tool for improving decomposition, humi-
fication and mineralization in forest soils (Grigal 2000,
Swank and Webster 2014, Yanai et al. 2000). However,
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intense canopy reduction (40% of basal area removed)
reduced decomposition rates of oak foliar litter under
Mediterranean conditions (Bravo-Oviedo et al. 2017).
Such dissimilarities to decomposition rates may be at-
tributed to different altitude and climate. Further-
more, the thickness and the quantity of forest floor
varies according to the season (Paudel et al. 2015).

As the amount of forest floor is higher in mature
forests than in young or middle-aged forests (Yanai et
al. 2000), the harvesting system applied will have dif-
ferential impacts on the forest floor and soil distur-
bance. Motor manual harvesting operations have been
reported to cause less soil disturbance as compared to
the use of heavy machinery (Naghdi et al. 2015, Wang
1997, Spinelli et al. 2014). Wood extraction methods
can be ranked in order of decreasing impact to soil:
whole tree skidding, tree length skidding/shortwood
forwarding, tree length cable crane, and shortwood
cable crane (Worrell and Hampson 1997). Another im-
portant, but not frequently discussed, issue is the im-
pact of the human factor on the quality of harvesting
operations and thus the site. The magnitude of envi-
ronmental impacts is to a large extent influenced by
the responsible workforce (Tsioras and Liamas 2015),
whose limited skills may pose an additional threat to
soil and residual stand.

4.2 0,/0O, Ratio

Analysis of the O,/O, ratio can provide useful in-
formation on the decomposition rate of the organic
material. More specifically, lower O,/O, ratios suggest
lower decomposition rates. The highest, almost simi-
lar, O,/O, ratios were observed in the control plots be-
fore (2.88) and two years after harvesting (2.85), re-
spectively. This small reduction could be attributed to
the proximity of one of the two control plots (W3a) to
W3Db (clearcut plot) and the improved decomposition
conditions due to incoming solar radiation on the soil
surface after the clearcut treatment (Coulombe et al.
2017, Papaioannou 2015). On the contrary, the lowest
O,/O, ratios were observed two years after treatment
in the thinned (1.70) and clearcut plots (1.38), suggest-
ing the importance of the harvesting intensity on the
decomposition rate. Generally, the wide range of the
O,/O, ratio may be attributed to site-specific factors,
such as the forest soil type, decomposition conditions
of organic material and forest stand conditions
(Kavvadias et al. 2001). Similar results of increased
decomposition rates have been reported during the
management of chestnut forests at Mountain Athos in
Greece (Papaioannou 2013).

Based on the previous study in the area by Alifragis
(1984), 75% of O, should have been completely de-
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cayed within 24 months after logging. Nevertheless,
that result was not validated by our findings as the
differences regarding the amount of O, among control,
thinned and clearcut treatments were limited.

In the control plots, the weight of the O, horizon
was approximately three times larger than that of the
O, horizon (Table 2), whereas in the thinning and
clearcut treatments the weight of the O, horizon was
almost twice as much as in O,, where there was lim-
ited reduction in the O, horizon. The reduction of O,
within the thinning and clearcut treatments may result
from a deterioration of decay conditions created by the
removal of canopy.

Woody debris preserves the forest floor which
regulates soil temperature and moisture conditions
(Bonanomi et al. 2019). Additionally, detrital thickness
is responsible for creating a more balanced microcli-
mate for soil organisms (Fekete et al. 2016). The treat-
ments applied in this study removed all harvested
coarse wood. After intense logging, as in our case with
the thinning and clearcut treatments, reduction of de-
composition rates for broadleaved ecosystems within
the temperate zone has been reported (Remezov and
Pogrebnyak 1969). Temperature is considered a prime
factor in determining the rates of litter decomposition
(Krishna and Mohan 2017). Drought, especially in the
early stages of decomposition, can limit microbial ac-
tivity; later on, litter has an increased ability to retain
water (De Santo et al. 1993). Similar or lower decom-
position rates in clearcut areas have also been observed
and attributed to the negative effects of temperature
extremes and drier surface conditions on microbial
activity (Prescott 1997, Palviainen et al. 2004).

4.3 pH, C, N and C/N Changes in the Topsoil

In our study, harvesting increased pH up to a 10 cm
depth. pH was found highest in clearcut plots (pH=5.04),
followed by thinned plots (pH=4.99) and, finally, by
the control plots (pH=4.92). This might be correlated
to the increased precipitation measured in the area
during the study period (Ganatsios et al. 2010). Soil pH
is affected by many factors. Canopy exerts an impact
by changing acid conditions of throughfall water
(Kelly and Strickland 1986) as well as tree trunks
during stemflow (Crozier and Boerner 1986). In cold
and wet climates, acid production resulting from
decomposition of organic residues and humification can
reduce pH (Pritchett 1979). Nonacid cations are depleted
from the soil (or exchangeable complex) during decom-
position as they are replaced by acid cations (Alifragis
1984).

Marchi et al. (2016) reported that soil pH was not
influenced by silvicultural treatments or harvesting in
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a Q. cerris coppice ecosystem in Italy. On the contrary,
canopy presence in P. maritima plots in Greece reduced
soil pH from 5.17 to 5, while thinning increased it from
5 to 5.12 (Papamichos and Alifragis 1990).

According to the study results (Table 3), the diffe-
rences in pH, C (%) and N (%) were small across the
treatments. Kurth et al. (2014) reported that stem-only
harvesting effects on soil C and N concentrations are
site specific and more apparent in the forest floor than
the mineral soil in northern U.S. poplar stands. Forest
harvesting, on average, has little or no effect on soil C
and N (Johnson and Curtis 2001). Nevertheless, in our
study, thinning and clearcut treatments temporarily
increased C and N content. The highest value across all
studied soil depths was observed in clearcut plots,
which serves as an indication of relatively good humi-
fication conditions. Mineralization of organic C and
nitrification are indicators of forest ecosystem health
and evolution (Morris and Boerner 1998). Mechanized
skidding has been reported to cause unfavorable chang-
es in soil pH and nutrient status, jeopardizing the sus-
tainability of forest ecosystems (Naghdi et al. 2016b).

The C/N ratio is recognized as a good indication of
the decomposition rate of organic matter and available
N (Ross et al. 2011, Yamakura and Sahunalu 1990).
Examination of the topsoil C/N ratio changes shows
rising values with increasing soil depth in the case of
thinning and clearcutting. The only exception (reduc-
tion) was found in the soil depth of 2.1-5 cm in the
control plot. This is an unexpected result, as the C/N
ratio usually decreases with depth (Dietzel et al. 2017,
Marty et al. 2017). The C/N ratio was reported to
change with the treatment type, becoming lower as
decomposition proceeded and nitrification increased
in pine stands of southern U.S. (Vitousek and Matson
1985). Initially, thinning improves the C/N ratio, the
related decomposition conditions and, therefore, the
mobilization of nutrients (Vitousek and Matson 1985,
Alifragis 1992). Schmitz et al. (1998) reported the same
conclusion after clearcutting operations.

4.4 Surface Erosion and Compaction

No signs of soil erosion were found during the
study period, possibly as a result of the combination of
the use of animals for carrying out harvested material
and the ability of the soil to minimize stormflow events.
With regard to soil compaction, the choice of mules and
use of pre-established trails minimized the affected area
to only 3% of the total area, very close to the finding of
3.4+0.9% by Marchi et al. (2016), 4.3% by Jourgholami
and Majnounian (2013) and 5% by (Wang 1999).

The use of mechanized equipment, especially the
tree-length and full-tree systems where material is
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dragged along the ground, often results in a larger
area of the harvest site impacted, more soil surface
exposure and more compaction as compared to ani-
mal skidding. The areal extent of soil disturbance dur-
ing mechanized operations can be as high as 40%
(Nikooy et al. 2020, Tavankar et al. 2017, Zenner et al.
2007). The severity of soil disturbance during animal
skidding has been reported to be lower as compared
to using mechanized harvesting equipment (Shrestha
et al. 2008). Naghdi et al. (2015) reported that, while
the use of rubber-tired skidders and a crawler skidder
caused apparent compaction in mature hardwood for-
ests in Iran, mule hauling did not cause that distur-
bance. Wang (1997) reported that animal skidding
caused significantly less soil disturbance and damage
to residual stands and seedlings as compared to heavy
machine skidding in selective cutting and thinning
operations. Wang (1997) also suggested that animal
skidding is the preferred alternative among all skid-
ding alternatives in the moderate and steep terrain
conditions of the Heilongjiang Forest Region in China.

While animal harvesting has been reported to
cause less soil disturbance than mechanized equip-
ment, it is more labor intensive. Logging is physically
demanding and can be dangerous with workers
spending time outdoors, often inisolated areas (Bureau
of Labor Statistics 2020). Analogous harsh working
conditions have been associated with high prevalence
of musculoskeletal disorder symptoms (Dimou et al.
2020). As Europe’s workforce continues to age (Inter-
national Labour Organization 2018), many members
of Generation Z want to stay connected with others
through social media, working for companies which
closely align with their own values (Blinn 2019). Log-
ging businesses that have difficulty in recruiting and
retaining quality labor may become more mechanized
to maintain their level of production (Tsioras 2010). In
this context, the combination of teleoperation with
winch-assist technology (Cavalli and Amishev 2019)
could provide a viable solution for Greek forestry
which is characterized by steep terrain.

Another possible reason for the limited extent of
soil compaction is the use of pre-planned animal trails,
as was done in the hardwood forests of Iran (Jamshidi
et al. 2008). This point underlines the importance of
planning the layout of in-woods trails before the har-
vest, communicating that plan to forest workers, and
having a well-qualified forest workforce who under-
stand the plan and its importance in reducing the im-
pacts of harvesting operations on the site and residual
stand (Nikooy et al. 2010). In addition, supervision of
the ongoing harvest operation could help ensure the
implementation of the trail design.
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5. Conclusions

This study focuses on the use of small-scale forest
operations within the widely distributed but not exten-
sively examined Mediterranean oak ecosystems. Spe-
cifically, it provides insight into the effects of different
intensity harvesting operations with mules on topsoil
properties in an oak ecosystem in Greece. Topsoil was
affected in various ways, starting with a significant re-
duction of organic residues on the forest floor (O, and
O, horizons). In all treatments, the volume of the O,
horizon was higher compared to the O, horizon, which
is an indication of relatively good decomposition condi-
tions of organic matter. Furthermore, decomposition in
the thinned plots was much higher in comparison to the
clearcut plots mainly due to the new warmer and drier
conditions of the forest floor in the clearcut plots. Also,
the rate of organic matter accumulation and the amount
and weight of forest floor in the control plots was high-
er compared to the other treatments.

Soil pH increased with increasing thinning intensity.
Organic C and N decreased with increasing soil depth
in all treatments. The differences in pH, C (%) and N
(%) among the control, thinned and clearcut plots were
very limited.

The limiting factor for forest growth in these soils is
the soil depth and water availability during summer
drought. Maintaining the forest floor is essential in
regulating temperature and moisture conditions and
enriching the soil with nutrients from leaves and woody
debris. Sustainable forest management can benefit
Mediterranean ecosystems to a considerable degree.
Similarly, increasing the soil depth by a few cm might
be crucial for forest growth or even survival during dry
seasons.

Increasing the awareness of and knowledge about
the interconnections between sustainably managed
ecosystems and timber harvesting operations is im-
portant. The objectives of increasing wood and water
yield production in the long term can be achieved with
low intensity thinning treatments that will also im-
prove soil properties of similar Mediterranean ecosys-
tems. The careful implementation of wood extraction
with animals was responsible for the limited impacts
on the forest floor and soil in the study plots compared
to the use of heavier equipment. However, the option
of using animals for wood extraction may not be avail-
able in the coming years due to the declining size of
the forestry workforce. In this context, additional re-
search is necessary, especially with regard to the in-
tensity and the long-term effects of thinning treat-
ments and the development and testing of low-cost
and low environmental impact forest machinery.
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